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The current study investigated age differences in free viewing gaze behavior.
Adults and 6-, 9-, 12-, and 24-month-old infants watched a 60-sec Sesame
Street video clip while their eye movements were recorded. Adults displayed

high intersubject consistency in eye movements; they tended to fixate the
same places at the same. Infants showed weaker consistency between obser-
vers and intersubject consistency increased with age. Across age groups, the

influence of both bottom-up features (fixating visually salient areas) and
top-down features (looking at faces) increased. Moreover, individual differ-
ences in fixating bottom-up and top-down features predicted whether

infants’ eye movements were consistent with those of adults, even when con-
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trolling for age. However, this relation was moderated by the number of
faces available in the scene, suggesting that the development of adult-like
viewing involves learning when to prioritize looking at bottom-up and top-
down features.

Parsing a visual scene requires moving the eyes to particular points of
interest. Observers must move their eyes frequently to acquire high-resolu-
tion information about relevant areas of a scene because the distribution
of photoreceptors in the fovea is denser than in the periphery of the eye.
When viewing a static scene such as a photograph, observers can scan the
image at their leisure to explore its features. But with a dynamic scene
such as a movie, observers must prioritize where to look from moment to
moment as the events unfold. In real life, observers must move their
heads and bodies in addition to their eyes to select what is in view (Land,
2004). As such, many factors influence visual selection: perceptual charac-
teristics of stimuli (Borji & Itti, 2013; ‘t Hart et al., 2009; Itti, 2005; Mital,
Smith, Hill, & Henderson, 2011; Parkhurst, Law, & Niebur, 2002), motor
constraints on looking behavior (Franchak, Kretch, Soska, & Adolph,
2011; Kretch, Franchak, & Adolph, 2014), task demands (Hayhoe &
Rothkopf, 2011; Land & Hayhoe, 2001; Yarbus, 1967), the presence of
socially relevant stimuli (Amso, Haas, & Markant, 2014; Franchak et al.,
2011; Frank, Vul, & Johnson, 2009; Frank, Vul, & Saxe, 2011) and scene
comprehension (Kirkorian, Anderson, & Keen, 2012; Pempek et al.,
2010). Accordingly, characterizing the development of gaze behavior is
complex.

What factors differentiate the eye movements of infants and adults, and
how do infants eventually achieve adult-like gaze behavior? Only a hand-
ful of studies report infants’ free viewing of complex, dynamic stimuli
(Frank et al., 2009, 2011; Kirkorian et al., 2012; Kretch & Adolph, 2015).
Instead, most studies rely on static images or videos depicting simple
events such as bars moving behind occluders—presumably to avoid con-
founds among various influences on infants’ eye movements. Although
such studies provide valuable information about developmental changes in
particular aspects of gaze, they cannot inform on age-related changes in
eye movements when infants watch complex, dynamic scenes. Here, we
build on prior work by investigating the development of free viewing gaze
behavior in infants. In particular, we focus on age-related changes in eye
movement consistency and how those changes relate to bottom-up and
top-down influences (i.e., stimulus salience versus semantic relevance) on
eye movements. Moreover, we bridge the literatures on infant and adult
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visual behavior by asking what age-related changes make infants’ viewing
patterns more adult-like.

EYE MOVEMENT CONSISTENCY DURING FREE VIEWING

Adults’ eye movements are highly consistent when freely viewing dynamic
stimuli—observers tend to look at the same location at the same time
(Dorr, Martinetz, Gegenfurtner, & Barth, 2010; ‘t Hart et al., 2009; Has-
son, Yang, Vallines, Heeger, & Rubin, 2008; Mital et al., 2011; Shepherd,
Steckenfinger, Hasson, & Ghazanfar, 2010; Smith & Mital, 2013; Wang,
Freeman, Merriam, Hasson, & Heeger, 2012). Eye movement time series
are correlated between multiple observers looking at the same stimulus and
between repeated stimulus presentations to the same observer. Such consis-
tency, however, is not obligatory. For example, idiosyncratic eye move-
ments in autistic adults watching a movie result in poor intersubject
correlation (ISC; Hasson et al., 2009). Moreover, high ISCs in typically
developing adults do not mean that observers’ eye movements are identical.
Rather, the correlations indicate a high degree of overlap among observers’
eye movements. Furthermore, different types of stimuli vary in how suc-
cessfully they evoke consistent gaze among observers. For example, Holly-
wood movies evoke greater consistency in eye movements compared with
homemade, “naturalistic” movies (Dorr et al., 2010; Hasson, Landesman,
Knappmeyer, Vallines, Rubin, & Heeger, 2008; Hasson, Yang et al., 2008).

Are infants’ eye movements during free viewing consistent among obser-
vers? Previous work yielded varying results regarding whether eye movement
consistency increases over development. Bivariate ellipse area analysis,
which estimates the spatial spread of fixation locations within age groups,
showed increasing consistency across age in 1-year-olds, 4-year-olds, and
adults viewing an episode of Sesame Street (Kirkorian et al., 2012). Simi-
larly, entropy analysis showed increasing eye movement consistency among
observers within age groups in 3-, 6- and 9-month-olds and adults watching
short clips from A Charlie Brown Christmas (Frank et al., 2009). However, a
more recent study of 200 infants from the same researchers (Frank et al.,
2011) found no age difference in entropy in younger (3- to 12-month-olds)
and older infants (12- to 30-month-olds). The study also reported more con-
sistent eye movements for each age group when viewing scenes containing a
single agent compared with scenes containing multiple agents.
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WHAT ACCOUNTS FOR EYE MOVEMENT CONSISTENCY?

Common strategies for distributing eye movements would account for
consistency in adults’ eye movements. Two types of influences on adults’
gaze selection—bottom-up and top-down features—have been studied
extensively in free viewing tasks (Henderson, 2007; Tatler, Hayhoe, Land,
& Ballard, 2011). If eye movement consistency does indeed increase with
age, the extent to which bottom-up and top-down features account for eye
movement consistency in adults would provide a basis for understanding
its development.

Bottom-up influences are characterized by how well the salience of low-
level stimulus features accounts for eye movements. Quantitative models
of low-level stimulus salience have been proposed that approximate early
visual processing to calculate the prominence of image features based on
luminance, contrast, color, orientation, and motion (for review, see Borji
& Itti, 2013). The individual channels are combined to form an overall sal-
iency map that predicts the likelihood that different areas of the image will
be fixated. Indeed, observers’ eye movements when viewing dynamic stim-
uli are influenced by bottom-up saliency (Borji & Itti, 2013; ‘t Hart et al.,
2009; Itti, 2005; Mital et al., 2011; Smith & Mital, 2013). In particular,
motion information may account for eye movement consistency in free
viewing (Mital et al., 2011; Smith & Mital, 2013). However, observers’ eye
movements do not correlate with the most salient location in the image
while watching Hollywood movies (Shepherd et al., 2010).

Top-down factors also influence adults’ eye movements. Changing
observers’ task affects eye movements when viewing static images (Yarbus,
1967), dynamic stimuli (Smith & Mital, 2013), and when performing natu-
ral actions (Franchak & Adolph, 2010; Hayhoe, Shrivastava, Mruczek, &
Pelz, 2003; Land, Mennie, & Rusted, 1999). Even in the absence of an
explicit task, top-down factors influence free viewing by prioritizing
semantically relevant stimuli such as objects and faces. Faces attract
observers’ gaze when viewing static images (Cerf, Harel, Einh€auser, &
Koch, 2007; Yarbus, 1967) or dynamic movies (Foulsham, Cheng, Tracy,
Henrich, & Kingstone, 2010; Klin, Jones, Schultz, Volkmar, & Cohen,
2002; Shepherd et al., 2010). Thus, the tendency to look at faces may con-
tribute to eye movement consistency among observers (Shepherd et al.,
2010; Smith & Mital, 2013).

Bottom-up and top-down factors influence eye movements differently in
infants compared with adults. Although young infants prefer to look at
faces in static image arrays over other types of stimuli (Gliga, Elsabbagh,
Andravizou, & Johnson, 2009; Gluckman & Johnson, 2013; Libertus &
Needham, 2011), the proportion of time spent fixating faces in static
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images (Amso et al., 2014) and dynamic displays (Frank et al., 2009)
starts at a modest level before increasing gradually over development. Bot-
tom-up features may capture young infants’ attention more readily than
top-down features: A saliency model accounted for free viewing patterns
in 3-month-olds, whereas a face model better predicted gaze in 9-month-
olds and adults (Frank et al., 2009). Over development, an increase in the
tendency to fixate faces and a decrease in the tendency to fixate salient
features may account for increasing eye movement consistency.

Bottom-up and top-down influences are not independent and thus are dif-
ficult to disentangle. Correlating eye movements with information about
bottom-up and top-down features cannot reveal causal effects of features on
gaze behavior if those features are inter-related (Henderson, 2003). In static
images, salient regions are more likely to be objects (Einh€auser, Spain, &
Perona, 2008; Elzary & Itti, 2008), and child and adult observers fixate sali-
ent faces more often than nonsalient faces (Amso et al., 2014). In dynamic
scenes, agentive action creates motion contrast. For example, a person walk-
ing across a static background generates motion salience. If an observer fix-
ates the person, is the fixation the result of low-level salience or the presence
of a social agent? Designers of children’s television may exploit the power of
saliency to draw attention to social agents: Flicker and feature congestion
predict the location of the speaking character’s face in toddler-directed but
not adult-directed television programs (Wass & Smith, 2015).

Similarly, top-down features are difficult to separate from overall scene
comprehension. Infants’ inability to comprehend and learn from screen-
based media has been extensively documented (Anderson & Pempek,
2005; Barr & Hayne, 1999). Only at 24 months of age do children detect
glaring inconsistencies such as scrambling the order of scenes in a televi-
sion program (Pempek et al., 2010). Infants and children are unlikely to
watch media that exceeds their understanding such as adult television pro-
grams (Valkenburg & Vroone, 2004). Different comprehension of media
over development may modulate eye movements to top-down features
such as faces. For example, if there are multiple faces in a scene, which
one should observers fixate? In this case, a simple “fixate faces” strategy
would not lead to consistent gaze across observers. Whereas adults might
fixate the face of an agent who is speaking or participating in a key
action, infants may fixate faces haphazardly if they fail to follow the nar-
rative content. Lacking a reason to select a particular face, infants might
fall back on a bottom-up viewing strategy.
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CURRENT STUDY

The purpose of the current study was to assess the development of eye
movement consistency during free viewing of dynamic stimuli and to test
how bottom-up and top-down factors influence eye movements. Partici-
pants watched a short clip from Sesame Street while their eye movements
were recorded. To integrate our findings with prior work on free viewing
(Frank et al., 2009, 2011; Kirkorian et al., 2012), we tested 6- to 24-month-
old infants and compared their eye movements with those of adult obser-
vers (Hasson, Yang et al., 2008; Smith & Mital, 2013; Wang et al., 2012).

A primary aim was to describe the developmental course of eye move-
ment consistency. Prior work suggests an increase in consistency within
age groups from infants to adults (Frank et al., 2009; Kirkorian et al.,
2012). Such an increase might result from observers adopting a single,
adult-like viewing strategy or from eye movements that become more simi-
lar within age groups but are dissimilar between age groups. For example,
infants might fixate the location with the most movement, whereas adults
fixate a face. By measuring eye movement consistency between infants and
adults in addition to measuring consistency within each age group, we
tested whether increasing consistency over infancy results from increas-
ingly adult-like viewing patterns.

A second aim was to assess what factors predict adult-like gaze. Prior
work suggests that bottom-up and top-down features relate to eye move-
ment consistency in adults (Mital et al., 2011; Shepherd et al., 2010; Smith
& Mital, 2013) and that these influences change over development (Amso
et al., 2014; Frank et al., 2009). But it is unclear whether and how changes
in eye movement consistency are related over development to changes in
fixation of bottom-up versus top-down features. We analyzed the extent to
which individual observers’ gaze patterns are influenced by bottom-up (sali-
ent) and top-down (faces) factors at different ages. By measuring inter-
subject correlations between infants’ and adults’ eye movements, we
addressed whether fixating salient regions or faces predicts adult-like free
viewing.

Third, we asked whether eye movement consistency and the influence
of bottom-up and top-down features vary with changes in scene content.
Prior work showed that eye movements were less consistent when multiple
agents were present in the scene compared with only a single agent or face
(Frank et al., 2011). By analyzing segments of the stimulus that contained
either a single agent or multiple agents, we asked how different age groups
respond to changes in scene content. Specifically, we determined whether
infants’ eye movements are less consistent when multiple faces compete
for their attention. Furthermore, we assessed how scene content-related
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changes in eye movement consistency are manifested in differential gaze to
bottom-up and top-down features.

METHOD

Participants

Participants were six 6-month-olds (6.0–6.2 months, five male), six 9-
month-olds (8.9–9.2 months, four male), six 12-month-olds (11.8–
12.4 months, two male), six 24-month-olds (23.7–24.8 months, four male)
and six adults (20.6–32.6 years, two male). Infants were healthy and full-
term with normal vision. Adults had normal or corrected-to-normal
vision. Families were recruited from hospitals in the greater New York
City metropolitan area; most infants were White and middle-class. Six
additional adults (20.4–23.3 years of age, two male) were recruited to
serve as a comparison group (see “Data analysis” for more details). An
additional five infants were recruited but did not contribute data due to
poor eye tracking data quality (one infant) and failure to watch experi-
mental stimuli due to fussiness or distraction (four infants). Infants’ fami-
lies received a small gift for their participation and adult participants
received course credit.

Procedure and apparatus

Infants’ and adults’ eye movements were recorded while they watched a
60-sec video clip from Sesame Street with the audio track played
through computer speakers. The stimulus video showed a human actor
singing a song about counting to four. Two times of interest (TOIs)
were defined based on scene content: A 16-sec segment at the beginning
of the video featuring only the human actor singing (“One Agent,”
Figure 1a) was immediately followed by a 21-sec segment that contained
four Muppets singing and dancing with the actor (“Multiple Agents,”
Figure 1b). The entire 60-sec video was composed of a single shot (i.e.,
no cuts to different scenes) to avoid the tendency of observers to fixate
the center of the display following cuts (Kirkorian et al., 2012; Wang
et al., 2012).

Participants sat 65 cm away from a 55.9 cm (diagonal) widescreen
LCD monitor equipped with a 120 Hz SMI RED eye tracker (Sen-
soMotoric Instruments, Teltow, Germany). The stimulus video was pre-
sented full-screen at 30 Hz (visual angle of the stimulus = 40° 9 26°).
The monitor was mounted on an adjustable arm to accommodate par-
ticipants’ height. Infants sat in a high chair with shoulder straps to
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(a) One agent time of interest (TOI)

(b) Multiple agents time of interest (TOI)

Most salient pixel

6-month-old gaze location
Adult gaze location

Figure 1 Example frames from the (a) “One Agent” and (b) “Multiple Agents”

times of interest. Fixation locations are displayed for each individual 6-month-old

(orange circles) and adult (green +’s) observer. White ellipses indicate regions of

interest for human and Muppet faces. The most salient pixel is marked by a blue

cross.
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reduce body movement. Parents sat behind infants and did not interact
with them during the experiment.

After adjusting the position of the monitor, the experimenter ran the
SMI calibration routine using a 2-point calibration for infants and a 9-
point calibration for adults. The stimulus video was shown following a
successful calibration. At the end of the session, a 4-point validation deter-
mined the accuracy of the calibration. Spatial accuracy averaged 0.92°
(horizontal) by 1.1° (vertical) and did not vary by age. Eye tracking data
were sampled at 120 Hz.

Data analysis

Each participant’s eye tracking data were extracted as horizontal and ver-
tical time series and analyzed in Matlab (Mathworks, Natick, MA). Peri-
ods when eye tracking data were unavailable (observers turned away,
closed their eyes, or looked offscreen) were excluded from analyses.

Eye movement consistency

Measures used in prior infant work, such as entropy (Frank et al.,
2009) and bivariate ellipse area analysis (Kirkorian et al., 2012), result in
a single score that represents consistency within a group. Other metrics,
such as root mean square (Gredeb€ack, Eriksson, Schmitow, Laeng, &
Stenberg, 2012), describe the spatial spread of eye movements for an indi-
vidual. To analyze eye movement consistency between and within age
groups, we needed a different sort of analysis. So we calculated ISCs
between pairs of observers as a metric of similarity between eye movement
time series. For a pair of observers, ISC was calculated by: (1) calculating
the correlation coefficient among observers’ horizontal eye movement time
series, (2) calculating the correlation coefficient for observers’ vertical eye
movement time series, and (3) averaging the resulting horizontal and verti-
cal correlation coefficients from steps 1 and 2 (Hasson, Yang et al., 2008).
Figure 2(a) shows an example of two adult observers’ horizontal time ser-
ies and the corresponding horizontal ISC (the result of step 1).

Each observer’s within-age correlation (ISCw) was obtained by averag-
ing ISCs from that observer paired with each of the others in the same
age group (Figure 2b). For example, a 9-month-old’s ISCw was deter-
mined by computing ISC between that observer and each of the five other
9-month-olds, and then averaging the five resulting numbers. Each obser-
ver’s between-age ISCs were obtained by averaging ISCs from that obser-
ver paired with each of the observers in another age group (Figure 2c,d).
We calculated between-age ISCs for each observer compared with each
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participant in every other age group. For example, a 6-month-old’s
between-age correlation with 12-month-olds was obtained by averaging
the ISCs of the 6-month-old paired with each of the six 12-month-olds.
Likewise, the 6-month-old’s intersubject correlation with adults (ISCa) was
obtained by calculating the average ISC of the 6-month-old paired with
each of the six adult observers.

The factors that accounted for observers’ correlation with adult partici-
pants were of key interest; thus, we needed to compare infants’ ISCa to
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(b) Within-age correlation

(d) Between-age correlation

(a) Inter-subject correlation between two adults

(c) Inter-subject correlation between 6-month-old and adult

Figure 2 (a) Example horizontal eye movement time series for two adults, A1 and

A2, resulting in a strong intersubject correlation (ISC). (b) Averaging ISCs from each

pair of observers within an age group (each line represents an ISC) yielded a measure

of within-group correlation (ISCw). Thick lines highlight ISCs calculated for one

observer, A1, paired with observers A2–A6. Dashed circles highlight the observers

used in panel (a), A1 and A2. (c) Example horizontal ISC between a 6-month-old (B1)

and an adult (A1) resulting in a weak correlation. (d) Averaging ISCs from pairs of

observers in two different age groups yielded a measure of between-group correlation.

Thick lines illustrate ISCs calculated for one observer, B1, paired with observers A1–
A6 of a different age group. Dashed circles highlight the observers used in panel (c),

B1 and A1.
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adults’ ISCa. However, calculating ISCs between pairs of adults in the
same group would yield a within- rather than a between-group compari-
son. To address this issue, we recruited six adults to serve as an indepen-
dent comparison group. ISCa values for every age group were calculated
against the comparison group of adults; data from comparison adults were
not used in other analyses. The outcomes of statistical tests did not change
when the two groups of adults were swapped.

Within- and between-age correlations were tested for statistical signifi-
cance using randomization tests with time-randomized baselines, replicat-
ing procedures used previously (Shepherd et al., 2010), to assess whether
correlations were stronger than what would be expected by chance. To
preserve the sequential information in a time series while randomizing the
time stamps, each time series was realigned to start at a random time. The
last sample in the time series “looped” to the first sample so that all time
stamps from the original time series were used in the randomized time ser-
ies. Intersubject correlations and the resulting within- and between-age
correlations were recalculated using 1000 randomized time series derived
from each observer to create null distributions to compare to our results
(according to the null hypothesis, any correlations in the data were due to
statistics of the eye movements, independent of the video). If a within- or
between-age correlation fell beyond the 2.5th and 97.5th percentiles of the
corresponding baseline distribution, we considered the correlation to be
significant at the .05 level.

Saliency analyses

The stimulus video was converted to a sequence of image frames and
imported into Matlab for saliency analyses. An implementation of the
standard Itti, Koch, and Neibur algorithm (1998) was downloaded (http://
www.vision.caltech.edu/~harel/share/gbvs.php) and used to calculate the
relative salience of each pixel based on five biologically inspired channels
(color, contrast, orientation, flicker, and motion). Values from each chan-
nel were weighted equally to determine an overall saliency map for each
video frame. As in prior work (Kretch & Adolph, 2015), a percentile rank
was calculated for each pixel relative to the other pixels in the frame. The
most salient pixel (Figure 1, blue crosses) was ranked 100, and the least
salient pixel was ranked 1.

We calculated gaze saliency for each participant to determine the over-
all saliency of areas where the observer directed gaze. For each frame, we
averaged the percentile ranks of the pixels within a 1.5-degree radius of
gaze location. Averaging the mean saliency ranks across frames yielded a
single gaze-saliency metric for each participant. Larger gaze-saliency val-
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ues indicated that participants tended to fixate relatively more salient
regions of the video.

Looking at faces

To determine the proportion of time that participants’ gaze tracked the
faces of the human actor and four Muppets, we conducted dynamic area
of interest (AOI) analyses using SensoMotoric Instruments’ BeGaze soft-
ware. For each frame of the video, the experimenter drew an elliptical
AOI around each face (Figure 1, white ellipses). On average, AOIs were
59.7 deg2 in area but varied slightly over time and between faces to
accommodate changes in size due to faces moving in depth. The propor-
tion of time spent fixating the human actor’s face (face looking) was mea-
sured for the entire duration of the video because it was always on screen.
We calculated looking at the Muppets’ faces in a separate analysis because
they were only present during the Multiple Agents TOI. Because observers
had different amounts of missing data in each TOI, each observer’s face-
looking scores were calculated by dividing the amount of time spent fixat-
ing faces by the amount of valid eye tracking data available for that par-
ticipant. Conflicts between overlapping AOIs were resolved by attributing
gaze to the front-most AOI based on depth order.

RESULTS

We conducted analyses in three stages. First, we measured age-related
changes in eye movement consistency and tested for bottom-up and top-
down influences on eye movements using data from the entire video. Sec-
ond, we investigated whether individual differences in fixation to bottom-
up and top-down features predict eye movement consistency. Third, we
repeated our analyses for two distinct segments of the video (Figure 1) to
determine whether eye movement consistency and its relation to bottom-
up and top-down features depended on scene content (one face versus
multiple faces). We examined age effects with one-way ANOVAs and fol-
low-up tests of linear trends. With only six participants per group and five
age groups, pairwise post hoc comparisons were underpowered, so we
could not test whether each age group was reliably different from the
others.
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Figure 3 (a) Within-age eye movement consistency (ISCw), calculated across the

entire stimulus video, and averaged across individuals in each age group. (b) Eye

movement consistency between each age group and adults (ISCa), averaged across

individuals in each age group. (c) Gaze saliency averaged across individuals in each

age group. (d) Face looking averaged across individuals in each age group.

TABLE 1

Mean Intersubject Correlations Within and Between Each Age Group. Correlations Along

the Diagonal (in Bold) are Within-Age Correlations (ISCw). Correlations Between Each Age

Group and Comparison Adults (Bottom Row) were Used to Calculate the ISCa Measure.

All Correlations were Significant at the .05 Level Using Time-Randomized Baseline Tests

6 months 9 months 12 months 24 months Adults

Comparison

Adults

6 months .381

9 months .380 .396

12 months .400 .326 .520

24 months .328 .357 .455 .527

Adults .318 .332 .486 .495 .598

Comparison Adults .374 .318 .517 .487 .597 .600
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Eye movement consistency increases with age

The within-age eye movement correlations (as exemplified in Figure 2b)
were statistically significant (compared with time-randomized baselines) at
every age, indicating that even the youngest infants showed some degree
of intersubject consistency while watching the video. However, correla-
tions were not equal across age groups (Figure 3a) and became stronger
with age (Table 1). The ANOVA confirmed age differences in within-age
correlations, F(4,25) = 5.00, p = .004; a linear trend confirmed the age-re-
lated increase in correlations, F(1,25) = 18.487, p < .001.

Infants’ eye movements becoming more adult-like might drive
increasing within-age correlations. Alternatively, different patterns of
looking might underlie within-age correlations in the different age
groups. We addressed the latter possibility by examining between-age
correlations (as in Figure 2d). Table 1 shows the average between-age
correlations for every pair of age groups (adults’ eye movements were
correlated against the comparison sample of adults); every between-age
correlation was statistically significant, suggesting some degree of consis-
tency in eye movements across age groups. Of key interest was to what
degree infants’ eye movements were adult-like, as measured by calculat-
ing intersubject correlations with adults’ eye movements (ISCa). Fig-
ure 3b shows that younger infants’ eye movements were weakly
correlated with adults’ and illustrates that those correlations increased
with age. The ANOVA confirmed that ISCa differed by age,
F(4,25) = 8.14, p < .001, and a linear trend confirmed that ISCa increased
with age, F(1,25) = 24.49, p < .001.

Bottom-up and top-down influences on looking patterns

Across ages, participants fixated salient areas (Figure 3c). On average,
the pixels around the point of gaze ranked in the top quartile
(M = 80.7%, SD = 4.79). The ANOVA did not show an effect of age
on gaze saliency, F(4,25) = 2.43, p = .093, but a linear trend indicated a
modest increase in fixating salient areas with age, F(1,25) = 5.94,
p = .022.

With age, observers spent more time fixating the human actor’s face
(Figure 3d). For this analysis, we computed proportion of looking at the
human actor’s face (excluding the Muppet faces) over the entire video
(collapsing across times when one face and multiple faces are present).
Six-month-olds and 9-month-olds spent the least amount of time fixating
the human actor’s face, M = .220 (SD = 0.228) and M = .183
(SD = 0.120), respectively. Twelve-month-olds and 24-month-olds spent

FREE VIEWING GAZE 275



relatively more time fixating the actor’s face, M = .386 (SD = 0.084) and
M = .423 (SD = 0.058), respectively, and adults spent the most time,
M = .656 (SD = 0.148). The ANOVA confirmed age differences in face
looking, F(4,25) = 10.84, p < .001, and a linear trend confirmed that face
looking increased with age, F(1,25) = 37.717, p < .001.

Faces were more salient than other areas of the video that participants
fixated. We compared the saliency rank of pixels around the point of gaze
when participants fixated faces (of the human actor and Muppets) com-
pared with when they fixated nonface regions. Regardless of age, gaze sal-
iency was greater for face regions (M = 84.2%, SD = 3.96) compared with
nonface regions (M = 76.7%, SD = 5.34). A 5 (age group) 9 2 (region of
interest: face, non-face) ANOVA revealed only a main effect of region of
interest, F(1,25) = 93.45, p < .001.

Looking at bottom-up and top-down features predicts adult-like viewing

Individual observers’ gaze-saliency and face-looking values were related to
their correlation with adults’ gaze. Across age groups, gaze saliency and
ISCa values were positively correlated, r(28) = .597, p < .001 (Figure 4a).
Similarly, face looking was significantly correlated with ISCa, r(28) = .672,
p < .001 (Figure 4b). To see whether this pattern held only for infants, we
recalculated the correlations after excluding adult observers; significant
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correlations remained when considering only infant observers for both
gaze saliency, r(22) = .593, p = .002, and face looking, r(22) = .474,
p = .019.

Because gaze saliency, face looking, and age were intercorrelated, we
used hierarchical linear regression to assess whether each factor could
explain unique variance in infants’ ISCa values. We entered predictors
one-by-one into the regression to test whether each predictor accounted
for additional variance (R2 change) after accounting for the effects of the
previous variables. We chose to enter face looking first due to its predomi-
nance in the developmental literature on free viewing, then entered gaze
saliency and age to determine whether each could account for additional
unique variance. Table 2 shows R2 and R2 change in the model after
entering each predictor. Face looking accounted for 22.5% of the variance
in infants’ ISCa values. Adding gaze saliency to the model accounted for
an additional 18.9% of variance. However, age at test did not explain
additional variance (1.9%) and was excluded from the model. Together,
face looking and gaze saliency accounted for 41.3% of the variance in
infants’ ISCa values, F(2,23) = 7.40, p = .004.

Scene content affects eye movement consistency

Eye movement consistency decreased when multiple faces were present
compared with when only a single face was present (Figure 5a,b). We
recalculated ISCw and ISCa during the “One Agent” and “Multiple
Agents” times of interest. For ISCw, a 5 (age group) 9 2 (TOI: One
Agent, Multiple Agents) ANOVA revealed only a main effect of TOI,

TABLE 2

Hierarchical Regressions Predicting Infants’ ISCa Values from Face Looking, Average Sal-

iency Rank at Fixated Locations, and Age Across the Entire Video, One Agent Time of

Interest, and Multiple Agents Time of Interest. R2 Change Statistics Show the Additional

Variance Accounted for as Each Predictor is Entered into the Model. Predictors in Italics

were Excluded from the Final Model

Predictor

Overall One Agent Multiple Agents

R2 R2 change R2 R2 change R2 R2 change

Looking at human actor’s face .225 .225* .114 .114 .161 .161†

Gaze saliency .413 .189* .311 .197* .162 .001

Age at testing .432 .019 .340 .029 .248 .087

Final model F(2,23) = 7.40,

p = .004

F(2,23) = 4.74,

p = .020

F(1,23) = 4.32,

p = .052

†p < .10, *p < .05.
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F(1,25) = 11.16, p = .003; both ISCw and ISCa were lower in the Multiple
Agents TOI compared with the One Agent TOI. However, a linear trend
contrast showed that ISCw increased with age across both TOIs,
F(1,25) = 11.16, p = .003. For ISCa, a 5 (age group) 9 2 (TOI: One Agent,
Multiple Agents) ANOVA confirmed only main effects of TOI,
F(1,25) = 93.16, p < .001, and age, F(4,25) = 5.98, p = .002. A significant lin-
ear trend indicated that ISCa increased with age for both TOIs,
F(1,25) = 93.16, p < .001.

Eye movement consistency was affected by scene content, but gaze sal-
iency and face looking were not (p > .05) (Figure 5c). Proportion of time
looking at the human actor’s face did not vary across times of interest but
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did vary by age (Figure 5d). A 5 (age group) 9 2 (TOI: One Agent, Mul-
tiple Agents) ANOVA revealed only an effect of age on looking at the
human actor’s face, F(4,25) = 12.83, p < .001.

Predicting adult-like viewing in the “One Agent” segment

When only one face was present in the scene, gaze saliency but not face
looking predicted infants’ correlations with adults’ gaze: ISCa values in
the One Agent TOI were positively related to gaze saliency for infant
observers, r(22) = .558, p = .005. Although face looking and ISCa values
were positively related, the correlation was not statistically significant, r
(22) = .338, p = .106. We employed the same hierarchical regression proce-
dure as before to test the unique contributions of face looking, gaze sal-
iency, and age to ISCa values within the One Agent TOI. Table 2 shows
that looking at the human actor’s face accounted for 11.4% of the vari-
ance but failed to reach significance. Gaze saliency accounted for a signifi-
cant 19.7% of the variance in infants’ ISCa values after controlling for
face looking. Adding infants’ age into the model did not significantly
change the explained variance.

When only a single face is present, increased salience of the face com-
pared with other regions might account for why gaze saliency predicts
ISCa. Indeed, saliency ranks were much greater when participants looked
at the human actor’s face (M = 89.8, SD = 3.22) compared with nonface
regions (M = 72.9, SD = 4.14). A 5 (age group) 9 2 (ROI: face, nonface)
ANOVA revealed only a main effect of ROI on saliency, F(1,23) = 578.1,
p < .001.

Predicting adult-like viewing in the “Multiple Agents” segment

Top-down features predicted adult-like viewing better than bottom-up
features when there were multiple, visually salient faces present in the
scene. In the Multiple Agents TOI, the correlation between gaze saliency
and ISCa was not statistically significant, r(22) = �.003, p = .998, but face
looking and ISCa were positively correlated, r(22) = .401, p = .052.
Table 2 shows R2 and R2 change statistics for a hierarchical regression
predicting ISCa from gaze saliency, face looking, and age. Looking at the
human actor’s face accounted for a significant portion of the variance in
ISCa values (16.1%). However, in the Multiple Agent TOI, gaze saliency
failed to predict variance in ISCa values (0.1%), and entering age did not
significantly increase the variance explained (8.7%).

Infants spent less time fixating faces in general and more time fixating
the Muppet faces compared with older children and adults (Figure 5d,
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gray triangles), which might have contributed to lower ISCa values. A
two-way repeated-measures ANOVA with age group and agent (Muppets
versus human) as factors found a main effect of age on face looking,
F(4,25) = 8.12, p < .001. A significant linear contrast on age indicated that
overall looking at faces increased with age, F(1,25) = 22.70, p < .001. Fur-
thermore, a significant agent 9 age interaction revealed that the propor-
tion of looking at Muppet and human faces changed with respect to age,
F(4,25) = 7.061, p = .001. Follow-up Sidak-corrected pairwise comparisons
showed that 6- and 9-month-old infants looked longer at the faces of the
Muppets compared with the human actor (ps < .01), whereas adults spent
a greater proportion of time looking at the human actor’s face (p < .01).
Twelve- and 24-month-olds did not look significantly more at either Mup-
pet or human faces.

Adult-like gaze in the Multiple Agents TOI was predicted by looking
more often at the human actor’s face in spite of the fact that the Muppet
faces were more salient. Possibly, increased salience of Muppet faces
attracted gaze in younger infants and distracted them from fixating the
human actor’s face. We calculated the average saliency rank of the pixels
around the point of gaze when participants fixated Muppet and human
faces. Pixels around the point of gaze were more salient when participants
fixated Muppet faces (M = 82.5%, SD = 3.97) compared with the human
actor’s face (M = 78.4%, SD = 5.61), and this difference held across age
groups. A 5 (age group) 9 2 (ROI: human face, Muppet faces) ANOVA
confirmed only a main effect of region, F(1,25) = 12.31, p = .002.

Alternative saliency analyses display the same pattern of results

The literature contains many methods for calculating visual saliency (Borji
& Itti, 2013). Although our results might differ if we used a different
model, an exhaustive test of all available saliency calculations would be
impractical. Instead, we repeated our analyses and replaced the saliency
values from the combined-channel model with values derived from two
single-channel models, flicker and local contrast. To test models of flicker
and local contrast, we converted each video frame to the CIE L*a*b col-
orspace to obtain luminance values for each pixel. Flicker was calculated
by determining the magnitude of luminance change for each pixel between
successive video frames. Similar to our original gaze-saliency calculation,
we averaged the flicker values within a 1.5-degree radius around the point
of gaze for each frame. Local contrast was defined as the standard devia-
tion of luminance within the 1.5-degree region around the point of gaze.
We recalculated the hierarchical regressions predicting ISCa using flicker
and local contrast instead of gaze saliency. The same pattern of results in
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Table 2 held when substituting either local contrast or flicker for our orig-
inal gaze-saliency measurement.

We also asked whether a different method of calculating gaze saliency
from the combined-channel model would lead to a different pattern of
results. Instead of calculating the mean of saliency ranks in the region
around the point of gaze, we asked how consistently the observer’s eye
movements tracked the most salient area of the image (Shepherd et al.,
2010). Gaze-saliency correlations were calculated between an observer’s
eye gaze location and the location of the most salient pixel (Figure 1, blue
cross) in a manner similar to ISCs. This method led to the same pattern
of results in Table 2 with two exceptions. First, age accounted for addi-
tional variance beyond face-looking and gaze-saliency correlations in the
overall video. Second, both face-looking and gaze-saliency correlations
accounted for significant variance in the Multiple Agents TOI. However,
the association between gaze-saliency correlations and ISCa was negative
—infants who closely tracked the most salient pixel were less likely to
show adult-like eye movements.

DISCUSSION

The current study investigated eye movement consistency in free viewing
of dynamic stimuli in infants and adults. As in prior work (Frank et al.,
2009; Kirkorian et al., 2012), eye movements became more consistent
within age groups over development. Eye movement consistency was high
between adult observers (Dorr et al., 2010; ‘t Hart et al., 2009; Hasson,
Yang et al., 2008; Mital et al., 2011; Shepherd et al., 2010; Smith & Mital,
2013), but young infants were more likely to “do their own thing” by
looking at different regions of the stimulus. However, even the youngest
infants (6-month-olds) showed some degree of consistency when viewing a
complex scene, as evidenced by within-group correlations that exceeded
chance levels. Moreover, we found that increasingly adult-like gaze pat-
terns are responsible for gains in within-group consistency over develop-
ment. With age, infants’ eye movements become more similar to those of
adults.

What factors predict adult-like free viewing?

Infants display adult-like free viewing behavior when they prioritize visual
features in the same way as do adults. As in past work, we found age-re-
lated changes in looking at bottom-up (salient regions) and top-down
(faces) features (Amso et al., 2014; Frank et al., 2009). Adults fixated the
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human actor’s face more frequently than did infants, and adults were mar-
ginally more likely than infants to fixate more visually salient regions. We
took a novel approach by asking whether individual differences in infants’
looking at these two features predicted adult-like gaze patterns. Across the
entire video, infants who spent more time looking at the human actor’s
face and at salient regions showed more consistency with adult eye move-
ments. Infants’ age did not explain additional variance, indicating that
face looking and gaze saliency accounted for most of the age-related vari-
ance.

Saliency was a strong predictor of adult-like free viewing. The current
study and past work link gaze saliency and intersubject consistency (Mital
et al., 2011; Smith & Mital, 2013). Because saliency is confounded with
higher-level features, the extent to which saliency predicts adults’ eye
movements may depend on the degree to which saliency is related to
semantically informative regions of the stimulus. Indeed, gaze saliency was
greater when fixating faces compared to nonface regions, which is charac-
teristic of children’s television (Wass & Smith, 2015). But if gaze saliency
were simply the result of looking at faces, why did saliency account for
variance in viewing patterns after accounting for face looking? One possi-
bility is that the bottom-up features predicted both face and nonface
regions that attracted eye movements. Adults spent the majority of the
time looking at faces, but still spent considerable time looking at other
areas, which may have been selected due to high saliency.

The roles of saliency and faces in predicting adult-like free viewing var-
ied according to scene content. When the human actor was the only agent
present, saliency was the lone predictor of adult-like gaze, presumably
because saliency was high both when looking at the actor’s face and when
selecting other points of interest. However, when multiple agents were pre-
sent, looking at the human actor’s face predicted adult-like gaze, but sal-
iency did not. The gaze-saliency correlations suggested that adults might
have avoided looking at the most salient region of the video. In contrast,
young infants spent a great deal of time looking at the visually salient
faces of the Muppet characters, resulting in poor consistency with adults’
gaze.

How does adult-like free viewing develop?

The development of free viewing depends on where to look and when to
look. At first glance, our results suggest that increased looking at both
salient regions and faces account for the development of adult-like free
viewing. But on closer inspection, it is clear that simply looking more at
low- and high-level features is only part of the story. The degree to which
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low- and high-level features accounted for older infants’ and adults’ gaze
depended on scene content. High salience sometimes leads to semantically
informative areas but at other times can draw the eyes away from infor-
mative areas. Thus, infants need to learn when to look (or avoid looking)
at different types of features. Many aspects of infants’ visual processing of
static stimuli become adult-like by about 6 months: eye movements while
scanning simple shapes (Bronson, 1994), perception of object features
(Colombo, Mitchell, Coldren, & Atwater, 1990), and configural processing
of faces (Cashon & Cohen, 2004). Yet, endogenous attention—sustaining
attention and inhibiting attention shifts while distracted—follows a slower
developmental course (Colombo, 2001). Susceptibility to distraction from
visually salient areas in dynamic displays may relate to infants’ immature
endogenous attention skills. Free viewing may improve as infants become
better able to inhibit attention to salient areas that lack relevance in the
scene.

Moreover, better comprehension of narrative content may contribute
to the development of free viewing of dynamic stimuli, especially when
multiple top-down features compete for attention. When multiple faces
were present in the current study, infants had to select which face to
look at. Even adults displayed lower intersubject consistency when multi-
ple faces were present. Most likely, comprehension of the narrative con-
tent aids mature observers in prioritizing where to look (Kirkorian et al.,
2012; Pempek et al., 2010). Our stimulus might have been too short in
duration (60 sec) to present a clear story line like other investigations
that used longer clips (3 min: Hasson, Yang et al., 2008; Shepherd et al.,
2010; 4–8 min: Goldstein, Woods, & Peli, 2007; 20 min: Kirkorian et al.,
2012). Still, 1 min of video is likely enough for mature observers to
glean some useful top-down information that could guide looking: the
context of singing a song, the meanings of the words in the song, and
identifying which person is singing. Adults and older infants recognized
that the human actor was the main character in the scene and continued
to look at her face even when other, more salient faces were present in
the image. An intriguing possibility is whether a more “infant-oriented”
stimulus that contains cues that are more recognizable to infants would
result in greater consistency among infant but not adult observers.
Regardless, long-term accumulation of narrative content cannot be the
only explanation for eye movement consistency because ISCs are
observed in clips as short as 1 sec in duration (Wang et al., 2012). Even
without supporting context, visual features of a scene evoke reliable gaze
in adults.

It is not possible to fully separate the influences of narrative compre-
hension, faces, and saliency on participants’ eye movements in the cur-
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rent study because they were inter-related. The human actor was the
main focus of the video, and her face was often among the most salient
regions in the stimulus. Although this makes it difficult to interpret the
exact role of each factor, the high degree of overlap between these fac-
tors is likely to be representative of real life. The relation between atten-
tion and comprehension over development presents an intriguing
challenge for future research. Do children attend to informative regions
because they comprehend the content, or is their understanding enriched
by a more adult-like strategy of parsing the scene? If lower-level informa-
tion is predictive of important, higher-level features, saliency may be a
scaffold that young infants can exploit to learn how to parse a scene.
Similar statistical learning mechanisms have been documented in other
perceptual domains, such as language comprehension (Saffran, Aslin, &
Newport, 1996).

Future directions

It is important to consider how free viewing of television programs might
generalize to real-world gaze behavior. Measuring intersubject consistency
of eye movements required a screen-based experimental protocol to pre-
sent the same stimulus to each observer. However, real-world vision
depends on coordinating the eyes, head, and body to actively select what
is in view. Eye movements contribute to performing tasks in everyday life,
not just to watching events. As in other screen-based tasks (Foulsham
et al., 2010; Frank et al., 2009, 2011), we observed that observers spent
large amounts of time looking at faces. But recent studies that used head-
mounted eye tracking to measure infants’ eye movements show that face
looking is rare in natural tasks (Bambach, Franchak, Crandall, & Yu,
2014; Franchak et al., 2011; Yu & Smith, 2013). Spatial differences in
viewing position, such as infants’ short stature relative to adults, mean
that faces are not always available in infants’ field of view (Jayaraman,
Fausey, & Smith, 2015; Kretch et al., 2014). And when infants are able to
actively engage with their surroundings, manipulable objects draw a sub-
stantial amount of attention (Yu & Smith, 2013). Some real-world con-
texts are more comparable to screen-based tasks: When infants are carried
on the caregiver’s chest in a forward-facing infant carrier, spatial differ-
ences are eliminated and infants look at faces with greater frequency
(Kretch & Adolph, 2015). And, similar to the current study, saliency at
the point of gaze is higher when infants fixate faces in this context. Future
work should integrate naturalistic and screen-based approaches to deter-
mine the influences on children’s gaze behavior in different contexts and
across development.
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