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Abstract

Traditionally, the exogenous control of gaze by external saliencies and the endoge-

nous control of gaze by knowledge and context have been viewed as competing

systems, with late infancy seen as a period of strengthening top-down control over

the vagaries of the input. Here we found that one-year-old infants control sustained

attention through head movements that increase the visibility of the attended object.

Freely moving one-year-old infants (n = 45) wore head-mounted eye trackers and

head motion sensors while exploring sets of toys of the same physical size. The visual

size of the objects, a well-documented salience, varied naturally with the infant’s

moment-to-moment posture and head movements. Sustained attention to an object

was characterized by the tight control of head movements that created and then sta-

bilized a visual size advantage for the attended object for sustained attention. The

findings show collaboration between exogenous and endogenous attentional systems

and suggest new hypotheses about the development of sustained visual attention.
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1 INTRODUCTION

After their first birthday, infants make considerable strides withstand-

ing distraction (e.g., Rosen et al., 2019; Rothbart et al., 2011). One

context used to measure attentional control is active toy play (Ruff

& Lawson, 1990; Wass, Noreika, et al., 2018; Yu & Smith, 2016). Like

many other everyday contexts, the visual world of toy play is busy with

many potential targets. Within this context, sustained visual attention,

the frequency of looks at a single target that lasts multiple seconds,

predicts in-task learning (Yu & Smith, 2012; Yu et al., 2019). Sustained

attention has also been related to later developments in attention and

self-control (Brandes-Aitken et al., 2019; Fisher, 2019; Johansson et al.,

2015; Ruff et al., 1990). By some accounts, infants’ everyday visual

attention constitutes a training ground for the prefrontal cortex and
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neural circuitry of executive functions (Rosen et al., 2019). For these

reasons, infant attention in active, free-flowing contexts has become

an important empirical target for understanding the development of

self-regulatory processes (Brandes-Aitken et al., 2019; Thompson &

Steinbeis, 2020).

1.1 Two attentional systems

Visual attention is generally understood as controlled by two compet-

ing neural systems: exogenous and endogenous (Baluch & Itti, 2011;

Columbo & Cheatham, 2006; Desimone &Duncan, 1995;Wass, Clack-

son, et al., 2018; Wolfe, 2020). The exogenous system guides gaze

direction to targets based on low-level stimulus saliences such as
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contrast, luminance, visual size, and motion (Itti et al., 1998; Proulx

& Egeth, 2008; Wolfe & Horowitz, 2017). These attention-grabbing

saliences are often discussed in terms of their evolutionary value as

alerts to possible danger (Itti & Koch, 2001). In contrast, the endoge-

nous system guides gaze direction to targets based on context and the

perceiver’s goals and is often driven by well-learned cues that rapidly

direct attention to context-relevant information (Rossi et al., 2009;

Werchan & Amso, 2020). The exogenous system is often referred to

as “bottom-up” because saliences in the input itself drive gaze. The

endogenous system is referred to as “top-down” because of the role of

the prefrontal cortex and experience-based cues in guiding attention

(Supporting information).

Much of what is known about these two systems—in infants (e.g.,

Rosen et al., 2019; Werchan & Amso, 2020) and in adults (e.g., Itti &

Koch, 2001; Rossi et al., 2009)—derives from well-controlled experi-

ments in which brief discrete trials pit cued targets (top-down signal)

and salient distractors (bottom-up competitor) against each other. In

contrast, in the free-flowing and extended temporal contexts of every-

day attention, including infant object play, saliences and attentional

goals are uncontrolled. They may sometimes compete but also may

redundantly organize attention to the same target. Thus, in studies

of infant attention during free-flowing object play, the main experi-

mental focus has not been on the details of competition and relative

saliences but on the duration of visual attention to a single object; in

this context, it is this sustained attention, lasting multiple seconds, that

predicts learning (Yu et al., 2019) and longer-term outcomes (e.g., Ruff

et al., 1990; Yu et al., 2019). The predictive value of sustained attention

in active vision makes sense: a long multi-second look at a single toy

requires the infant to withstand any emerging distractions.

1.2 A closed-loop control hypothesis

Active everyday visual attention also differs from typical laboratory

experiments in the role of body movements (Luo & Franchak, 2020).

Most contemporary experiments present stimuli as 2-dimensional

arrays on a screen and constrain body movements other than eye

movements (see Fisher, 2019). In everyday attention tasks, perceivers

freely move in a dynamic 3-dimensional space. The geometry of the

3D world and the body mean that the perceiver’s movements directly

influence the image received by the retina. Small head and posture

adjustments can have large effects on the image received at the retina

(Ellis et al., 1989), particularly on the spatial layout of the objects in the

image. Changes in vantage point can bring partially occluded objects

into full view or totally obscure competing objects. Moving the head

closer to a target of interest makes that target visually larger and can

also block the view of a competitor object. In brief, changes in the spa-

tial relation between the perceiver’s head and objects in the world

directly determine the visual sizes of potential targets for attention.

The link between body movements and the visual sizes of objects

in the input image is relevant to sustained attention during object play

because visual size increases the visibility of the target. Visual size is

also a well-documented bottom-up salience that powerfully attracts

ResearchHighlights∙ One-year-old infants wore head-mounted eye trackers

andmotion sensors while exploring multiple novel objects

of the same physical size.∙ Infants systematically moved their heads to make the

object of current interest visually larger than competitors

and stabilized the head to maintain that advantage during

sustained attention.∙ The onset, maintenance, and offset of sustained visual

attention was time-locked to the onset, maintenance, and

offset of a visual size advantage of the attended object

over competitors.∙ The findings implicate a close-loop control system: Infants

control visual attention by behaviorally controlling the

visual input.

gaze in laboratory studies of adult attention (e.g., E. M. Anderson et al.,

2022; Borji et al., 2013; Wolfe & Horowitz, 2017) and appears to do

so in infants as well (Cohen, 1972; Guan & Corbetta, 2012). During

free-flowing toy play, uncontrolled infant bodymovements could create

volatile variability in the visual sizes of potential targets making sus-

tained attentionmore difficult. In contrast, controlled bodymovements

by the infant could be used to create and control the visual sizes of tar-

gets, giving the selected target a salience advantage over competitors.

In brief, if infants behaviorally control the spatial relation between the

eyes and a selected target, they could behaviorally control the visual

sizes of the target and potential competitors and, in so doing, limit

distraction in the service of sustaining gaze on the selected target.

This control-the-input-to-control-attention hypothesis aligns with

Ruff’s (Ruff & Lawson, 1990) seminal observations on focused atten-

tion in young children: she noted that focusedmulti-second concentra-

tion on an object was often accompanied by a stilled body and head

with the target of interest close to the head (see also, Yu & Smith,

2012). The hypothesis is also consistent with evidence showing that

infants and young children shift posture and move their heads as well

as eyes when they look at targets of interest (e.g., Borjon et al., 2021;

Kretch et al., 2014; Luo & Franchak, 2020). Other research suggests

that infants (and their parents) handle objects in ways that may also

systematically increase the visual size of the object (e.g., E. M. Ander-

son et al., 2022; Burling&Yoshida, 2019; Smith et al., 2011; Yu&Smith,

2012).However, there is as yet noevidence that directly links sustained

gaze during infant object play to the visual size of the selected target,

nor is thereevidence that infantsbehaviorally control thevisual sizesof

the target and distractors during sustained attention. Here, we provide

this evidence.

Onemight ask if a system that controls attention by controlling sen-

sory input counts as a form of top-down control. One might also ask

how controlling the input to control attention relates to the devel-

opment of top-down and covert control of attention, as evident in
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adults (Posner, 2008). We will consider these larger theoretical issues

in the general discussion in light of the empirical findings. However,

we note that the proposed mechanism posits a collaboration between

the endogenous and exogenous systems in the form of a closed-looped

control system: a circular process through which behavior generates

momentary input and behavior is continually controlled to maintain a

property in visual input. Such closed-loop solutions to attentional tasks

are common in many biological organisms other than humans (Biswas

et al., 2018; Hoffman et al., 2013; Kleinfeld et al., 2006; Taub & Yovel,

2020) and have also been shown to be influenced by context and learn-

ing which could be interpreted as “top down” control (Bechtel & Bich,

2021; Biswas et al., 2018).

1.3 Rationale for the empirical approach

We measured sustained attention during toy play in one-year-old

infants because this is the age at which sustained attention during

toy play is first systematically observed (Ruff & Capazolli, 2003). Our

preliminary studies, as well studies by others, indicate that infants at

this age show less sustained attention when playing alone than with

a known social partner (Wass, Clackson, et al., 2018). Accordingly, the

infant’s caregiverwas present and told to act naturallywith their infant

during the four test trials. Our preliminary studies also indicated that

infants sustained engagement with toys was most frequent when toys

were first introduced. Accordingly, we used very brief toy-play trials,

with each trial 45 s in duration, the same play period used in prior stud-

ies in which infants explored toys one at a time with no competing toys

(Pereira et al., 2010). Here we added competitors (3 toys for play) on

each trial.

Infants wore a hat outfitted with three head-mounted sensors: a

scene camera that captured the image projected from the world to the

head, an eye camera that tracked gaze within the head-camera scene,

and a motion sensor that captured the movement of the head relative

to the world. The toys used for the play trials were all of comparable

physical volume. Thus, differences in the visual size of the objects in

the scene-camera images were determined solely by the vantage point

and proximity of the infant’s head to the toys in play. The principal anal-

yses focus on the visual sizes of the toys in the infant point-of-view

(POV) image. There are many other bottom-up salience that attract

the human gaze to a target (Itti et al., 1998; Wolfe & Horowitz, 2017);

however, many of these (e.g., contrast) are not directly controllable by

the perceiver through momentary body movements (see, E. M. Ander-

son et al., 2022). Visual size, directly affected by themomentary spatial

relation of the head to the object, provides a tractable and known

bottom-up salience. Therefore, we analyzed the visual sizes of objects

during sustained attention to provide a first test of a closed-loop

control solution to attention in a busy and changing visual world.

The main empirical hypothesis tested is this: If infants behaviorally

control the visual size of a selected target to sustain attention, then

sustained gaze should co-occur with a behaviorally maintained visual

size advantage for the target over competitors. Accordingly, the main

analyses focus on onset, duration and offset of increases in visual size

as a function of onset, duration, and offset of gaze during sustained

attention. The additional critical question is how control of the input

during sustained attention is accomplished. Because the spatial rela-

tion between the eye and the object is the world determines the visual

size of the object in the infant view, the most direct path to creat-

ing and then maintaining a visual size advantage for a selected target

is through head movements and head stabilization. Accordingly, we

also measured the velocity of head movements with respect to the

onset, duration, and offset of sustained gaze and the visual size of the

target.

Parents often scaffold infant attention to objects, and the degree to

which they do so predicts the amount of infant sustained attention in

the task (e.g., Suarez-Rivera et al., 2019; Sun & Yoshida, 2022) as well

as longer-term outcomes in executive control and self-regulation (see

Marciszko et al., 2020; Rosen et al., 2019). We do not directly measure

this scaffolding during our brief 45-s play trials. However, we report

analyses of parent as well as infant handling of objects in relation to

infant sustained attention. In the general discussion, we consider the

implications of the present findings for how parent scaffolding may

relate to infant control of visual attention through infant control of the

input.

2 METHODS

2.1 Experimental procedures

Participants. 45 infants (25 male, mean age 14.1 months, SD = 1.4)

met the inclusion criteria of contributing head-mounted eye tracking

data for all trials. 15 recruited infants contributed no data due to fail-

ure to contribute eye-tracking data for all four trials. 30 of 45 infants

contributed both eye-tracking and head motion data. Failures to con-

tribute head-mounted eye-tracking data for all 4 trials were due to

infant fussiness, removal of the headgear by the infant during the trials,

refusal to wear the headgear from the beginning, or equipment fail-

ure. Failure to contributemotion data (while contributing eye-tracking

data) was based on the experimenter’s decision during data collection.

Before starting the experiment, the experimenter needed to place the

headgear and then adjust the eye camera, head camera, and motion

sensor, typically in that temporal order. Multiple adjustments of the

headgear invited infant hand actions directed to the headgear in the

moment or caused later removal of the gear by the infant. Accord-

ingly, the goal was to adjust themotion sensors in one or two attempts.

If the proper adjustment of the motion sensor was not easily accom-

plished, the experiment proceeded with the collection of eye-tracking

data but not headmotion data. The infants were recruited from an opt-

in database for developmental research. Participants in the database

broadly represent the demographics of Monroe County Indiana but

over-sample minority groups (68% European American, 10% African

American, 7% Asian American, 7% Latino, 7% Mixed race) and con-

sist predominantly of working- and middle-class families. Recruitment

and procedures were approved by the Institutional Review Board of

Indiana University (protocol number 0808000094).
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F IGURE 1 The visual size of objects in the infant view. (a) Infant in head-mounted eye-tracker. (b) Proportion of all frames in the corpus with 1,
2 or 3 of the toys present (at least 1 pixel) in the image. Dots show the proportion of images with 1, 2 or 3 toys present for individual infants. (c)
Corpusmean relative visual size (RS) of the largest toy and the two other toys in the image; dots show individual participant means. (d) Corpus
mean of absolute visual size (AS) for the largest and two other toys; dots show individual participant means. (e) The relative (RS) and absolute (AS)
visual size of all toys present (420,325) in the corpus of (on-task) frames. The largest object in 4 example head-camera images is labeled near its RS
by AS coordinates in the scatterplot.

Recording Equipment. The head-mounted eye tracker (Positive

Science LLC, http://www.positivescience.com) included an infrared

camera mounted on the head, pointed to the right eye of the infant,

that recorded eye images, and a scene camera that captured the events

in the world from the infant’s point of view (Figure 1a). The scene

camera’s visual field was 108o diagonal. Together the eye and scene

cameras yielded gaze within the scene location (x and y) at a sampling

rate of 30 Hz. A wired motion capture sensor (Polhemus Liberty) was

affixed to the hat on the right temple of the infant’s head and collected

rotational positiondata (roll, pitch, andyaw) at60Hz. Therewasalso an

overhead birds-eye camera that provided good views of hand actions

by the infant and parent.

Play context and toys. Infants and parents sat across from each

other at a small table (61 cm × 91 cm × 64 cm). The infant sat alone

on a chair that allowed leaning and rotation of the body and torso. The

infant (and parent) wore a white smock, and the walls and table were

paintedwhite. This setup served twopurposes: first, the all-white back-

ground dampened in-room distractors beyond the toys themselves;

second, the white background aided the algorithmic measures used to

determine the presence and visual sizes of the toys in the infant head

camera images.

Each infant played with three toys on each of the trials. The

three toys for each trial were a different uniform color: blue, green,

or red. The toys were novel, designed by the experimenters, and

constructed of various materials and moveable parts to engage

1-year-old infants. The volume of each toy was 300 cm3. Differ-

ent infants played with different sets of 6 toys. In total, across

the 45 infants, 18 different toys were used. See Figure 1e, for

examples.

Procedure. The headgear was placed on the infant and adjusted

while an experimenter and parent kept the infant occupied with a toy

with a spinning light. This attention-grabbing toy was selected to cal-

ibrate the eye-tracking system and was not used in the experiment.

On average, fifteen calibration points at different locations on the play

table were collected; the experimenter directed the infant’s attention

toward the toywhile a technician recorded the attendedmoment used

in later off-line eye-tracking calibration.

Parents were told that the goal of the experiment was to study how

infants explored novel objects and to interact with their infant as they

normally would. Each infant received two unique sets of 3 toys twice in

the four trials in the order ofABAB,with the individual sets of 3 toys for

each infant randomly assigned as set A or B. The inter-trial onset was

about 1.5 min apart; this made for smoother transitions in play from

one trial to the next. Onset was defined as the timepoint at which all

three objects for that trial were on the play table. Only the first 45 sec

after onset was considered the trial proper and included as data.

2.2 Data processing and coding

Objects in the image. The presence and image size of the objects in

the infant head camera image were algorithmically determined using

computer vision techniques (Smith et al., 2011; Yu et al., 2009). The

algorithm delivered the number of pixels present for each toy object
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in the image. The validity of the automatic coding results was assessed

by asking two human coders to annotate a small proportion of the

data (∼ 1200 frames); the comparison of hand coding with the image

processing results yielded 91% frame-by-frame agreement across all

measures.

Measures of visual size. Because the objectswere the samephysical

size, the visual size of the objects in the head-camera images depended

on occlusions and distance to the head camera. The absolute visual size

(AS) for each object present in a frame was calculated as the visual

angle, that is, as an estimation of the angle the in-viewobjects subtends

at the eye. The diameter of the fovea (adult) is typically estimated at

5.2 degrees (Jonas et al., 2015). The head camera videos are 480 pixels

in height by 640 pixels in width, which at 72 dpi, translates to 22 cm x

16.9 cm, respectively. The average distance of the eye to the table cen-

ter for infants sitting on the chair was 44.5 cm. The degrees in a single

pixel of the head camera were therefore calculated as:

�휃pix = arctan (0.5 × 16.9∕44.5)
0.5 × 480

An object’s relative visual size (RS) was calculated directly from the

number of image pixels belonging to each object in each frame as the

proportion of all object pixels in the frame that belonged to that object.

For both AS and RS, an in-play object with no pixels in the head camera

image (was out of view) was entered as 0 in size. Because RS mea-

sures the proportion of all pixels belonging to one object divided by the

sum of all pixels of the 3 objects in play, the expected value of RS, if all

three objects were in an image and the same visual size, is 0.33. If the

infant’s vantage point is such that only one object is in the image, the

RS is 1.00 (since 100% of all object pixels in the image belong to that

object). Thus, for each toy in play on a given trial, theRS could vary from

0 (the toy has no pixels in the image) to 1.00 (the toy is the only in-view

toy in that head-camera frame). The AS of an object could vary from

0 to in principle 90o if the infant positioned the object and head such

the object was so close, its pixels filled the field of view of the camera.

However, in the collected data the largest visual size of a single object

was 28o.

Gaze data. Frame-by-frame gaze was determined for each image

with respect to three regions-of-interest (ROIs) defined precisely as

the pixels belonging to each of the three objects in play. Trained coders,

naive to thehypotheses andgoals of this study, indicatedwhen thegaze

crosshair fell on a pixel belonging to a toy object. Because the three

toys were three different primary colors and differed from skin tones

and thewhite background, this could be donewith accuracy. Reliability

was computed between two independent coders on eleven dyads that

were randomly selected.Coders coded25%of eachdyad’s framesmak-

ing judgments on 2,790 frames per dyad on average. The inter-coder

reliability of eye-gaze coding performed by these highly trained coders

ranged from 82% to 95% for each individual subject with an overall

Cohen’s kappa of 0.75.

Looks. A look to an object was defined as a continuous

stream of frames in which gaze was directed to pixels belong-

ing to the same object. For look duration and stability measures,

frames with gaze directed to the same object were combined

into the same look if separated by no more than one frame

(.033 sec).

Head motion. We measured the velocity of head movements from

the 3 rotational coordinates delivered (in degrees) by the motion sen-

sor (Borjon et al., 2021; Richards & Hunter, 1997; Rosander & Von

Hofsten, 2000). Rotational velocity was calculated by taking the dif-

ference in the 3 rotational coordinates at each 60 Hz sample divided

by the change in time. The key experimental question with respect

to the control-loop hypothesis is how much head movement (and not

specific directions of movement) because all varieties of directional

movementsmay alter proximity, vantage point, and occlusions depend-

ing on the 3-dimensional composition of the world scene. Further, the

motion sensor could not be quickly attached and aligned tomatch XYZ

coordinates of theworld. Accordingly, we used an aggregatedmeasure

of momentary rotational velocity, the calculated Euclidean distance

across the 3 directional velocities. Momentary rotational velocities at

or above the 99th percentile for each subject were excluded.

Infant and parent handling of objects. Because infant and parent

handling of objects could systematically affect the visual sizes of the

objects in play, human coders determined, frame-by-frame if a hand,

and whose hand, was in contact with a toy. Coders had simultaneous

access to both the infant perspective view and the view from the over-

head camera but primarily relied on the overhead camera for coding

hands in contact with an object. A second coder independently coded a

randomly selected 25% of the frames of five dyads; agreement ranged

from0.76 to 0.90 for individual dyads, with an overall Cohen’s kappa of

0.90.

Images analyzed. Each infant contributed 5400 frames (45 s* 4

trials* 30Hz), a total corpus of 243,000 frames.

Statistical analyses. Analyses were conducted at the corpus level.

The dependentmeasureswere frame-by-framemeasures of visual size

of all objects in the images, gaze directed to those objects, durations of

gaze to the same object, and head velocity. From these data, we deter-

mined the onsets, durations, and offsets of increases in the visual size

of objects, of continuous gaze to a single object, and head velocity in

relation to gaze onset, sustained gaze and gaze offset.

Mixed-effect models were conducted using the lme4 package in R

(Version 3.6.1; Bates et al., 2014) with measures of object size as the

fixed effect predicting the duration of looks. The nlme package in R

(Version 3.1-160, Pinheiro et al., 2017) was used to study temporal

changes in head speed. Corpus level error bars were calculated as per

Campbell (2017). Individual infants and the specific toy objects were

random variables in all analyses.

OpenData. Thede-identifieddata for all reportedanalyses, the indi-

vidual comparisons in the time-series analyses, and the supplementary

analyses of looks below our threshold criterion for sustained attention

and are available at https://osf.io/tcd35/.

3 RESULTS

The input. For the first set of analyses, we analyzed frames (68% of the

total frames) in which the infant gaze was directed to one of the toys
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F IGURE 2 Sustained attention. (a) Histogram (frequency normalized as proportion of all looks to an object) of durations of unbroken looks to a
single toy object. Bin size is 250msec. The insets show the corpusmeans of RS and AS for Looks below and above for the 3-s threshold for
sustained attention; dots show participant means. Although looksmaintained 3 s or longer to a single object are only 19% of all individual looks,
they constitute 66% of all the total time that infants direct gaze at a play object.

(excluding gaze to parent face and to targets in the room that were not

toys). The goal of this first analysis is to provide a description of the

stimulus, that is of the visual sizes of potential targets in the images

in front of infant faces. Figure 1b,c and d show summary statistics of

the corpus means (bars), and participant means (dots) of the propor-

tion of frames with 1, 2 or 3 objects in the image (Figure 1b), RS and

AS measures of the visual size of objects with at least one pixel in the

image (Figure 1c,d). Figure 1e shows themain result: the RS and AS for

each object present (at least one pixel) in an image with the blue dots

indicating the objects that were the visually largest in each image and

thegreydots indicating the remainingobjects. As is apparent, the visual

sizes of potential targets vary markedly. The AS of objects varied from

under 1o to 28o; in 99%of cases, the ASwas equal to or less than e than

15o, the maximum value shown in Figure 1e). The RS of the individual

objects varied from 0.00 (the object was not in the image) to 1.00 (the

object was the only one in the image). The visually largest object in a

frame ranged from an RS of 0.35 (slightly larger than the expected size

if all three objects were present and equal in visual size) to 1.00. On

average, the largest object in an image had an RS that accounted for

0.63 of all object pixels (SE = 0.17) putting it at just less than twice

the visual size of the sum of the pixels of the other two objects. The

visually largest object in an image had an average absolute visual size

of 4.8o (SE = 1.8). Figure 1b,e use letter labels to align the RS and AS

coordinates of 4 individual objects that were the largest in 4 differ-

ent infant-egocentric images. AS and RS are both based on pixel size

and thus necessarily correlated (r2 = 0.51) However, as is apparent in

Figure 1e, objectswith the sameAS candiffermarkedly in their relative

size (RS) to the other objects in the image. In sum, in the uncontrolled

but natural context of exploring toys, the stimulus arrays in front of

infant faces present highly variable within-image visual-size saliences

and thus potential bottom-up competition among potential targets and

distractors.

Defining sustained attention. Figure 2 shows the frequency distri-

bution of all infant look durations with their well-known skew (Borjon

et al., 2021; Suarez-Rivera et al., 2019). Most looks are very brief,

glances that last a fraction of a second. But there is a long tail of much

longer multi-second looks to a single object. In the following analyses,

we concentrate on the long tail of very long looks to a single object

that last 3 s or longer. Although these looks longer than 3 s constitute

only 19% of individual looks, they constitute 66% of the total dura-

tion of time that the toddlers were looking at an object. That is, the

clear majority of looking time to objects occurs within looks that are

3 s or longer. We focus on these very long multi-second looks at a

single object because they are characteristic of infant-looking behav-

ior during object exploration because these sustained looks predict

learning in the task (Pereira et al., 2014; Schroer & Yu, 2022), and

because they predict longer-term developmental outcomes in visual

attention, self-regulation, and executive function (e.g., Brandes-Aiken

et al., 2019; Frick et al., 2018, 2019; Ruff et al., 1990). It has been sug-

gested that briefer and sustained looks result fromdifferentunderlying

processes (Richards, 2010); however, there is limited evidence on this

issue and no established empirical criteria for determining different

kindsof looksorwhere thebreakpoint betweendifferent kindsof looks

might lie. Therefore, we took a conservative but established approach

(Suarez-Rivera et al., 2019;Wass, Noreika, et al., 2018; Yu et al., 2019),

using a 3-s threshold.

On face value, sustained looking at a single object for a dura-

tion longer than 3 s should be difficult if there are other competing

saliences. The insets in Figure 2 show preliminary evidence that

salience advantages may be associated with sustained looks, advan-

tages that couldmake attention to a target easier to sustain. Themeans

for both RS (proportion of all object pixels in the image belonging

to the gazed-to-object) and AS (absolute size in degrees of gazed-to-

object) are greater for looks longer than the3 s threshold than for looks

below that threshold: RS for above threshold long looks„ Mlong = 0.56;

SElong = 0.009, for below threshold shorter looks, Mshort = 0.48;

SEshort = 0.005; β = 1.59; z = 6.39; p < 0.001; AS for above thresh-

old long looks„ Mlong = 5.96; SElong = 0.075, below threshold shorter

looks, Mshort = 5.36; SEshort = 0.037; β = 0.14; z = 4.90; p < 0.001.

However, the critical questions for the control hypothesis are about
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MENDEZ ET AL. 7 of 13

F IGURE 3 Onset and offset of visual size advantages relative to the onset and offset of sustained attention. (a) Mean corpus (calculated frame
by frame) relative size (RS –proportion of object pixels in a frame corresponding to the attended object) from 2 s before and after the onset and
offset of all looks 3 s or longer. (b)Mean corpus absolute size (AS—degrees subtended) for the attended object from 2 s before and after the offset
and onset of a looks 3 s or longer. In both a and b, the dashed line indicates the expected baseline if looking is independent of the RS or AS of the
attended object. The shaded area indicates the standard error of the corpusmean.

the dynamics of looking behavior. Do infants behaviorally create and

control (that is, maintain) the observed salience advantage associated

with sustained gaze to an object? We answer this question through

a series of analyses of all looks to a single object that lasted 3 s

or longer. We make no claim that there are categorical differences

between looks that fall above and below the selected threshold. We

provide supplementary analyses of the dynamics of visual size for looks

lasting less than 3 s at https://osf.io/tcd35/. These shorter looks are

a mixture of very different durations –from fractions of seconds to

minutes. Our preliminary analyses suggest that they may also con-

sist of different kinds of looks. Determining the criteria for separating

different kinds of looks measured via head-mounted eye-tracking in

freely moving perceivers remains an open and critical question for the

field..

The dynamics of visual size and sustained attention. We computed

the RS and AS of the attended object from 2 s before and 2 s after the

onset and offset of each sustained look and compared those values to

baselines for RS and AS respectively. The baselines were computed to

instantiate the null hypothesis that looking at each moment is random

with respect to the visual sizes of the objects in the image projected to

the eye. Specifically, the moment-to-moment baseline RS and AS were

determined individually for each sustained look by randomly select-

ing one in-view object and its visual size from the ordered series of

within-look frames. The expected baseline (if object visual size does

not matter) was then calculated frame by frame across all looks as an

expected mean visual size from 2 s before to 2 s after onset and also

offset. Figure 3a,b show the marked increases in RS and AS respec-

tively at the onset of a sustained look and marked decreases at the

offset.

We used the time-series approach of a series of t-tests first intro-

duced by Allopenna et al. (1998; see also Yu & Smith, 2012) to answer

the statistical question about onset as to when in a series of compar-

isons, a measure first differs from the baseline and remains above the

baseline for a pre-specified duration. Although theType1 error for each

comparison in the series is set at 0.05, the overall Type 1 error rate for

a rise that exists for N comparisons after the first rise is much smaller

(approximated by 0.05N). This approach can also answer the statistical

question, critical with respect to the offset of a look, as to when in a

series of t-tests, a measure that differs from baseline for N comparisons,

first returns to and remains at baseline for a pre-specified duration.

We computed, across the corpus of all sustained looks, frame-by-frame

pairwise comparisons (30 per sec), comparing RS to its baseline and AS

to its baseline from 2 s before the onset to 2 s after the onset and for

the window 2 s before to 2 s after the offset with individual looks as

the randomvariable. TheRS of the attended object, Figure 3a, first reli-

ably increased from baseline and stayed above baseline at 100 msec

before look onset. Thus, the increase in RS for the attended object was

nearly in synchronous with the onset of the look itself. The advantage

remained reliably different for 2 s (p < 0.00001 for the overall mea-

sure of onset of increased RS). The observed RS of the target object

first reliably decreased to baseline and then remained at baseline from

200msecs after offset (p<0.0001 for the overallmeasure). Thus, onset

and offset of the relative size advantage for selected target were tem-

porally coordinated with the onset and offset of sustained attention to

the target.

AS, the absolute size of the target, provides direct evidence of the

spatial relation of the attended object to the infant’s head. Using the

same statistical analysis approach as for RS, the AS of the attended

object first reliably differed from baseline at 66 msecs before look

onset and did not return to base for the following 2 s of comparisons;

the AS of the target first decreased and then remained at baseline at

166 msecs after offset, p < 0.0001 for both overall measures of onset

and offset. In sum, the target’s absolute visual size (AS) increases just

aheadof theonset of the look and remains stable until just after theoff-

set of the look. This fact indicates that the distance and vantage point

of the attended object relative to the infant’s head changed at the start

of sustained attention and was maintained throughout the duration of

the look.

A visual size advantage (as well as other saliences) could cause

infant selection of a target for sustained attention. However, the very

small lead in the onset of the increase in visual size with respect to

the onset of gaze makes it unlikely that a visual size advantage for
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8 of 13 MENDEZ ET AL.

F IGURE 4 Headmovements at the onset, offset and during sustained attention. (a) Mean corpus aggregated rotational velocity computed
frame by frame from 2 s before and 2 s after the onset and offset of sustained attention (look 3 s or longer in duration). The shaded area indicates
the standard error of the corpusmean. (b) The seven 500msec windows centered on the onset and offset of the looks used for analyses of the
precision of headmovements at onset and offset. (c) The temporal windows before and after look onset and look offset used for analyses of head
velocity within sustained attention as compared to the period before onset and the period after look offset.

the to-be-attended object was a systematic cause of the initial shift

of gaze to the object. If the onset of the visual size advantage of

the target were considered the stimulus onset, the stimulus onset

to gaze onset (100 msec) would fall well below the estimated mini-

mum (250 to 500 msec depending on the complexity of the array) for

infants to execute a shift of gaze to a target (e.g., Marchman & Fernald,

2008; Oakes & Luck, 2013; Yu et al., 2012) as determined in con-

trolled experimental studies. Instead, the brief lead of the visual size

increase relative to the gaze shifts likely reflects the well-documented

fact that infants and children (unlike adults) often shift the head

before their eyes when re-directing gaze (e.g., Borjon et al., 2021;

Luo & Franchak, 2020; Nakagawa & Sukigara, 2013; Schmitow et al.,

2013).

Head movements. Head movements provide a direct path for cre-

ating and controlling a visual size advantage for targets of interest. If

infants increase the visual size of an object at the start of sustained

attention and thenmaintain that advantage for the duration of the look

by controlling the spatial relation of their head to the object, there

should be a rapid head movement near the start of gaze onset and

then a stilling of the head within the look. Figure 4a shows the mean

momentary aggregate velocity for the30 infantswho contributedhead

motion data for the period from 2 s before to 2 s after look onset and

for the period from 2 s before to 2 s after look offset. As is appar-

ent, infant heads move markedly around the onset and offset of a look.

To statistically quantify the reliability of this increase in head move-

ments at onset and offset of sustained attention, we calculated the

mean rotational velocity of the head in 500 msec windows (a window

size around gaze onset that corresponds to previous reported tempo-

ral relations between coordinated head movements and gaze shifts by

toddlers, Borjon et al., 2021; Luo & Franchak, 2020; Nakagawa & Suki-

gara, 2013; Schmitowet al., 2013). As shown inFigure4b, one500msec

windowwas centered on look onset. This creates 7windows from 1.75

s before [window numbers:−3,−2,−1] to after [window numbers:+1,+2,+3] onset [0] and likewise 7 windows from 1.75 s to 1.75 after the

offset of a Long look. We compared head velocity in each window to

the successive next window with a preset alpha of 0.001 to correct

for the individual 6 comparisons. For onset, the only reliable compar-

isons were from the window −1 to 0, and from 0 to +1: that is, head
velocity during the window centered on Look onset differed from the

just preceding window (p < 0.0001) and from the just following win-

dow (p< 0.0001). No other comparisons in the series of 6 comparisons

were reliable. The head moves at the start of a look and then stills. For

offset, head velocity at the window centered at offset increased reli-

ably from the just preceding window (window −1 to 0, p < 0.0001)

and the just following window (0 to +1, p < 0.0001). No other adja-

cent comparisons approached significance. The head moves rapidly at

the onset and offset of the look to a target and is stilled during the

look.

Is the head stilled more during the look than prior to the look? If

infants inhibit head movements during sustained attention to main-

tain the visual size advantage, the head should be more stilled during

the look than in the period before the head movement at the start of

a look. To test the hypothesis, illustrated in Figure 4c, we compared

head movements for the 2 s before onset and for 2 after onset dur-

ing the look excluding the 500 msec window of rapid head movements

at onset. We did the same for the 2 s during look just before offset

and for the 2 s after look onset, again excluding the 500 msec win-

dow around look offset. The key question is whether head movements

during the look are less than those in the period outside of the sus-

tained look.Headmovement in the 2 swindowbefore onsetM=26.25,

SE = 1.11 are faster than the head movements in the 2 s after onset

window, that is, during the look, M = 18.72, SE = 0.822, B = 7.64, t
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MENDEZ ET AL. 9 of 13

F IGURE 5 Handling of objects at onset and offset of sustained attention. (a) Mean handling by infant (determined frame by frame) of the
attended object for 2 s before and after the onset and 2 s before and after the offset looks 3 s or longer. The dashed line indicates the expected
baseline if looking is independent of infant handling. (b)Mean handling by parent (determined frame by frame) of the attended object for 2 s before
and after the onset and 2 s before and after the offset of looks longer 3 s or longer. The dashed line indicates the expected baseline if looking is
independent of infant handling. For handling, the shaded area indicates the standard error of themean proportion of participants handling of the
looked-to object for each frame.

(145)= 7.54, p< 0001. Likewise, headmovements in the 2 s before off-

set, that is during the look, M = 17.47, SE = 0.62, were slower than in

the 2 s after, M = 25.29, SE = 0.97, B = 7.87, t(146) = 5.75, p < 0.001.

After one-year-old infants move their head to direct gaze to an object

for a Long look, they still the head during the look to a greater degree

than before or after the head movements that initiated and ended the

look. This result implicates control of headmovements in the service of

sustaining attention.

Object handling. Infants (and their parents) explored the objects

by handling them. These activities could create and sustain visual size

advantages if they systematically brought handled objects close to the

infant head or if handling was the systematic cause of the infant’s

leaning in for a closer look at the start of sustained attention.Wedeter-

mined for the 2-s window before and after the onset and offset of each

sustained look, the frames in which the looked-to object was in con-

tact with the hands of the parent or infant.We calculated the expected

baselines of infant and parent object handling by randomly selecting

one object from the corpus of frames. The baseline thus instantiates

the null hypothesis that object handling was independent of the object

and infant sustained attention. We used the same time series analysis

(Allopenna et al., 1998) to determine changes in visual size at the onset

and offset of sustained attention. As shown in Figure 5, the dynamics

of hand contact by both infants and caregiver are not systematically

related to the onset and offset of infant sustained gaze to an object.

The first significant increase in infant handling of the attended object

occurred at 733 msecs after the onset of sustained gaze. Infant han-

dling did not decrease to baseline within the +/- 2 s window around

look offset. Thus, infant handling of an attended object was common

for some portion of the time that gaze is directed to the object but

was not systematically associated with the onset and offset of the look

and thus not systematically associated with the onset and offset of the

visual size advantages nor the head movements at the onset and off-

set of sustained looks to an object. Onset and offset of parent handling

were also not coordinatedwith the onset and offset of the infant’s look

to the object. The likelihood of parent handling of an object towhich an

infant sustained gaze was reliably above baseline for the entire+/- 2-s
window around look onset but returned to baseline and reliably stayed

at baseline from 766 msecs forward. In brief, although handling and

moving objects occurred before, during, and after sustained attention

to the handled object, handling is not a systematic proximal cause of

the increased visual size at look onset, themaintenance of that salience

advantage, the breaking of the visual size advantage that occurs at look

offset, nor the head movements that occur at the start and end of a

sustained gaze to an object.

4 DISCUSSION

Moving heads and moving objects during infant toy play create a con-

text of highly variable input with respect to the visual sizes of potential

targets for attention. However, during a sustained look to an object,

the visual size of the target is tightly controlled by infant behavior.

Infants control the visual size of the attended object in the input dur-

ing sustained attention by controlling their head movements and thus

the spatial relation between the head and the object. Infants control

the input by systematically moving the head at the start of sustained

attention in a way that makes the target visually larger than competi-

tors, they inhibit head movements during the look and thus maintain

the salience advantage, and theybreak the lookand the salience advan-

tage by moving the head. This solution to sustained attention has

not been explicitly considered in the developmental literature. But as

Gibson (1979) argued, the behavior of freely moving perceivers cre-

ates the visual input, defines the perceptual task that must be solved,

and provides the solution. Perception in the context of freely mov-

ing perceivers is also the environment of evolutionarily constrained

developmental process. In the following discussion, we consider the
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implications of infants’ behavioral control of the input for developing

top-down control of attention.

4.1 Collaboration

Is infant closed-loop behavioral control of sustained attention a form

of bottom-up or top-down control? Headmovements that increase the

visual size of the target occur at the same time as the infant directs

gaze to the object. Thus, whatever factors determine the shift in gaze

to what will become the target of sustained attention also determine

the synchronous head movements that change the spatial relation of

the head to the target making the target larger than competitors in the

infant field of view. We do not know the factors that cause the infants

to shift gaze to the target. Those factors could include other bottom-

up saliences, memories of past experiences, or other momentary goals

of the infant. Nonetheless, the head movements that create and sus-

tain a visual size advantage for targets of sustained attention emerge at

the same moment as the decision to look. These observations suggest

that there may not be an easy partition of infant attention into distinct

top-down versus bottom-up processes. In a theoretical paper on infant

visual attention, Rosen et al. (2019) argued that in everyday atten-

tion, exogenous and endogenous systems were collaborative and not

separable as moment-to-moment influences on attention: bottom-up

saliences alert, initiate interest and create top-down attentional goals.

Herewe showbottom-up salience is also behaviorally controlled by the

infant when the infant displays sustained visual interested in an object.

The closed-loop hypothesis and the present findings provide new

insights into several previous results. Ruff’s seminal work (Ruff & Law-

son, 1990) used not only the duration of looks as defining of focused

attention but also a stilled head and a stilled body. The present results

suggest that controlled body movements may be critical because they

stabilize a visual advantage of the target over distractors. Two studies

(Pereira et al., 2014; Yu & Smith, 2012) of infant point-of view expe-

riences have revealed a visual signature of effective parent naming

moments for learning object names. Pereira et al. (2014) found that 18-

month-old infants were more likely to learn name-object associations

when the parent naming event co-occurred with a visual experience

in which the referent was visually large and centered in the infant

head-centered field of view for an extended duration of 3–5 s around

the heard name, a duration that meets the literature’s currently used

threshold for sustained attention. Yu and Smith (2012) showed that

infantsweremore likely to learn object nameswhen their headwas not

moving during parent naming events. In brief, the signature sensory-

motor properties for infant learning of object names are also signature

sensory-motor properties of sustained attention (see Yu et al., 2019).

The present findings may also increase understanding of the devel-

opmental paths from “sticky” gaze in infants younger than 4 months

of age (Columbo & Cheatham, 2006; Kulke et al., 2015) to sustained

attention as observed in infants 9 months of age and older. On the

surface, the two phenomena appear similar: long gaze to a continuing

target that is not easily disrupted by a competitor. However, in young

infants, re-orienting gaze to a new peripheral target is a positive pre-

dictor of later cognitive developments (e.g., Columbo, 1997; Columbo

& Cheatham, 2006); in infants older than 9 months of age, sustaining

gaze on a target is a positive predictor of later cognitive outcomes (e.g.,

Fisher, 2019; Rosen et al., 2019; see also Geeraerts et al., 2019).When

young infants successfully “unstick” gaze to re-orient to a new target,

theyoftenmove their headsbefore thegaze shift and thesemovements

have been proposed (Robertson et al., 2001) to unlock the gaze on the

prior target. The one-year-old infants in the present study also moved

their heads to end sustained gaze in a way that may function to dis-

rupt the helpful salience for sustaining gaze in order to look elsewhere.

Together, theseobservations suggest that the increasingautonomyand

control of motor systems in the first two years of life may play a critical

role in the development of cognitive control systems. This hypothe-

sis (see also Gottwald et al., 2016; Thompson & Steinbeis, 2020) is

consistent with the use of atypical sensory-motor behaviors (including

difficulty in head-stabilization) as biomarkers of attentional deficits in

children (Berger et al., 2019; Friedman et al., 2005). The hypothesis is

also consistent with research on the neural underpinnings of attention

that reveals overlaps between brain networks that plan motor behav-

iors and those that control the spatial direction of attention (e.g.,Miller

& Cohen, 2001; Van Ede et al., 2019).

4.2 A developmental hypothesis

Figure 6 illustrates a closed-loop system connecting visual input, brain

activation, and behavior (see Byrge et al., 2014, Chiel & Beer, 1997).

The input at each moment perturbs ongoing brain activations across

multiple networks bottom-up and top-down, activating memories,

goals, and behaviors. These activations within the infant brain can

affect the world—the next moment of input—through the infant’s own

behavior. Momentary inputs and the brain activations elicit, incremen-

tally support, tune, and train neural circuitry (Byrge et al., 2014) and

likely do so for those relevant to the development of self-regulatory

processes (Rosen et al., 2019). By adulthood, internal mechanisms of

top-down attentional control are sufficiently strong that attentional

tasks can be solved covertly involving no supporting external behav-

iors, not even shifts in eye gaze (Posner, 1980). However, for adults and

infants in most everyday life tasks, attention may typically exploit the

closed loop of brain-behavior-input (Foulsham et al., 2011). Consider-

able research shows that adults also look with their whole bodies and

purposely alter the sensory input to support attention and the extrac-

tionof task relevant information (e.g., E.M.Andersonet al., 2022;Clark,

2008; Risko & Gilbert, 2016). Given these observations, we propose

a developmental hypothesis with two parts. First, behavioral control

of the visual input emerges as infants begin to better control motor

systems (Adolph & Franchak, 2017). Second, this emergent period of

behavioral control of the input is plays a key role in the development of

executive function.

Critically and as illustrated in Figure 5, mature social partners

through their behaviors also directly influence the visual input to

infants and thus the infant’s looking behaviors. The closed-loop system

illustrated in Figure 5 provides a pathway through which parent
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F IGURE 6 Illustration of a hypothesized closed-loopmechanism for sustained visual attention and their possible role in brain networks
responsible for the development of self-regulatory processes. At eachmoment visual input perturbs ongoing brain activations across multiple
networks, activatingmemories, generating context specific goals, and behavior. The generated behavior selects and structures the spatial layout of
visual information at the next time step. The behavior of social partners also selects and structure the visual input for the infant. Momentary input
incrementally supports, tunes, and trains neural circuitry relevant to sustained attention during infant play and for other self-regulatory processes.

behavior may scaffolds infant visual attention and sustained attention.

Past work shows that the key components of parent behavior are

responsiveness to the child’s own interests during play with potent

effects of parent looks to, talk about, and touches of the object to

which the infant is already attending (Fay-Stammbach et al., 2014;

Suarez-Rivera et al., 2019; Yu & Smith, 2016). Thus, parent behavior

that is responsive and coordinated with infant behavior may be par-

ticularly potent as a booster of ongoing infant momentary interest

in objects, triggering and helping the infant sustain the behaviors

(inhibiting head movements) that sustain a visibility advantage for

objects during sustained attention. The present finding that infants

control their body to control the input to control visual attention raises

multiple empirically testable hypotheses about the development of

sustained attention in infancy during the period inwhich individual dif-

ferences in attention begin to predict later developments in executive

control.
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