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Abstract

In this paper, we decompose selective sustained attending behavior into components

of continuous attentionmaintenance andattentional transitions and studyhoweachof

these components develops in young children. Our results in two experiments suggest

that changes in children’s ability to return attention to a target locus after distraction

(“Returning”) play a crucial role in the development of selective sustained attention

between the ages of 3.5–6 years, perhaps to a greater extent than changes in the abil-

ity to continuously maintain attention on the target (“Staying”).We further distinguish

Returning from the behavior of transitioning attention away from task (i.e., becom-

ing distracted) and investigate the relative contributions of bottom-up and top-down

factors on these different types of attentional transitions.Overall, these results (a) sug-

gest the importance of understanding the cognitive process of transitioning attention

for understanding selective sustained attention and its development, (b) provide an

empirical paradigm within which to study this process, and (c) begin to characterize

basic features of this process, namely its development and its relative dependence on

top-down and bottom-up influences on attention.
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Research Highlights

∙ Young children exhibited an endogenously ability, Returning, to preferentially

transition attention to task-relevant information over task-irrelevant information.

∙ Selective sustained attention and its developmentwere decomposed into Returning

and Staying, or task-selective attention maintenance, using novel eye-tracking-

basedmeasures.

∙ Returning improved between the ages of 3.5–6 years, to a greater extent than

Staying.

∙ Improvements in Returning supported improvements in selective sustained atten-

tion between these ages.
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1 INTRODUCTION

In an ever more information-dense society, the ability to sustain one’s

attention on relevant information to complete tasks is crucial. Many

everyday tasks require extended durations of effort to successfully

perform or make progress on; key examples include learning, driving,

writing, and playing sports (Bennett et al., 1976; Harris et al., 2017;

Kent et al., 2014;Monk et al., 2004; Rosenshine&Berliner, 1978).Over

the course of maintaining effort on a task, our attention may regularly

visit other task-irrelevant loci, whether due to external (Parmentier &

Andrés, 2010) or internal (Smallwood&Schooler, 2015) distractions or

due to fatigue or drowsiness (Thomson et al., 2015). Furthermore, few

real-life settings provide external prompts to guide attention back to

the task when distracted. Thus, successfully sustaining attention on a

taskmay require not only the ability to continuouslymaintain attention

on the task for prolonged periods of time, but also the ability to return

one’s attention to the task, in a self-initiatedmanner, after distractions.

While both of these component abilities develop between infancy and

adulthood, their distinct developmental trajectories are unknown, and

it is unclear which, if not both, of these behaviors underlie pronounced

developments in selective sustained attention that are known to occur

during early childhood (Diamond, 2006; Ruff & Rothbart, 2001).More-

over, it is not known what common or distinct cognitive mechanisms

underlie these two abilities.

In general, attending over time consists of continuous periods of

attentionmaintenance on a single locus, whichwewill refer to as atten-

tion maintenance, delimited by attentional transitions from a source locus

to a destination locus. This allows for at least twomechanisms bywhich

attention could support successfully completing a task, which requires

selectively attending more to task-relevant information than to task-

irrelevant information. First, selectivity could influenceattentionmain-

tenance; this would result in attending to task-relevant information for

longer durations than to task-irrelevant information, a behaviorwe refer

to as Staying. Second, selectivity could influence attentional transitions;

this would result in transitioning attention to task-relevant informa-

tionmore frequently than to task-irrelevant information, a behavior we

refer to as Returning. These selective mechanisms are not necessarily

mutually exclusive.While attentionmaintenance and transition behav-

iors have been distinguished before (Cohen, 1969, 1972; Posner &

Cohen, 1984), our notions of Staying and Returning specifically reflect

the distinct supportive roles these behaviors may play in attending to

task-relevant information.

Attention can be guided towards task-relevant information by

exogenous factors (e.g., increased relative salience of task-relevant

information) or endogenous factors (e.g., preference for information

relevant to one’s internal goals). In settings lacking exogenous support

for attending to the task, and therefore necessitating endogenous sup-

port for attending to the task, Staying and Returning represent two

possible routes of endogenous control in selective sustained attention.

In particular, Stayingmight rely onendogenous controlwhendetermin-

ing whether to terminate ormaintain attentional engagement with the

current locus based on its task relevance. Meanwhile, Returning might

rely on endogenous control when searching for and shifting attention

to a task-relevant destination locus (Brown & Denney, 2007; Lamy &

Egeth, 2002). We note that, while attentional loci can be distinguished

at many levels of granularity (e.g., features, spatial locations, objects,

etc.), and the notions of Staying and Returning are equally applicable

across these granularities, this paper focuses on object-based atten-

tion, in which a “locus” refers to a single object on which an individual’s

attention is placed (Baylis &Driver, 1992; Egly et al., 1994).

In this work, we study the role of endogenous control in selective

sustained attending through novel eye-tracking measures of selective

attention maintenance (Staying) and selective transitioning (Return-

ing), as well as development of these behaviors between the ages of

3.5 and 6 years and their roles in the development of selective sus-

tained attention during these years. Before describing specific goals of

this research, we provide relevant background on the development of

endogenous control of attention.

1.1 Development of endogenous control of
sustained attention

Early in development, attention is believed to be driven primarily by

exogenous factors (Colombo & Cheatham, 2006). In a classic series

of studies, Cohen (1969, 1972) decomposed looking behaviors of

4-month old infants presented with a single stimulus into “attention-

holding” and “attention-getting” component behaviors, which can be

thought of as analogs of our Staying and Returning behaviors, respec-

tively, in the simpler setting where only one stimulus is presented.

Cohen then investigated how several exogenous factors influence

attention-holding and attention-getting. Attention-getting, measured

by latency of the infant’s first look to the stimulus after onset, was

found to be sensitive to the size and salience of the stimulus rather

than its novelty or complexity, and was therefore believed to reflect an

orienting process (Cohen et al., 1975). Meanwhile, attention-holding,

measured by duration of an infants’ first look to the stimulus, was

found to be sensitive to the novelty and complexity of the stimulus and

was, thus, hypothesized to reflect speed of information processing; for

example, attention-holding exhibits habituation effects, decreasing in

response to repeated exposures to the same stimulus (Cohen et al.,

1975).

Studies of looking times in infants and toddlers suggest that endoge-

nous control over sustained attention begins to emerge late in the first

year of life, reflected in increases in both overall look durations and the

latency of looking to distractors (Colombo & Cheatham, 2006). While

these looking time effects plateau through the second and third years

of life, in other settings, such as free play with novel toys, duration of

attention continues to increase throughout thepreschool years (Moyer

& Gilmer, 1955; Ruff & Rothbart, 2001). The ability to endogenously

focus attention towards endogenously interesting loci, such as human

faces, in the presence of salient but qualitatively different distractors is

clearly present in the the first year of life (Holmboe et al., 2008; Kwon

et al., 2016). However, the ability to endogenously focus attention

towards a Target, in the presence of distractors, that is distinguished

only by its relevance to an explicit task or goal, which is the focus of the
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present study, emerges later, at approximately 3.5 years, and continues

to develop throughout early childhood (Ruff & Capozzoli, 2003).

This ability supports selective sustained attention (SSA)1, the abil-

ity to enhance the processing of task-relevant information at the

exclusion of task-irrelevant information over a period of time (Fisher,

2019). SSA is in turn crucial to performing tasks of executive con-

trol, at which children improve significantly between the ages of

3.5 and 6 years (Diamond, 2006; Fisher, 2019). Improvements in

selectively sustaining attention to task-relevant information have

been measured in multiple studies; for example, Deng and Sloutsky

(2016) and Plebanek and Sloutsky (2017) have shown that, while chil-

dren’s abilities to detect changes in task-relevant information improve

within this age range, their ability to detect changes in task-irrelevant

information may degrade at the same time. These results accentu-

ate increased selectivity of processing and suggest a developmental

trend along the exploration–exploitation trade-off (the competition

between maximizing short-term performance and longer-term learn-

ing) in the guidance of attention (Blanco & Sloutsky, 2020; Dubois

et al., 2020; Gopnik, 2020; Laureiro-Martínez et al., 2010). Within

the same SSA task paradigm used in the present study, Fisher et al.

(2013) showed that children’s performance in tracking a target object

amongst equally salient distractors improves between the ages of 3

and 6 years, approaching performance in an easier exogenously sup-

ported condition in which the target is more salient than distractors.

This suggests that developmental improvements in task performance

during these years reflect an increasing contribution of endogenous

factors in the control of SSA. In a task where children classified

animals into categories based on their habitat, Wetzel et al. (2019)

found that children responded with a delay on trials preceded by

novel task-irrelevant distractor sounds, and that this delay decreased

with age, most prominently between the ages of 4 and 6 years, simi-

larly suggesting maturation of endogenous attentional control during

these years.

These studies show age-related improvements in SSA between the

ages of 3 and 6, suggesting this to be a period of rapid change in

the endogenous ability to maintain attention to the task at hand in

the presence of distractors. However, it is still unclear whether this

occurs via Staying and/or Returning behaviors, influencing either the

duration or frequency of attending to task-relevant information rel-

ative to task-irrelevant information. To address this gap, the present

paper examines which of these component behaviors mediates devel-

opmental improvements in young children’s endogenous control of

their SSA.

1 Weavoid themore common term “sustained attention” because it has beenusedwith distinct

meanings in different literatures. On one hand, “sustained attention” has been used to refer to

continuous maintenance of attention on a single locus (without any attentional transitions),

independent of any particular task or goal. This definition is especially common in the context

of infants (Colombo & Cheatham, 2006). On the other hand, in the context of participants per-

forming a goal-oriented task (such as TrackIt), “sustained attention” has been used to refer to

sustained selectivity of attention (i.e., enhanced processing of task-relevant information over

task-irrelevant information, maintained over an extended duration; Egeland & Kovalik-Gran,

2010), which can be supported by selective mechanisms such as Staying and Returning. We

refer to this latter notion as “selective sustained attention,” as suggested by Fisher and Kloos

(2016).

1.2 Current studies

The studies reported here aim to address the following questions. Can

we identify and measure task-selective attention maintenance (Stay-

ing) or transitioning (Returning) behaviorswithin SSA?Howare Staying

and Returning behaviors influenced by exogenous and endogenous

factors? In particular, which, if not both, of these behaviors exhibits

endogenous selectivity for task-relevant information? How do Stay-

ing and Returning change with development? In particular, which, if

not both, of these behaviors changes to support increases in attention

selectivity with development between the ages of 3 and 6 years?

This paper’s first contribution is to developmeasures of Staying and

Returning, described in Section 2.1.2, based on gaze data collected

while children performed TrackIt, a visual object tracking task in which

participants track a single moving Target object in the presence of

multiple moving Distractor objects (Fisher et al., 2013). TrackIt per-

formance has been shown to have good psychometric properties as

a measure for SSA and has been linked to numeracy skills, prospec-

tive memory, proactive control, language development, and learning

in classroom-like settings (Brueggemann & Gable, 2018; Doebel et al.,

2017, 2018; Erickson et al., 2015; Fisher et al., 2013; Kim et al., 2017;

Mahy et al., 2018; Smolak et al., 2020). Moreover, TrackIt is designed

so that participants’ gaze is closely coupled to their attentional state

over time. The high spatiotemporal resolution of gaze data, thus, allows

us to precisely identify periods of continuousmaintenance of attention

on both Target and Distractor objects, as well as transitions of atten-

tion between them, using a method recently developed by Kim et al.

(2020) for inferring participants’ internal attentional states from their

gaze data. Importantly, while children perform TrackIt, no external

cues or prompts are provided to direct attention. Additionally, within

each TrackIt trial, Target and Distractor objects are sampled randomly

(without replacement) from a common pool of objects, such that the

Target and Distractors do not systematically differ in terms of relative

salience, novelty, or complexity, and prior work also suggests that chil-

dren’s familiaritywith the Target shape does not influence their TrackIt

performance (Keebler et al., 2019). Thus, any systematic preference

we observe for attending to the Target, whether through Staying or

Returning, should reflect the influenceof endogenous factors, basedon

children’s internal representations of the task goal.

We then utilize these new measures to investigate the cognitive

and developmental roles of Staying and Returning behaviors. In Exper-

iment 1, we first use our newmeasures to investigatewhether children

exhibit Staying and Returning behaviors (in the forms of preferen-

tial attention maintenance and transitioning, respectively, towards

the Target object). Next, we investigate developments in Staying and

Returning over age, as well as their role in TrackIt task performance.

Finally, we perform a post hoc investigation of a possible exogenous

influence on attentional transitions between objects. To strengthen

external validity of our results and provide confirmatory analyses

for our post hoc analyses, Experiment 2 replicates these analyses

on a second independently collected dataset. Additionally, since our

results rely on novel automated methods for analyzing eye-tracking

data, Appendix A.2 experimentally validates these novel methods by
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F IGURE 1 An example trial of the standard TrackIt task. The Target object here is the gray circle, as indicated before the trial by a red circle.
During a trial, all objects move in unpredictable piecewise-linear paths and disappear after a set duration. After a trial, participants are asked to
indicate the grid cell where the Target was before disappearing. A video of an example TrackIt trial provided by Kim et al. (2020) can be found at
https://github.com/CMU-CDL/TrackIt/blob/main/endogenous_TrackIt_example.mp4?raw=true.

replicating our results using eye-tracking data hand-coded by trained

human coders.

2 EXPERIMENT 1

2.1 Methods

2.1.1 TrackIt task

TrackIt is a visual object-tracking task introducedbyFisher et al. (2013)

to measure SSA in young children. TrackIt allows developmentally sen-

sitive assessment over a rangeof ages,with children as youngas3years

old consistently completing the task and providing usable data (Fisher

et al., 2013; Kim et al., 2017). In the TrackIt task (illustrated in Figure 1),

participants are instructed to track, using only their eyes, a single

Target object moving about on a grid, among other moving Distrac-

tor objects. At the end of each trial, all objects vanish from the grid,

and participants are asked to identify the grid cell the Target occu-

pied immediately before vanishing. The accuracy of this final response,

referred to as LocationAccuracy, is used as themain behavioralmeasure

of task performance.

After providing aLocation response, participants arepresentedwith

four distinct objects, taken from the objects displayed during the trial,

one of which was the Target object in that trial. The accuracy with

which participants identify the Target object, called Memory Accuracy,

has been used as a secondary performancemeasure to help distinguish

Location errors due to forgetting, or otherwise being unaware of the

Target object, from Location errors due to other attention failures.

In this study, we used data from children performing TrackIt

together with gaze data collected while children performed TrackIt.

Because TrackIt requires continuous overt attention to the Target, eye-

tracking provides information about a participant’s visual attention

with high temporal resolution. In particular, leveraging an algorithm

introduced by Kim et al. (2020) to infer the object of a participant’s

attention from their eye-tracking data, we are able to identify, at

high frequency and with high confidence, which object a participant

is attending to at each point in time. These methodological features

make TrackIt uniquely suited to investigating how attention moves

over time, in contrast to other widely used SSA tasks, such as the

continuous performance test (CPT),which collect data and require par-

ticipant attention at most once every few seconds (Fisher & Kloos,

2016; Riccio et al., 2002; Rosvold et al., 1956). Furthermore, the fact

that TrackIt explicitly provides task-irrelevant objects, alongside the

Target, to which the participant can attend is important because it

allows us to isolate the effect of task-relevance on the participant’s

attending behavior. Finally, prior research has shown that TrackIt is

more reliable for use with young children than tasks such as the CPT

and the multiple object tracking (MOT) task2, in which young children

often fail to complete the taskor fail tomeetminimumperformancecri-

teria for their data to be included (Akshoomoff, 2002; Brockhoff et al.,

2016; Fisher & Kloos, 2016).

2.1.2 Data

We analyze a dataset of TrackIt and eye-tracking data originally col-

lected by Kim et al. (2020), publicly available on the Open Science

Framework (DOI 10.17605/OSF.IO/U8JBS) at https://osf.io/u8jbs/.

Python code for reproducing our analyses is available on GitHub

at https://github.com/Jaeah/staying-and-returning. Here, we briefly

review the data collection process of Kim et al. (2020).

2.1.3 Participants

Kim et al. (2020) recruited 50 typically developing children, aged 3.5–

6 years (M = 4.60 years, SD = 0.67 years), 23 male and 27 female,

2 TrackIt is closely related to MOT, a task in which participants track multiple Target objects

simultaneously among identical Distractor objects; Appendix A.5 discusses some relevant

connections between TrackIt andMOT.
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from a laboratory school affiliated with an urban private university

in the northeastern United States. Race and ethnicity information for

the sample reported by parents or guardians was as follows: 62%

White, 4% Black or African American, 10% East Asian or Asian Amer-

ican, 4% Native American or Alaskan Native, 2% South Asian or Indian

American, 2% Jewish, and 14% unreported.

2.1.4 Procedure

Each child performed 11 TrackIt trials, as described above under

“TrackIt Task,” including one initial practice trial during which the

experimenter explained the task. Practice trials were not analyzed, giv-

ing 10 usable trials per participant. The experimental protocol was

approved by the University Institutional Review Board, and informed

consent was obtained from a parent or guardian of each participant.

2.1.5 TrackIt parameters

We used version 3.1.0 of TrackIt, available at https://sites.google.

com/andrew.cmu.edu/trackit/home/task-versions, which has several

parameters that can be adjusted to modulate task difficulty. Kim et al.

(2020) used parameter values identified as age-appropriate for 4- to

6-year-old participants based on prior research by Kim et al. (2017).

Specifically, they set the number of Distractors to 6, grid size to 6 × 6,

and object speed to 500 pixels/s (≈ 10◦/s). For each trial, Target and

Distractor objects were sampled without replacement from nine dis-

tinct shapes, and their colors were sampled without replacement from

nine distinct colors; that is, out of 81 possible shape-color combina-

tions, Target and Distractor objects were selected randomly under the

constraint that all objects within a trial had distinct shapes and colors.

The minimum trial length was set to 10 s, although exact trial length

varied between 10.1 and 27.5 s (M = 14.4 s, SD = 3.0 s) to reduce

predictability of the timing of trial end. All other parameters, such as

display frequency (30Hz) andmotion interpolation (“Linear”), were set

to TrackIt’s default values, which can be found at the above URL.

2.1.6 Materials and apparatus

Stimuli were presented on a touchscreen laptop with physical dimen-

sions 34.2 cm × 19.1 cm and pixel dimensions 1920 × 1080 (approx-

imately 40◦ × 22◦ of visual field). Participants were seated at a desk

facing the screen with their heads about 0.5 m away from the screen.

While participants performedTrackIt, their gazewas recorded at 60Hz

using an SMIRED-250mobile eye-tracker (SMI, 2009). Eye-tracker cal-

ibration and validation were performed automatically by SMI’s iView

X software, using default settings. These procedures each required

the participant to fixate for at least 400 ms on each of a series of

fixation points distributed over the display. A custom Python script

(available at https://osf.io/vqjgs/) was then used to collect eye-tracking

data synchronized with TrackIt.

2.1.7 Data preprocessing

As described in Kim et al. (2020), we used a hidden Markov model

(HMM) to infer theobject towhich aparticipantwas attending at frame

of each TrackIt trial. This algorithm outputs a high-frequency (60 Hz)

temporal sequence of objects (from among the seven TrackIt objects)

that the participant is estimated to be tracking. Kim et al. (2020) vali-

dated their HMMalgorithmby showing that it agreedwith judgements

made by trained human coders and was able to identify attentional

transitions (pairs of consecutive frames between which the inferred

objects of attention differ) with accuracy comparable to agreement

between human coders. The HMM has a free parameter, 𝜎 ∈ (0,∞),

indicating the variance of the participant’s gaze around the center of

the object they were tracking; we used 𝜎 = 300, the value found by

Kim et al. (2020) to maximize agreement with human coders. Further

details of the HMM algorithm can be found in the manuscript of Kim

et al. (2020).

Additionally, because child eye-tracking data contain a large pro-

portion of missing values (including frames during which participants

looked away from the screen), Kim et al. (2020) first linearly interpo-

lated gaze positions for short intervals of missing data (< 10 frames,

≈ 167 ms) and then discarded all data from eight children with more

than 50% of eye-tracking data missing in more than half of their tri-

als. This left data from 42 children (420 total trials), ages 3.5–6 years

(M = 4.65 years, SD = 0.71 years), 17 male and 25 female, for analy-

sis. Before discarding data, the total proportion of trials missing more

than 50% of eye-tracking data was 15.5% and the proportion of such

trials per participant was not significantly correlated with Age (r(48) =

−0.10, p = 0.51); participants had an average of 8622.69 frames of

data, of which an average of 1819.38 (21.1%) were missing. After dis-

carding data, 7.2%of trialsweremissingmore than 50%of eye-tracking

data, and participants had an average of 8628.04 frames of data, of

which an average of 1819.38 (14.1%) weremissing.

2.1.8 Operationalizations of selective sustained
attention

First, we review Location andMemory measures, based on participant

response at the end of the trial, that have been used in previous TrackIt

studies. Our interest in these measures is primarily in understanding

how they relate to the eye-tracking-basedmeasures we propose in the

next section.

2.1.9 Location Accuracy

Location Accuracy denotes the proportion of trials on which a partic-

ipant correctly indicated the final grid cell of the Target object. This is

the standard measure of task performance used in TrackIt. Note that,

if the participant is not following the Target, Location Accuracy has a

chance value of 1∕36 on a 6 × 6 grid (as in Experiment 1) and 1∕16 on a

4 × 4 grid (as in Experiment 2).
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2.1.10 Memory Accuracy

After providing a location response, theparticipantwaspresentedwith

four distinct objects, one of whichwas the Target in that trial and three

of which were Distractors in that trial. Memory Accuracy denotes the

proportion of trials on which the participant correctly identified the

Target object. This measure is used to partially distinguish Location

errors due to forgetting, or otherwise being unaware of the Target

object, from Location errors due to other attention failures.

We now describe the two main eye-tracking measures through

which we operationalized selective attention maintenance (Staying)

and selective transitioning (Returning) behaviors, based on the atten-

tion sequence inferred by the HMM algorithm (Kim et al., 2020).

The design of these measures is a central methodological contribu-

tion of this paper, to support the distinction of Staying and Returning

behaviors within SSA.

2.1.11 Returning

As our measure of Returning, denoted R̂, we used the proportion of

transitions fromDistractors that go to Target:

R̂ :=
Number of transitions fromDistractors to Target

Number of transitions fromDistractors to AnyObject
. (1)

R̂measures a participant’s tendency, when attending to aDistractor, to

preferentially transition to the Target more than to other Distractors.

R̂ takes values between 0 and 1, and, importantly, when a partici-

pant’s attention is not selective to the Target object, R̂ has a “chance”

expected value of 1∕6 (since, from a given Distractor, the participant

can transition to six other possible objects, one of which is the Target).

This chance value is invariant to parameters of the HMM, eye-tracker

noise, and other environmental or task factors, making R̂ a relatively

pure measure of endogenous preference for transitioning to Target.

When computing R̂, we omitted all frames duringwhich gaze datawere

missing (including frames during which participants looked away from

the display screen); hence, a transition was counted if the object of

attention differed before and after the frames of missing gaze data.

2.1.12 Staying

As our measure of Staying, denoted Ŝ, we used the average duration of

continuousperiods onTargetminus the averagedurationof continuous

periods onDistractors:

Ŝ := avg(duration of periods on Target)

−avg(duration of periods on a single Distractor). (2)

This measures a participant’s tendency to spend longer durations

tracking the Target than tracking Distractors. Thus, when a partici-

pant’s attention is not selective to the Target object, Ŝ has a “chance”

expected value of 0 s. This chance value is invariant to parameters of

the HMM, eye-tracker noise, and other environmental or task factors,

making Ŝ a relatively puremeasureof endogenouspreference formain-

taining attentionon theTarget.When computing Ŝ, periods of attention

before and after periods ofmissing gaze datawere treated as two sepa-

rate periods of attention, regardless of whether the object of attention

was the same during the two periods.

2.2 Results

2.2.1 Comparison with chance values

We first summarize participant performance in all behavioral and eye-

tracking measures and compare each measure to its chance value.

Ideally, participants should understand and be engaged with the task,

but the task should also be challenging enough to observe distrac-

tions and prevent ceiling effects in performance; that is, mean Location

Accuracy should be above chance but also be well below its maxi-

mumvalue of 1. Additionally, if SSA is endogenously supported through

selective attention maintenance, then Ŝ should be above chance, and,

if SSA is endogenously supported through selective transitioning, then

R̂ should be above chance. As shown in Table 1, participants per-

formed above chance according to all four measures, suggesting that

participants understood and were engaged in the task, and that SSA

was endogenously supported through both Staying and Returning. The

meanLocationAccuracyof40% suggests that overall taskdifficultywas

well-calibrated to avoid both ceiling and floor effects.

2.2.2 Correlations between measures

We next examined relationships between the four performance mea-

sures, as well as participant age. Our hypotheses were as follows. First,

based on prior work in the TrackIt paradigm (Fisher et al., 2013; Kim

et al., 2017), we expected that Location Accuracy would increase with

Age, but that this improvement would not be explained by improve-

ments in Memory Accuracy over Age. Second, assuming that TrackIt

performance is supported by both Staying and Returning, we expected

that both R̂ and Ŝ would positively correlate with Location Accuracy.

Third, given the lack of prior research into the distinct roles of selective

attention maintenance and transitioning in the development of SSA,

the relationships of greatest interest touswere thosebetween R̂, Ŝ, and

Age. In particular, we expected at least one of R̂ and Ŝ to increase with

Age, but itwas not clearwhich, if not both of these,would increasewith

Age. Finally, although we expected both Staying and Returning to sup-

port TrackIt performance, it was not clear whether they would share

underlying cognitive mechanisms, and we were, therefore, agnostic as

to whether R̂ and Ŝwould be directly related.

Table 2 shows Pearson correlation coefficients between all four

performance measures and participant age, along with correspond-

ing significance levels. All variables were positively correlated within

the sample, but strength and statistical significance of these correla-

tions varied.
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7 of 25 KIM ET AL.

TABLE 1 Univariate statistics for distributions (across 42 participants) of each of the four performancemeasures.

Measure Chance value Mean (95%CI) Std. Dev. t(41)-value p-value

Location Accuracy 1∕36 = 0.0277 0.40 (0.31,0.49) 0.29 8.32 <0.001***

Memory Accuracy 1∕4 = 0.25 0.86 (0.80,0.91) 0.18 21.96 <0.001***

R̂ 1∕6 = 0.166 0.47 (0.41,0.53) 0.20 9.83 <0.001***

Ŝ 0 1.03s (0.77s,1.29s) 0.86s 7.76 <0.001***

t-values and p-values are according to a 1-sample t-test for the null hypotheses that themeans of themeasures are equal to their chance values.

***p < 0.001.

TABLE 2 Matrix of Pearson correlations between age and performancemeasures used in this study. Statistical significance was computed by a
two-sided test of the null hypothesis that the correlation is 0 (Student, 1908).

Age Location Accuracy Memory Accuracy R̂ Ŝ

Age – 0.532*** 0.263 0.544*** 0.289

Location Accuracy – – 0.285 0.647*** 0.496***

Memory Accuracy – – – 0.336* 0.313*

R̂ – – – – 0.468**

Ŝ – – – – –

Statistical significancewas computed by a two-sided test of the null hypothesis that the correlation is 0 (Student, 1908).
∗p < 0.05, ∗∗p < 0.005, ∗∗∗p < 0.001.

We first note that Location Accuracy improved strongly with Age.

On the other hand, Memory Accuracy was not significantly correlated

with Age or Location Accuracy. SinceMemory Accuracy is close to ceil-

ing andmuch higher than Location Accuracy (see Table 1), we conclude

that children are consistently able to encode and maintain the iden-

tity of the Target object, and that improvement in this ability fails to

explain children’s improving ability to perform TrackIt with age. These

results are all consistent with prior research using TrackIt in this age

range (Fisher et al., 2013).

Both of our novel eye-tracking performance measures, R̂ and Ŝ,

were strongly correlated with Location Accuracy, consistent with our

expectation that Returning and Staying behaviors both support TrackIt

performance. Additionally, R̂ was strongly correlated with Age, which

motivated us to perform further mediation analysis, described below,

to investigate whether improvements in Returning explain improve-

ments in TrackIt performance over age. On the other hand, Ŝ was not

significantly correlated with Age.We discuss this key finding further in

the Discussion. Figure 2 visualizes the main relationships between the

two eye-tracking performance measures and both Location Accuracy

and Age.

R̂ and Ŝ were also strongly correlated. Since Ŝ was not significantly

correlated with Age, this suggests that some interindividual differ-

ences supporting both Staying and Returning behaviors may not be

fully explained by age. Finally, we note that Memory Accuracy was

correlated with both R̂ and Ŝ, although we did not have hypotheses

regarding these relationships.

2.2.3 Mediation analysis

Since R̂ was significantly correlated with both Age and Location Accu-

racy, we next used mediation analysis to study the extent to which

F IGURE 2 Left panels show linear regressions of R̂ (Returning)
and Ŝ (Staying) over Age. Right panels show linear regressions of
Location Accuracy over R̂ and Ŝ. Shaded regions indicate bootstrapped
95% confidence bands. Dotted red lines indicate chance values for
each performancemeasure.

improvements in Returning might explain improvements in Location

Accuracy over age. We implemented mediation analysis according to

the bootstrap procedure described in Preacher and Hayes (2008) with

10,000 bootstrap samples. As illustrated in Figure 3, the standardized

indirect effect of Age on Location Accuracy mediated by R̂ was 0.31,

with 95% confidence intervals [0.16,0.49]. The same bootstrap proce-

dure yielded a p-value of p < 0.001 for the null hypothesis of 0 indirect

effect. This suggests that Returning may play a strong mediating role

betweenAge and LocationAccuracy, explaining an estimated59% (95%

CI (28%,96%)) of their common variation.

Since Ŝ was significantly correlated with both R̂ and Location

Accuracy, we also ran the above mediation analysis including Ŝ as a
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KIM ET AL. 8 of 25

F IGURE 3 Standardized regression coefficients for the
relationship between Age and Location Accuracy, as mediated by
Returning. Confidence intervals for indirect and direct effects were
computed based on a bootstrap procedure with 10,000 bootstrap
samples, as described by Preacher andHayes (2008).

control variable. Resultswere very similar, with a standardized indirect

effect of Age on Location Accuracy (mediated by R̂) of 0.18, with 95%

confidence intervals [0.13,0.48]. The same bootstrap procedure

yielded a p-value of p = 0.004 for the null hypothesis of 0 indirect

effect, and the estimated proportion of variation was 42% (95% CI

(12%,100%)).

2.2.4 Differential development of returning and
staying over Age

Above, we found that R̂, but not Ŝ, increased significantly over age.

To compare the relative contributions of R̂ and Ŝ in the development

of SSA, we next investigated whether Age differentially affects Stay-

ing and Returning; that is, whether R̂ increases more over Age than Ŝ.

Thiswould strengthen our above finding that R̂ increaseswithAge.We,

thus, tested whether the correlation between R̂ and Age was signifi-

cantly greater than that between Ŝ andAge, using a test for comparison

of correlations from dependent samples (Eid et al., 2011, p. 548). As

hypothesized, the correlation between R̂ and Age was significantly

greater than that between Ŝ andAge (z = 1.769, p = 0.038), suggesting

that Returning improves more with age than does Staying.

2.2.5 Age-related changes in Average Tracking
Duration

Although we did not find significant age-related increases in the selec-

tivity of continuous attention maintenance (Staying), prior literature

suggests that duration of attention (“attention span”) continues to

increase between the ages of 3.5 and 6 years (Moyer & Gilmer, 1955;

Ruff & Rothbart, 2001). To investigate whether this development can

be measured in TrackIt, we investigated whether the Average Tracking

Duration, the average duration a participant spent on any object (Target

or Distractor) changed with Age. Linear regression found a significant

increase in Average Tracking Duration over Age (𝛽 = 0.933, t(40) =

2.044, p = 0.048).We caution that, unlike Staying, whichmeasures the

difference in participant behavior towards the Target and Distractors,

Average Tracking Duration is not as carefully controlled a measure; it

does not have a clear chance value to compare with and is likely more

sensitive tomissing data, eye-tracker calibration quality, and so forth.

2.2.6 The effect of distance on Transitioning

Finally, we investigated exogenous influences on Staying and Return-

ing. During each trial, only the positions of the objects changed over

time, while features such as object color, shape, and size were fixed.

Therefore, we reasoned that the primary exogenous influence onwhen

participants transitioned between objects would be the objects’ posi-

tions. Specifically, in a post hoc analysis motivated by prior research

on bottom-up factors influencing visual attention (Desimone & Dun-

can, 1995; Desimone, 1998), we considered the distance of each

object from the center of the participant’s visual field to be a mea-

sure of the bottom-up salience of the object as it varied over the

course of a trial. Because the measured gaze position on any par-

ticular frame can be quite noisy, we used the distance between the

center of the source object and the center of the destination object,

rather than the distance between the gaze point and the center of

the destination object. Specifically, for each unattended object dur-

ing each frame of the experiment, we recorded its distance from

the current object of attention (“interobject distance”), as well as a

binary indicator indicatingwhether the participant transitioned to that

object on the next frame. If increasing object salience towards the

center of the participant’s visual field supports transitioning to an

object, then we would expect the frequency of transitions to decrease

as a function of interobject distance. Additionally, if the process of

becoming distracted is more sensitive to bottom-up influences than

the process of Returning, then we would expect this decreasing rela-

tionship to be stronger for Target-to-Distractor transitions than for

Distractors-to-Target transitions.

To quantify the frequency of each type of transition, we tabulated

all of the possible transitions (i.e., 6 per frame, one for each possible

destination object from the current object of attention). We coded

those transitions that actually occurred (i.e., when the participant

transitioned to that destination object on the next frame) with the

value 1, and coded all other transitions with the value 0. Figure 4

illustrates this computation visually. We then regressed this indica-

tor variable over the distance between the two objects, separately for

each transitions type (Target-to-Distractor, Distractor-to-Distractor,

or Distractor-to-Target).

Figure 5 shows the nonlinear effect of inter-object distance on

the frequency of transitioning to a given destination object on a

given frame, separated by the type of possible transition (Target-to-

Distractor, Distractor-to-Distractor, or Distractor-to-Target). Table 3

shows the mean (over participants) correlation between each kind of

transition probability and inter-object distance. Our main observation

was that the probability of Target-to-Distractor transitions increased

with decreasing interobject distance.

Additionally, the probability of Distractor-to-Target transitions

increased with increasing interobject distance. In Figure 5, the prob-

ability of Target-to-Distractor transitions also showed a small local

increase between the distances of 5◦ and 8◦. We believe that these

effects may be artifacts of the data analysis process because short-

distance transitions are less likely to be identified by the HMM,
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9 of 25 KIM ET AL.

F IGURE 4 Illustration of data used in the “The Effect of Distance on Transitioning” analysis, in a simplified example with three objects over 11
frames. The dark black line indicates the object of attention (as inferred by the HMM) in each frame. Each circle corresponds to one possible
transition after each frame, coded as 1when the participant performed that transition and 0 otherwise. The circle’s color indicates the type of
transition (red for Target-to-Distractor, yellow for Distractor-to-Distractor, and green for Distractor-to-Target).

5

F IGURE 5 Nonparametric regression of empirical transition
probability (i.e., probability of transitioning to a particular destination
object given a particular source object) over distance between source
and destination objects, for different source and destination object
types. LOESS regression curves are plotted in orange and 95%
confidence bands are shaded light blue. Blue crosses show a
representative sample of object distances corresponding to
transitions (coded as 0.001) and nontransitions (coded as 0). Note that,
because our sampling rate was quite high (60Hz), transitions occur on
only a very small proportion (∼ 0.1%) of frames. Hence, nontransition
frames were randomly down-sampled by a factor of 1000 for
visualization.

resulting in a downward bias of estimated transition probabilities for

small interobject distances. This bias is independent of the types of the

source and destination objects, and should, therefore, not affect our

main finding, namely that the distance from the center of the visual

field decreases the likelihood of Target-to-Distractor transitions more

than Distractor-to-Target transitions.

A potential alternative cause of the observed decrease in transi-

tion probabilities at short distances could be an inhibitory effect of

proximity on the salience of unattended objects, such as surround

suppression Allman et al. (1985); Cavanaugh et al. (2002); indeed,

top-down attentional effects on surround suppression have been iden-

tified even in early stages of visual processing (Moran & Desimone,

1985; Sundberg et al., 2009). However, for such an effect to explain

the main differential effect of interobject distance on Distractor-to-

Target and Target-to-Distractor transitions, the top-down attentional

suppressive effect would have to be stronger when a participant is

attending to a Distractor than when they are attending to the Target.

This would be contrary to established models of top-down effects on

visual attention (Desimone & Duncan, 1995; Desimone, 1998), which

would predict greater top-down effects when on Target.

To conclude, we found that participants were more likely to tran-

sition from Target to a Distractor when the Distractor was nearer to

the Target, while such an influence was not observed for transitions

from a Distractor to Target. Before further discussing our findings,

we present a second experiment that strengthens the generalizabil-

ity of our findings and confirms our post hoc analyses on the effect of

distance on transitions.

3 EXPERIMENT 2

Some analyses presented in Experiment 1, such as the analysis of the

effect of interobject distance on transition probabilities, were post hoc.

To perform confirmatory versions of these analyses and strengthen

external validity of the findings reported in Experiment 1, in Experi-

ment 2, we conduct the full suite of analyses conducted in Experiment

1 on an additional dataset of behavioral and eye-tracking data in the

TrackIt task. Because this dataset was collected for a different pur-

pose, it presents several design differences relative to Experiment 1,

providing a test of generalizability of the findings of Experiment 1.
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TABLE 3 Distributional statistics (across 42 participants) of the correlation (across all frames within each participant) between interobject
distance and each type of transition probability (with transitions coded as 1 and nontransitions coded as 0).

Transition type Mean correlation Standard deviation t(41)-value p-value

Target→Distractor −0.10 0.13 −4.83 <0.001***

Distractor→ Target 0.06 0.10 3.73 <0.001***

Distractor→Distractor −0.007 0.10 −0.3 0.76

p-values are according to 1-sample t-tests for the null hypotheses that themean correlations are 0.

***p < 0.001.

3.1 Methods

Full details of this experiment can be found in Vales et al. (2021).

Here we describe the main features of this dataset, focusing on design

differences relative to Experiment 1.

3.1.1 Participants

We analyzed data from one of two experimental conditions (described

below) reported in Vales et al. (2021), including data from 36 par-

ticipants, aged 4–6 years (M = 4.57 years, SD = 0.68 years), 19 male

and 17 female, that provided usable eye-tracking data (after the same

preprocessing steps described in Experiment 1). Race and ethnicity

information for the sample reported by parents or guardians was

as follows: 50% White, 5.6% Black or African American, 8.3% East

Asian or Asian American, 2.8%Middle Eastern or Arab American, and

33.3% unreported.

3.1.2 Materials, design, procedure, and data
preprocessing

Stimulus presentation apparatus, response collection, andeye-tracking

collection and preprocessing were analogous to Experiment 1. Partic-

ipants were randomly assigned to one of two conditions designed to

examine the role of verbal labels and shape familiarity on SSA. In the

Labeled condition, the Target shape was explicitly labeled before the

trial started (e.g., “Follow the triangle”) and in the Unlabeled condition

it was not (e.g., “Follow the shape”); in both conditions, the Target was

indicated visually by a red circle before trial onset (as in Figure 1).

Since evaluating the effect of labels is beyond the scope of this paper,

we analyzed only data from the Unlabeled condition in the main paper,

and we report results on the Labeled condition, which were largely

similar to those on the Labeled condition, in Appendix A.3. In addition

to using prerecorded audio instructions (e.g., “Follow the shape”), the

stimuli and design differed from Experiment 1 in five ways. First, all

stimuli were colored blue, so that shape was the sole distinguishing

feature among stimuli in a trial. Second, participants completed 12

trials (excluding an initial practice trial, not analyzed). Third, only four

Distractor were presented, for a total of five TrackIt objects in each

trial. Fourth, the grid size was 4 × 4 (with each grid cell the same size

as cells in the 6 × 6 grid of Experiment 1). Finally, only six different

shapes (circle, triangle, square, pentagon, diamond, and oval) were

used. Objects were classified as “High Familiarity” (circle, triangle,

square) or “Low Familiarity” (pentagon, diamond, oval), based on their

name’s frequency in the CHILDES corpus (Bååth, 2010; MacWhinney,

2000). Each object served as Target on 2 (randomly ordered) trials and

was among the four shapes from which Distractors were sampled on

the remaining 10 trials, with the constraint that each trial included

two High Familiarity Distractors and two Low Familiarity Distractors.

We note that none of these design differences caused us to alter our

hypotheses from Experiment 1.

3.2 Results

All analyses were identical to those performed in Experiment 1. For

brevity, we simply state the results; refer to Section 2.2 of Experiment

1 for motivation of each analysis.

3.2.1 Comparison with chance values

As shown in Table 4, participants performed above chance accord-

ing to all four measures, suggesting that participants understood and

were engaged in the task, and that SSA was endogenously supported

through both Staying and Returning. These findings all replicate those

in Table 1 of Experiment 1.

3.2.2 Correlations between measures

Table 5 showsPearson correlation coefficients between all four perfor-

mance measures, as well as participant age, along with corresponding

significance levels.

Location Accuracy improved strongly with Age, whereas Memory

Accuracy was not significantly correlated with Age. Since Memory

Accuracy is close to ceiling and much higher than Location Accu-

racy (see Table 4), we conclude that children are consistently able

to encode and maintain the identity of the Target object, and that

improvement in this ability fails to explain children’s improving TrackIt

performance over age. Both of our novel eye-tracking performance

measures, R̂ and Ŝ, correlated positively with Location Accuracy, con-

sistentwith our expectation that Staying andReturning behaviors both

support TrackIt performance. Additionally, R̂ increased significantly
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TABLE 4 Basic univariate statistics for distributions (across 36 participants) of each of the four performancemeasures in Experiment 2.

Measure Chance value Mean (95%CI) Std. Dev. t(35)-value p-value

Location Accuracy 1∕16 = 0.0625 0.45 (0.37,0.54) 0.28 9.71 <0.001***

Memory Accuracy 1∕4 = 0.25 0.77 (0.70,0.85) 0.26 13.13 <0.001***

R̂ 1∕4 = 0.25 0.51 (0.45,0.57) 0.19 11.61 <0.001***

Ŝ 0 1.13s (0.88s,1.37s) 0.80s 9.85 <0.001***

p-values are according to 1-sample t-tests for the null hypotheses that themeans of themeasures are equal to their chance values.

***p < 0.001.

TABLE 5 Matrix of Pearson correlations between age and performancemeasures in Experiment 2.

Age Location Accuracy Memory Accuracy R̂ Ŝ

Age – 0.437** 0.292 0.385* 0.061

Location Accuracy – – 0.669*** 0.659*** 0.383*

Memory Accuracy – – – 0.539*** 0.271

R̂ – – – – 0.378*

Ŝ – – – – –

Statistical significancewas computed by a two-sided test of the null hypothesis that the correlation is 0 (Student, 1908).
∗p < 0.05, ∗∗p < 0.005, ∗∗∗p < 0.001.

F IGURE 6 Standardized regression coefficients for the
relationship between Age and Location Accuracy, as mediated by
Returning, in Experiment 2. Confidence intervals for indirect and
direct effects were computed based on a bootstrap procedure with
10,000 bootstrap samples, as described by Preacher andHayes
(2008).

with Age, whereas Ŝ did not. Finally, R̂ and Ŝ were again significantly

correlated.

These findings all replicate those of Table 2 in Experiment 1. The

only notable difference (in termsof statistical significance) fromTable 2

was that, here, Memory Accuracy was significantly correlated with

Location Accuracy. Since, in this experiment, all objects had the same

color, this may have been because encoding the distinct identity of

the Target object was more difficult in this experiment and, therefore,

played a bigger role in Location Accuracy performance than in Exper-

iment 1; indeed, Memory Check performance (M = 0.77, SD = 0.26)

was lower than in Experiment 1, (M = 0.86, SD = 0.18), although this

difference was not statistically significant (t(78) = 1.80, p = 0.076).

3.2.3 Mediation analysis

As illustrated in Figure 6, mediation analysis replicated results of

Experiment 1, with the indirect effect explaining an estimated 51%

(95% CI: (14%, 100%)) of common variation between Age and Location

Accuracy. This mediation effect was statistically significant (p = 0.003)

according to the bootstrap procedure described in Preacher andHayes

(2008).

When controlling for Ŝ, the results of the mediation analysis were

similar: the estimated indirect effect was 0.18 (95% CI: (0.03, 0.37),

the bootstrap p-value was p = 0.011, and the estimated proportion of

mediation was 44% (95%CI: (6%, 100%)).

3.2.4 Differential development of Returning and
Staying over Age

As in Experiment 1, the correlation between R̂ and Age was signif-

icantly greater than that between Ŝ and Age (z = 1.746, p = 0.040),

suggesting that Returning develops more over this age range than

does Staying.

3.2.5 Age-related changes in Average Tracking
Duration

As in Experiment 1, participants’ Average Tracking Duration increased

significantly over Age (𝛽 = 2.90, t(34) = 2.77, p = 0.008).

3.2.6 The effect of distance on Transitioning

The effect of distance on each type of transition probability, illustrated

in Figure 7, was qualitatively similar to that in the Experiment 1. Linear

regression of transition frequencies over interobject distance, detailed
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F IGURE 7 Nonparametric regression of empirical transition
probability (i.e., probability of transitioning to a particular destination
object given a particular source object) over distance between source
and destination objects, for different source and destination object
types, in Experiment 2. LOESS regression curves (orange) and 95%
confidence bands (shaded blue) were computed by Python’s SciPy
package Virtanen et al. (2020) using default parameters. Blue crosses
show a representative sample of object distances corresponding to
transitions (coded as 0.001) and nontransitions (coded as 0).
Nontransition frames were randomly downsampled by a factor of
1000 for visualization.

in Table 6, again showed that the probability of Target-to-Distractor

transitions decreases with interobject distance, while the probability

of Distractor-to-Target transitions increases with interobject distance,

and the probability of Distractor-to-Distractor transitions does not

significantly changewith interobject distance.

3.2.7 Summary of Experiment 2

Experiment 2 successfully replicated all of the main findings of Exper-

iment 1. The only notable difference between the results of the two

experiments was that, in Experiment 2, Memory and Location Accu-

racies were significantly correlated, whereas, in Experiment 1, they

were not. However, since Memory Accuracy did not improve signif-

icantly with age, this difference does not affect our developmental

conclusions. As noted previously, findings for the Labeled condition,

reported in Appendix A.3 largely mirrored those reported for the

Labeled condition in this section.

4 GENERAL DISCUSSION

4.1 Summary of findings

Our main findings are as follows. First, R̂ and Ŝ, respectively, measur-

ing Returning (selective transitioning) and Staying (selective attention

maintenance), were both significantly larger than their chance val-

ues under the null hypothesis of nonselectivity. While R̂ and Ŝ both

correlated stronglywithTrackIt taskperformance, only R̂ improved sig-

nificantly with Age; additionally, R̂ increased significantly more with

Age than did Ŝ. Mediation analysis suggested that these improvements

in Returning explain a significant proportion of age-related improve-

ments in TrackIt performance, even when controlling for changes in Ŝ.

Meanwhile, nonselective attention maintenance, measured by Average

Tracking Duration, also increased significantly with age. Additionally,

transitions from the Target to a Distractor were more likely when the

Distractor was closer in distance to the Target, whereas this effect

was not observed for transitions from Distractors to the Target. As

we discuss below, all of these results are consistent with the idea that

Returning,more so thanStaying, relies onendogenous control of atten-

tion, which exhibits a protracted developmental time course. These

findings were all replicated in confirmatory analysis of an independent

dataset in Experiment 2.

4.2 Endogenous influences supporting target
selectivity

A key component of SSA on a task is selectivity, the preferential allo-

cation of attentional resources to task-relevant loci, such as the Target

object in TrackIt. As discussed in the Introduction, selectivity for the

Target could manifest as transitioning from Distractors to the Tar-

get more frequently than to other Distractors (increased Returning),

or as maintaining attention longer on the Target than on Distractors

(increased Staying), or as both.

The finding that mean R̂ is greater than its chance value shows

that when attending to a Distractor, participants preferentially return

to the Target over transitioning to other Distractors. Since, when a

participant is tracking a Distractor, there is no exogenous support

for selectively transitioning to the Target, this preference implies an

endogenous selective influence on attentional transitions. Note that

this does not exclude possible simultaneous contribution of exogenous

factors (see, e.g., our discussion of possible “rescue saccades,” along

with further discussion of connections to theMultiple Object Tracking

task, in Appendix A.5) in Returning.
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TABLE 6 Distributional statistics (across 36 participants in Experiment 2) of the correlation (across all frames within each participant)
between interobject distance and each type of transition (with transitions coded as 1 and nontransitions coded as 0). p-values are according to
1-sample t-tests for the null hypotheses that themean correlations are 0.

Transition type Mean correlation Standard deviation t(35)-value p-value

Target→Distractor −0.15 0.16 −6.183 <0.001***

Distractor→ Target 0.09 0.15 3.64 <0.001***

Distractor→Distractor −0.02 0.15 −1.11 0.28

***p < 0.001.

Since Ŝ was defined as the average duration on the Target minus

that on Distractors, the finding that mean Ŝ is greater than its chance

value of 0 seconds (i.e., the null hypothesis that the average dura-

tion on the Target is equal to the average duration on a Distractor)

shows that participants preferentially stay on the Target for longer

than on Distractors. While this might suggest an endogenous selective

influence on attention maintenance, the interpretation of this result

is slightly less clear than for R̂. Because the Target is indicated by a

red circle before the trial begins, participants typically begin the trial

looking at the Target, which may increase Ŝ artificially even in the

absence of endogenous influences. In the extreme case, it is possible

that visual attention is maintained on the present object of attention

even in the absence of any endogenous influence, and thus participants

might appear to maintain attention preferentially to the Target simply

because they begin trial on Target.

We investigated the possibility of this bias through post hoc analy-

sis in which we removed the first period of attention maintenance on

an object within each trial and reexamined whether Ŝ was still signifi-

cantly greater than its chance value of 0 s (see Appendix A.1 for details

this analysis). Ŝ was significantly above chance even after this initial

period of attention. This further supports the existence of an endoge-

nous selective influence on attentionmaintenance that is not explained

simply by participants beginning trial on Target.

To summarize, our data suggest that top-down selectivity for the

Target manifests both as transitioning from Distractors to the Target

more frequently than to other Distractors (increasing Returning) and

as maintaining attention longer on the Target than on Distractors

(increasing Staying). Additionally, at least for relatively nearby objects,

the likelihood of transitioning from the Target to aDistractor increased

with proximity of that Distractor to the Target, while we did not

observe this effect for transitions fromDistractors to the Target. If this

effect is driven by increased salience of Distractors nearing the center

of the visual field (Desimone & Duncan, 1995; Desimone, 1998), these

results are consistent with the hypothesis that, whereas the process

of becoming distracted may be initiated by bottom-up influences, the

process of returning attention to the task is more likely to be initiated

by a top-down influence. As we discuss in Section 4.3, further work is

needed to investigate this hypothesis.

4.3 Development of Staying and Returning

We found that R̂ increased with age, suggesting that attention transi-

tions become more selective with development. Additionally, media-

tion analysis suggested that this increase in selectivity of transitioning

may explain a large proportion of improvement in TrackIt performance

(measured by Location Accuracy) over age. Since Memory Accuracy

was alreadyquite high in theyoungest participants anddidnot increase

significantly with age, these improvements in Returning are unlikely to

be explained by improvements in encoding the Target object’s identity,

although they could be supported by improvements in other aspects of

working memory (e.g., goal maintenance). Meanwhile, any increases in

Ŝ over age were not statistically significant, and, as correlations, were

significantlyweaker than increases in R̂ over age. This suggests that the

improvements in TrackIt performance with development between the

ages of 3.5 and 6 years may stem more from increased selectivity of

transitions than from increased selectivity of attention maintenance.

Moreover, the increase in Returning appears unlikely to be amere arti-

fact of general factors, such as increases in task engagement over age,

that would likely lead to increases in both Staying and Returning over

Age.

4.3.1 Cognitive mechanisms underlying Returning

Assuming that the improvements we observe in Returning are sup-

ported by the development of endogenous control of attention,

our results are consistent with previous work showing develop-

ment of endogenous attentional control and reduced dependence

on exogenous support of attention in TrackIt performance in this

age range (Fisher et al., 2013). Two particular endogenous pro-

cesses thatmay supportReturning improvements areworkingmemory

and inhibition. Both working memory and inhibition are thought to

improve significantly in this age range (Diamond, 2002), likely sup-

ported by maturation of the prefrontal cortex (PFC) during these

years (Casey et al., 2000; Diamond et al., 2004), and may be cru-

cial for aspects of Returning such as maintaining a representation

of the Target while following a Distractor, terminating attention to

a Distractor based on representation of the task goal, or inhibit-

ing Distractors while searching for or reorienting attention to the

Target (Colombo & Cheatham, 2006; Kane & Engle, 2002; Ruff &

Rothbart, 2001).

Since, when a participant is tracking a Distractor, there is no exoge-

nous support for selectively transitioning to the Target, Returning

should require some degree of working memory supporting encod-

ing and maintaining internal representations of the Target and task

goal. The relatively small improvement in Memory Check Accuracy

over age suggests that improvements in encoding and maintaining the
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identity of the Target object alone are insufficient to explain improve-

ments in Returning and in overall task performance. In particular, since

Memory Check Accuracy was close to ceiling (and much higher than

Location Accuracy), the ability to encode the Target (and its distinct

task-relevance as compared toDistractors) appears to already be suffi-

ciently developed in 3-year-olds.On the other hand, it remains possible

that children’s ability to encode and maintain the current task goal

(“active goal maintenance”), which is hypothesized to be a key ele-

ment of executive function (Friedman et al., 2008; Kane&Engle, 2002),

improves. This also appears consistent with findings that children

become more able to store an internal representation that conflicts

with the externally attended stimulus (e.g., in the Day-Night task or

theory of mind), as one must maintain an internal representation of

the task goal and Target object even while following a Distractor (Dia-

mond, 2002, 2006). Note that, since the memory check presents only

four static, well-spaced objects, it is possible that the demands of the

memory check on accurately encoding the Target identity are less than

those in the main TrackIt task, thus not reflecting the same degree of

Target encoding ability necessary in the main TrackIt task. To narrow

this possibility, itmay be desirable in futurework to use amore difficult

memory check thatmore closely reflects conditions in themain TrackIt

task (e.g, displaying all seven objects from the trial in randomized or

dynamic spatial configurations, as in Fisher et al. (2013)).

Returning may also rely on inhibitory control to prevent transi-

tioning to different Distractor objects. Because Returning requires

behaving based on a joint function of the stimulus and task goals, this

would likely require what Munakata et al. (2011) refer to as “indirect

competitive” inhibition within neocortical regions, in which prefrontal

regions selectively enhance task-relevant representations, which in

turn inhibit task-irrelevant representations through lateral compet-

itive mechanisms. This is distinguished from what Munakata et al.

(2011) refer to as “directed global” inhibition of subcortical regions,

where prefrontal regions select which functions of subcortical regions

should be suppressed, resulting in a more general inhibitory state that

is not selective to the stimulus. Specifically, since Returning is selec-

tive to the Target, we believe that the former may be the relevant type

of inhibition. The improvements we observed in Returning over age

are consistent with prior findings that indirect competitive inhibition

improves between the ages of 3 and 5 years Diamond (2002), in con-

trast to directed global inhibition, which is believed tomature earlier in

development (Munakata et al., 2011).

4.3.2 Cognitive mechanisms underlying Staying

Our results suggest that, while children exhibit significantly above

chance Staying ability, Staying does not develop significantly or as

much as Returning in this age range. This may suggest that the com-

ponents of endogenous control that underlie Staying are already

sufficiently developed by this age range. Endogenous control could

support Staying through at least two mechanisms, by either inhibiting

or exciting attentional transitions from the current object, correspond-

ing to the Target and Distractor durations in terms of which Staying

is defined (Equation 2). In the “inhibitory” mechanism, endogenous

control might facilitate maintenance of attention on the Target by

inhibiting transitions when the participant is attending to the Target,

thereby increasing the duration of attending to the Target (the first

term of Equation 2). In the “excitatory” mechanism, endogenous con-

trol might facilitate disengagement from the current object when the

participant is attending to a Distractor, thereby shortening the dura-

tion of attending to a Distractor (the second term of Equation 2). Note

that, because these mechanisms are agnostic to the destination of the

transition, and only selective to the source of the transition (i.e., the

current object of attention), we suggest these as potentially relevant

mechanisms only for Staying, not for Returning.

Our finding that Average Tracking Duration increased significantly

over age suggest an increase in the inhibition of attentional transitions

over development between 3.5 and 6 years. However, since Staying did

not increase significantly, the increased inhibition may be nonselective;

that is, it may not depend on the task-relevance of the current object

of attention.

Meanwhile, if we interpret the results of the distance analysis

to suggest that transitions from Distractors to the Target are less

sensitive to bottom-up salience than transitions from the Target to

Distractors, then this may suggest the latter excitatory mechanism,

wherein endogenous control initiates transitions from Distractors to

the Target. This initiation, which requires first recognizing that one

is distracted, might be supported by an endogenous supervisory per-

formance monitoring system such as that described by Stuss et al.

(1995) in their model of vigilant attentional control (Langner & Eick-

hoff, 2013; Shallice et al., 2008) Specifically, Stuss et al. (1995) outlined

a set of four supervisory subprocesses that support vigilant attention:

“(a)monitoring the activation level of the task schema, (b) (re)activating

(“energizing”) the task schema, (c) inhibiting conflicting schemata,

and (d) monitoring performance (i.e., checking the appropriateness of

behavioral outputs against the task goal)” (Langner & Eickhoff, 2013,

p. 871). In particular, the frequency and success with which each of

these subprocesses occurs would contribute directly to how quickly

one is able to disengage fromaDistractor, thereby shortening the aver-

age duration of periods on single Distractors and thus contributing

to Staying.

4.4 Limitations

Our measures of Staying and Returning are designed around the

assumption that the participant is tracking the Target object. However,

participants may, for reasons unrelated to failures of attention (e.g.,

forgetting which object is the Target), track other objects. In this case,

effects we observed in Staying and Returning (e.g., improvement in

Returning over age) might stem from changes in knowing which object

to track, rather than from any changes in the processes of Staying and

Returning themselves. Appendix A.4 presents supplementary analyses

in which we reran the analyses of Experiment 1 using only the sub-

set of trials on which participants correctly identified the Target object

at the end of the trial (correct Memory Response). The results of this
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analyses analyses were nearly identical to those reported in Exper-

iment 1, consistent with the idea that our findings are intrinsic to

the Staying and Returning processes, rather than stemming from

improvements in encoding the Target object.

Our analysis of the effect of interobject distance on the probabil-

ities of different transition types was motivated by the assumption

that the bottom-up salience of an object increases with its proxim-

ity to the center of the visual field. While research on early visual

processing (Desimone & Duncan, 1995; Desimone, 1998) provides

considerable evidence for this increased bottom-up salience, it is

not certain whether this increased bottom-up salience is the mech-

anism by which interobject distance influences Target-to-Distractor

transition probabilities. For example, another possibility is that partic-

ipants overtly explore Distractors that are close to the Target because

it is easy to do so while continuing to track the Target covertly.

Appendix A.7 reports a post hoc investigation of whether the shape

of an object, which should affect attentional transitions only through

bottom-up mechanisms, had any effect on the probability of transi-

tioning to that object. However, no such effect was found; this was

unsurprising, since the shapes in this study were not designed to dif-

fer significantly in bottom-up salience. Future studies should clarify the

relative effects of bottom-up factors on different types of attentional

transitionsbydirectly experimentallymanipulatingbottom-up salience

of different objects; for example, TrackIt allows for many suchmanipu-

lations, for instance by manipulating the shapes and colors of various

objects, either between trials or at particular time points within a trial.

Another important technical limitation is that participants’ true

attentional states may not be perfectly reflected in the inferred atten-

tional state sequence used as a starting point for data analysis in this

study, due to both potential biases introduced by the HMM algorithm

of Kim et al. (2020) and the imperfect coupling of attentional state

and gaze behavior. To investigate possible biases introduced by the

HMM algorithm, we replicated our results on a dataset of attentional

state labels created by trained human coders using video reconstruc-

tions of the TrackIt trials overlaidwith participant’s gaze. These results,

reported in Appendix A.2, replicated all of the main results reported in

this paper, providing evidence for the validity of the attentional state

inferred by the HMMalgorithm.

On the other hand, gaze behavior itself may be an imperfect reflec-

tion of visual attentional state for at least two reasons. First, some

spurious eye-movements may not reflect attending behavior. How-

ever, while unconscious object tracking (bottom-up eye-movements

not reflecting conscious perception) have been observed in response

to very specific artificial visual stimuli (e.g., small subthreshold visual

manipulations Tavassoli & Ringach, 2010 or two conflicting stimuli,

each presented to a different eye Spering et al., 2011), perceptual

attention is believed to subserve smooth pursuit Kowler (1995), and

the coupling between eye-movements and perception is believed to be

strongest in cases of voluntary smooth pursuit Spering and Carrasco

(2015), as we expect in TrackIt. Given this, we generally expect partic-

ipants’ eye-movements to be a function of attending behavior. Second,

some attending behavior, namely covert attention, may not influence

eye-movements.Weattempted tominimize this possibility byexplicitly

instructing participants to follow the Target “with [their] eyes.” Nev-

ertheless, we are investigating whether children performing TrackIt

utilize covert attention in follow-up work.

Finally, one question left open by our work concerns the nature

of the task representation children maintain while they complete the

TrackIt task. Further work is needed to understand the relative contri-

butions of (a) verbal instructions or demonstration of the task and (b)

the initial visual salience of the Target to the improvements in Return-

ing over age. This could help distinguish the relative contributions

of developments in visual working memory, active goal maintenance,

and language understanding. For example, considering that verbal

instructions have been shown to alter visual processing in young

childrenVales and Smith (2015, 2018), wouldwe still observe improve-

ments in Returning in the absence of verbal instructions or if the Target

was identified verbally but not visually? Alternatively, if Staying and

Returning are supported primarily by a visual representation of the

Target, then modifications to the appearance of the Target during the

trial (e.g., a color shift) would likely impair performance more than if

they are supported by a linguistic shape representation (e.g., “follow

the star”). While these questions about representation are outside the

scope of the current investigations, the Track-It paradigm lends itself

well to parametric variations in attentional loci that may be fruitfully

used to investigate these questions.

4.5 Applications

The ideas, results, and methods presented in this paper have connec-

tions to several areas of attention-related research and its applications;

we conclude our discussion by noting a few of these. First, understand-

ing children’s ability to return attention to a task in the absence of

exogenous cuesmay inform the design of supportive environments and

materials for learning (Erickson et al., 2015; Eng et al., 2020; Fisher

et al., 2014). For example, Eng et al. (2020) measured distractive-

ness of illustrated reading materials in terms of the number of gaze

transitions towards task-irrelevant illustrations; however, such gaze

transitions may be much more consequential for reading comprehen-

sion in younger children than in older children, due to the development

of Returning, the ability to return to task-relevant information after

distractions. Hence, the amount of extraneous (but potentially enrich-

ing) information that can be provided to children without sacrificing

comprehension of domain-relevant information could be adjusted to

age. Second, our distinction of Staying and Returning components of

endogenous control over SSA may be relevant for understanding the

cognitive underpinnings of mindfulness and other meditation prac-

tices, which often center around improving self-regulation of attention

and often specifically include the practice of returning to a target locus

once distracted (Jensen et al., 2012; Kabat-Zinn, 2003; Lutz et al.,

2008). Finally, explicitly measuring and quantifying attentional tran-

sitions, as we begin to do in this paper, is an important step towards

investigating the idea of a developmental trend along the exploration-

exploitation trade-off in the guidance of attention, which has been

raised in recentwork (Blanco& Sloutsky, 2020;Deng& Sloutsky, 2016;
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Gopnik, 2020; Plebanek& Sloutsky, 2017). In particular, whereas these

papers have relied on indirectmeasures, such as participant recall after

the task, direct measurement of attentional transitions could provide

muchmore reliable measures of exploratory behavior.

5 CONCLUSIONS

Extensivework has characterized children’s ability tomaintain focused

attention on an assigned task over the course of development and

related this ability to performance in school and later in life (Dia-

mond, 2016; Fisher et al., 2013). By comparison, much less is known

about how children allocate and regulate their attention when off

task. This research provides evidence that (a) young children have an

endogenous ability, “Returning,” to return their attention to task after

distractions, (b) Returning can be distinguished from selective mainte-

nance of attention, “Staying,” (c) Returning improves between the ages

of 3.5 and 6 years, and (d) this improvement partly underlies previously

identified improvements in SSA between these ages.
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APPENDIX A

A.1 Re-evaluating staying after removing the first period of

attention

Because the Target object is identified by a red circle prior the onset

of each trial, participants tend to begin trial attending to the Target.

As discussed in the main paper, if a participant’s attention transitions

sufficiently infrequently, the participant might exhibit above-chance

Staying ability even in the absence of endogenous control over atten-

tion maintenance. To evaluate this possibility, this Appendix provides

an additional post hoc analysis involving amodified version of ourmea-

sure Ŝ of Staying. Specifically, rather than computing average durations

of every continuous period of attentionmaintenance on a single object,

weexcluded the first suchperiod fromthecalculation (regardlessof the

object being attended during that first period). By construction, aswith

Ŝ, this alternative measure of Staying, which we denote Ŝ′ in the fol-

lowing sections, has a chance value of 0s under the null hypothesis that

attentionmaintenance is not selective to the Target.

On the original dataset used in Experiment 1, the basic statistics of

this alternative Staying measure across the 42 participants, analogous

to the statistics provided for the original version of Ŝ and other perfor-

mance measures in Table 1 of the main paper, are as follows: the mean

value was 0.88s (95% confidence interval (0.71s,1.06s)) the standard

deviation was 0.59s, and a two-sided t-test rejected the null hypothe-

sis that the mean value was chance (0s) with t(41) = 9.70, p < 0.001.

The mean Ŝ′ was not significantly lower than Ŝ according to a paired

two-sample t-test (t(41) = 1.37, p = 0.179).

On thedataset used inExperiment2, thebasic statistics of this alter-

native Staying measure across the 36 participants, analogous to the

statistics provided for the original version of Ŝ and other performance

measures in Table 4 of the main paper, are as follows: the mean value

was 0.98 s (95% confidence interval (0.79 s, 1.18 s)) the standard devia-

tionwas 0.64 s, and a two-sided t-test rejected the null hypothesis that

themeanvaluewas chance (0) swith t(35) = 9.03, p < 0.001. Themean

Ŝ′ was not significantly lower than Ŝ according to a paired two-sample

t-test (t(35) = 1.37, p = 0.279).

Since, after the trial has started and participants have performed at

least one object transition, there is no exogenous support to attend-

ing longer to the Target than to other objects, these analyses support

the main paper’s conclusion that participants’ endogenously influ-

ence the durations of their attention on objects such that they attend

to task-relevant (Target) objects for longer than to task-irrelevant

(Distractor) objects.

A.2 Validation of hmmwith human coding

Themain paper presented analyses based on anHMMalgorithmdevel-

oped by Kim et al. (2020) for inferring the object of a participant’s
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TABLE A1 Basic univariate statistics for distributions (across 42 participants) of each of the eye-tracking-based performancemeasures used
in this study, computed fromHuman-Coded data.

Measure Chance value Mean (95%CI) Std. Dev. t(41)-value p-value

R̂ 1∕6 = 0.166 0.62 (0.55,0.69) 0.23 12.59 <0.001***

Ŝ 0 0.49s (0.30s,0.68s) 0.62s 8.61 <0.001***

Ŝ′ 0 0.35s (0.27s,0.43s) 0.26s 5.03 <0.001***

***p < 0.001.

TABLE A2 Matrix of Pearson correlations between age and performancemeasures, computed fromHuman-Coded data.

Age Location Accuracy Memory Accuracy R̂ Ŝ

Age – 0.532*** 0.263 0.487*** 0.273

Location Accuracy – – 0.285 0.547*** 0.409**

Memory Accuracy – – – 0.304 0.174

R̂ – – – – 0.450**

Ŝ – – – – –

Statistical significancewas computed by a two-sided test of the null hypothesis that the correlation is 0 (Student, 1908).
∗∗p < 0.005, ∗∗∗p < 0.001.

attention at 60 Hz. Kim et al. (2020) showed that their algorithm con-

sistently agreed with judgements made by trained human coders, both

in terms of the object, a participant was attending to a given frame and

in terms of whether the participant transitioned between two objects

on a given pair of consecutive frames.

While these validation analyses provide compelling justification for

using theHMMalgorithm toanalyze eye-trackingdata from theTrackIt

experiment, the present paper is the first to use the HMM algorithm

as a drawing conclusions of psychological interest.When using such an

automated analysis tool, it is possible that the tool systematically dif-

fers from prior methods in a manner that might bias the conclusions

of a study. In this section, to evaluate the possibility of such bias, we

reran the analyses presented in the main paper using human-coded

data instead of the HMM-coded data. As described below, the results

successfully replicated the findings of the main paper, providing evi-

dence for the utility of the HMMalgorithm in a psychological study for

the first time. Details of the human coding procedure can be found in

Kim et al. (2020) under “Video coding procedure,” and a script used by

coders is available at https://osf.io/54kyd/.

Before giving the results of this analysis, we note a few differences

between the human-coded dataset and the HMM-coded dataset used

in the main paper. First, since the frame rate of the original dataset

was quite high (60 frames/s), in order to reduce the onerous task

of manually coding millions of frames over the dataset, the framer-

ate was downsampled by a factor of 6 for human coders (i.e., coders

labeled only every 6th frame, resulting in 10 labels per second). Second,

in addition to the seven object states that the HMM assigned (non-

missing) frames, human coders were allowed to assign an additional

“Off-Task” state for nonmissing frames during which the participant

did not appear to be tracking any particular object. We assumed that

transitions to and from the Off-Task state would correspond to atten-

tional transitions, and therefore, for the purpose of computing R̂ and Ŝ,

Off-Task was treated as an additional (7)th Distractor state.

A.2.1 Comparisonwith chance values

As shown in Table A1, participants performed above chance according

to each of our eye-tracking-based measures, suggesting that partic-

ipants’ SSA was endogenously supported through both Staying and

Returning. These findings all replicate those in Tables 1 and 4 of the

main paper.

A.2.2 Correlations betweenmeasures

Compared to the results presented in the main paper, the only change

in statistical significance was that Memory Accuracy was is no longer

significantly correlated with either R̂ or Ŝ (as shown in Table A2). Since

we did not draw any conclusions regarding these relationships, this

difference does not affect the conclusions of themain paper.

A.2.3 Mediation analysis

As illustrated in Figure A1, the results of mediation analysis replicated

those from the main analysis, with the indirect effect explaining an

estimated 36% of common variation between Age and Location Accu-

racy. This mediation effect was still statistically significant (p = 0.002)

according to the bootstrap procedure described in Preacher andHayes

(2008).

A.2.4 Differential development of Returning and Staying over

Age

As in Experiment 1, the correlation between R̂ and Age was signif-

icantly greater than that between Ŝ and Age (z = 1.904, p = 0.028),

suggesting that Returning develops more over this age range than

does Staying.
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F IGURE A1 Standardized regression coefficients for the
relationship between Age and Location Accuracy, as mediated by
Returning, computed fromHuman-Coded data. Confidence intervals
for indirect and direct effects were computed based on a bootstrap
procedure with 10,000 bootstrap samples, as described by Preacher
andHayes (2008).

A.2.5 Age-related changes in Average Tracking Duration

As in Experiment 1, participants’ Average Tracking Duration increased

significantly over Age (𝛽 = 0.228, t(40) = 2.66, p = 0.011).

A.2.6 Effect of distance on Transitioning

The effect of distance on each type of transition probability, illustrated

in Figure A2, was qualitatively similar to that in the main paper. Confi-

dence bandswere generallywider—this is expected, since, as described

above, the total number of frames points is smaller (by a factor of 6)

than in the HMM-coded dataset. Likely for the same reason, linear

regression of transition frequencies over interobject distance, detailed

inTableA3, showed similar overall patterns, butwith lower significance

levels. Specifically, the main finding, that the probability of transitions

from Target to Distractors decreased significantly with interobject dis-

tance, was replicated. The probability of transitions from Distractors

to the Target no longer changed significantly with interobject distance,

although the regression coefficient was still positive. Again, the prob-

ability of transitions between Distractors did not significantly change

with interobject distance.

To summarize, the analyses of the Human-Coded dataset reported

in this appendix successfully replicated the key findings reported in

the main paper. This supports the validity of the HMM approach

proposed by Kim et al. (2020) for analyzing eye-tracking data in

psychological studies.

A.3 Results on labeled condition of Experiment 2

Since the effect of shape labels in Experiment 2 was unrelated to

any of the main questions of this paper, we presented only results

from the Unlabeled condition of Experiment 2 in the main paper.

This section presents results from the Labeled condition. All analyses

F IGURE A2 Nonparametric regression of empirical transition
probability (i.e., probability of transitioning to a particular destination
object given a particular source object) over distance between source
and destination objects, for different source and destination object
types, using the Human-Coded dataset. LOESS regression curves
(orange) and 95% confidence bands (shaded blue) were computed by
Python’s SciPy package (Virtanen et al., 2020) using default
parameters. Blue crosses show object distances corresponding to
transitions (coded as 1) and nontransitions (coded as 0).

were identical to those performed in Experiments 1 and 2 of the main

paper. For brevity, we simply state the results; refer to Section 2.2

of Experiment 1 for motivation of each analysis. To summarize, the

results were very similar to those presented in Experiments 1 and 2 of

themain paper, with all of themain findings being replicated.

TABLE A3 Distributional statistics (across 42 participants in the Human-Coded dataset) of the correlation (across all frames within each
participant) between interobject distance and each type of transition (with transitions coded as 1 and nontransitions coded as 0).

Transition type Mean correlation Standard deviation t(41)-value p-value

Target→Distractor −0.16 0.25 −4.113 <0.001***

Distractor→ Target 0.05 0.20 3.64 0.12

Distractor→Distractor −0.01 0.23 −0.27 0.79

p-values are according to 1-sample t-tests for the null hypotheses that themean correlations are 0.
∗∗∗p < 0.001.

 14677687, 2023, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/desc.13410, W

iley O
nline L

ibrary on [06/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



21 of 25 KIM ET AL.

TABLE A4 Basic univariate statistics for distributions (across 42 participants) of each of the four performancemeasures in the Labeled
condition of Experiment 2.

Measure Chance value Mean (95%CI) Std. Dev. t(41)-value p-value

Location Accuracy 1∕16 = 0.0625 0.47 (0.36,0.58) 0.32 7.89 <0.001***

Memory Accuracy 1∕4 = 0.25 0.87 (0.78,0.97) 0.28 11.55 <0.001***

R̂ 1∕4 = 0.25 0.54 (0.46,0.52) 0.24 8.82 <0.001***

Ŝ 0 0.89s (0.65s,1.13s) 0.70s 7.28 <0.001***

Ŝ′ 0 1.03s (0.66s,1.40s) 1.10s 5.21 <0.001***

p-values are according to 1-sample t-tests for the null hypotheses that themeans of themeasures are equal to their chance values.
∗∗∗p < 0.001.

TABLE A5 Matrix of Pearson correlations between age and performancemeasures in the Labeled condition of Experiment 2.

Age Location Accuracy Memory Accuracy R̂ Ŝ

Age – 0.621*** 0.102 0.649*** 0.334

Location Accuracy – – 0.726*** 0.752*** 0.570**

Memory Accuracy – – – 0.683*** 0.635**

R̂ – – – – 0.477*

Ŝ – – – – –

Statistical significancewas computed by a two-sided test of the null hypothesis that the correlation is 0 (Student, 1908).
∗p < 0.05, ∗∗p < 0.005, ∗∗∗p < 0.001.

A.3.1 Comparisonwith chance values

As shown in Table A4, participants performed above chance accord-

ing to all four measures, suggesting that participants understood and

were engaged in the task, and that SSA was endogenously supported

through both Staying and Returning. These findings all replicate those

in Table 1 of Experiment 1.

A.3.2 Correlations betweenmeasures

Table A5 shows Pearson correlation coefficients between all four

performance measures, as well as participant age, along with corre-

sponding significance levels.

Location Accuracy improved strongly with Age, whereas Memory

Accuracy was not significantly correlated with Age. Since Memory

Accuracy is close to ceiling and much higher than Location Accu-

racy (see Table A4), we conclude that children are consistently able

to encode and maintain the identity of the Target object, and that

improvement in this ability fails to explain children’s improving TrackIt

performance over age. Both of our novel eye-tracking performance

measures, R̂ and Ŝ, correlated positively with Location Accuracy, con-

sistent with our expectation that Staying and Returning behaviors

both support TrackIt performance. Additionally, R̂ increased signif-

icantly with Age, whereas Ŝ did not. Finally, R̂ and Ŝ were again

significantly correlated.

These findings all replicate those of Table 2 in Experiment 1. The

only notable difference (in termsof statistical significance) fromTable 2

was that, here, Memory Accuracy was significantly correlated with

Location Accuracy. Since, in this experiment, all objects had the same

color, this may have been because encoding the distinct identity of

the Target object was more difficult in this experiment and therefore

F IGURE A3 Standardized regression coefficients for the
relationship between Age and Location Accuracy, as mediated by
Returning, in Experiment 2. Confidence intervals for indirect and
direct effects were computed based on a bootstrap procedure with
10,000 bootstrap samples, as described by Preacher andHayes
(2008).

played a bigger role in Location Accuracy performance than in Exper-

iment 1; indeed, Memory Check performance (M = 0.77, SD = 0.26)

was lower than in Experiment 1, (M = 0.86, SD = 0.18), although this

difference was not statistically significant (t(78) = 1.80, p = 0.076).

A.3.3 Mediation analysis

As illustrated in Figure A3, mediation analysis replicated results of

Experiment 1, with the indirect effect explaining an estimated 51%

(95% CI: (14%, 100%)) of common variation between Age and Location

Accuracy. This mediation effect was statistically significant (p = 0.003)

according to the bootstrap procedure described in Preacher andHayes

(2008).

When controlling for Ŝ, the results of the mediation analysis were

similar: the estimated indirect effect was 0.25 (95% CI: (0.03, 0.47),

the bootstrap p-value was p = 0.034, and the estimated proportion of

mediation was 40% (95%CI: (9.66%, 100%)).
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TABLE A6 Distributional statistics (across 42 participants) of the correlation (across all frames within each participant) between interobject
distance and each type of transition probability (with transitions coded as 1 and non-transitions coded as 0), using data from the Labeled condition
of Experiment 2.

Transition type Mean correlation Standard deviation t(41)-value p-value

Target→Distractor −0.15 0.16 −6.32 <0.001***

Distractor→ Target 0.058 0.15 2.46 0.007**

Distractor→Distractor −0.040 0.15 −1.64 0.11

p-values are according to 1-sample t-tests for the null hypotheses that themean correlations are 0.
∗∗p < 0.005, ∗∗∗p < 0.001.

TABLE A7 Basic univariate statistics for distributions (across 42 participants) of each of the performancemeasures used in this study,
computed over the subset of trials on which participants provided correctMemory Check responses.

Measure Chance value Mean (95%CI) Std. Dev. t(41)-value p-value

Location Accuracy 1∕36 = 0.0277 0.42 (0.32,0.51) 0.31 8.09 <0.001***

R̂ 1∕6 = 0.166 0.49 (0.43,0.55) 0.20 10.16 <0.001***

Ŝ 0 0.92s (0.74s,1.11s) 0.61s 9.76 <0.001***

∗∗∗p < 0.001.

A.3.4 Differential development of Returning and Staying over

Age

As in Experiment 1, the correlation between R̂ and Age was signif-

icantly greater than that between Ŝ and Age (z = 1.746, p = 0.040),

suggesting that Returning develops more over this age range than

does Staying.

A.3.5 Age-related changes in Average Tracking Duration

In contrast to Experiment 1 and theUnlabeled condition of Experiment

2, the increase in participants’ AverageTrackingDuration overAgewas

not statistically significant (𝛽 = 1.51, t(40) = 1.122, p = 0.270).

A.3.6 Effect of distance on Transitioning

As shown in Table A6, the effect of distance on each type of transition

probability was quite similar to that in themain paper.

A.4 Results on subset of trials with correct memory response

The measures of Staying and Returning introduced in the main paper

are designed around the assumption that the participant is tracking

the correct Target object. However, it is possible that participants

track another object for reasons other than failure of SSA (e.g., con-

fusing the identity of the Target object). In this case, they may perform

the cognitive behaviors of Staying and Returning towards that other

object, but this would not be reflected in our Staying and Returning

measures.

The ideal way to account for this possibility would be to include, in

our analyses, only those trials on which the participant was attempting

to sustain attention on the Target, rather than a Distractor. The most

apparent proxy for this is the participant’s LocationResponse.Unfortu-

nately, since participants’ mean Location Accuracy was 40%, analyzing

only trialswith correct Location Responses required us to discardmost

(60%) of our data, and the resulting correlation matrix (of Age, Return-

ing, and Staying) contained no statistically significant entries. A power

analysis found that the largest correlation in thematrix (whichwas that

between Returning and Age) had power only about 18.2%. Thus, any

interpretation of the null correlations over trials with correct Location

Accuracy would be inconclusive.

We, therefore, utilized a less direct proxy, namely the accuracy of

the participant’s post-trialMemory Response, reasoning that correctly

identifying the Target after the trial should correlate stronglywith hav-

ing tracked the Target during the trial. Since mean Memory Accuracy

was quite high (86%), this resulted in discarding only a small propor-

tion of trials. Below, we present the results of rerunning all of our

main analysis of Staying and Returning on the subset of trials on which

participants provided correct Memory Responses. To summarize, the

results were very similar to those presented in Experiment 1 of the

main paper, with all of themain findings being replicated.

A.4.1 Comparisonwith chance values

As shown in Table A7, participants performed above chance according

to each of our eye-tracking-based measures, suggesting that partic-

ipants’ SSA was endogenously supported through both Staying and

Returning. These findings all replicate those in Tables 1 and 4 of the

main paper.

A.4.2 Correlations betweenmeasures

The matrix of correlations between performance measures, shown in

TableA8,was nearly identical to that of Experiment 1 in themain paper.

A.4.2 Mediation analysis

As illustrated in Figure A4, the results of mediation analysis replicated

those from the main analysis, with the indirect effect explaining an

estimated 42% of common variation between Age and Location Accu-

racy. This mediation effect was still statistically significant (p = 0.001)

according to the bootstrap procedure described in Preacher andHayes

(2008).
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TABLE A8 Matrix of Pearson correlations between age and
performancemeasures, computed over the subset of trials on which
participants provided correctMemory Check responses.

Age Location Accuracy R̂ Ŝ

Age – 0.539*** 0.568*** 0.334*

Location Accuracy – – 0.579*** 0.485**

R̂ – – – 0.443**

Ŝ – – – –

Statistical significance was computed by a two-sided test of the null

hypothesis that the correlation is 0 (Student, 1908).
∗p < 0.05, ∗∗p < 0.005, ∗∗∗p < 0.001.

F IGURE A4 Standardized regression coefficients for the
relationship between Age and Location Accuracy, as mediated by
Returning, computed fromHuman-Coded data. Confidence intervals
for indirect and direct effects were computed based on a bootstrap
procedure with 10,000 bootstrap samples, as described by Preacher
andHayes (2008).

A.4.3 Differential development of Returning and Staying over

Age

As in Experiment 1, the correlation between R̂ and Age was signif-

icantly greater than that between Ŝ and Age (z = 2.007, p = 0.022),

suggesting that Returning develops more over this age range than

does Staying.

A.4.4 Effect of distance on Transitioning

As shown in Table A9, the effect of distance on each type of transition

probability was quite similar to that in themain paper.

A.5 Connections to themultiple object tracking (MOT) task

The TrackIt task shares many features with the Multiple Object Track-

ing (MOT) task, within which eye-tracking has been widely used to

study visual attention (Meyerhoff et al., 2017). The MOT task differs

from TrackIt primarily in two respects:

1. In MOT, the participant simultaneously tracks multiple (often 3–4)

Target objects.

2. The Target andDistractor objects inMOTare visually indistinguish-

able. In particular, if the participant loses track of a Target object,

they cannot recover the object based on its features (and hence the

concept of Returning is difficult to establish in the context ofMOT).

These factors make MOT much more challenging than TrackIt, and,

while MOT has been used extensively with older children (Brockhoff

et al., 2016; Dye & Bavelier, 2010; Trick et al., 2009), few studies have

used it with children younger than 6 years (Trick et al., 2005). Addi-

tionally, in MOT, participants must track at least some of the Targets

covertly, partly dissociating gaze and visual attention. These factors

make it compelling to ask which findings in the MOT task extend

to younger children performing the TrackIt task. This Appendix dis-

cusses a few connections between our findings and those from the

MOT literature.

First, Franconeri et al. (2010) have argued that spacing between

objects is the main determinant of MOT performance, and Bae and

Flombaum (2012) have shown specifically that tracking errors in MOT

occur primarily during (near-)collisions between objects. Our find-

ing in the main paper that children tend to leave the Target when it

(nearly) collides with other objects appears to mirror these findings in

adults. Further work needs to be done to understand whether these

phenomena share an underlyingmechanism.

Second, Zelinsky and Todor (2010) have shown that transitions

towards Target objects in MOT are often initiated in response to

impending occlusion of the Target by a Distractor, an effect they

refer to as “rescue saccades.” Given the findings of Franconeri et al.

(2010) and Bae and Flombaum (2012) noted above, these “rescue sac-

cades” are likely a top-down response to a bottom-up signal that a

Target is in imminent danger of being lost, and hence additional atten-

tional resources should be allocated towards that Target. It is possible

that Distractors threatening to occlude the Target could exogenously

trigger “rescue saccades” to theTarget in TrackIt. If someDistractor-to-

Target (Returning) transitions are really “rescue saccades,” this would

contradict our hypothesis that Returning is initiated in a top-down

manner. We, therefore, investigated the possibility of “rescue sac-

cades” by testing if participants tracking a Distractor were more likely

to return to the Target when the Target was very close to any other

Distractor. We found that, when participants were tracking any Dis-

tractor, on average over participants, the distance from theTarget to its

TABLE A9 Distributional statistics (across 42 participants) of the correlation (across all frames within each participant) between interobject
distance and each type of transition probability (with transitions coded as 1 and non-transitions coded as 0), using only the subset of trials onwhich
the participant provided a correctMemory Response. p-values are according to 1-sample t-tests for the null hypotheses that themean correlations
are 0.

Transition type Mean correlation Standard deviation t(41)-value p-value

Target→Distractor −0.12 0.13 −5.78 <0.001***

Distractor→ Target 0.05 0.13 2.46 0.018*

Distractor→Distractor −0.008 0.11 −0.52 0.61

∗p < 0.05, ∗∗∗p < 0.001.
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F IGURE A5 Nonparametric regression of empirical Distractor-to-Target transition probability (i.e., probability of transitioning to the Target
on the next framewhen currently tracking a Distractor) over distance between the Target and its nearest Distractor object. LOESS regression
curves (orange) and 95% confidence bands (shaded blue) were computed by Python’s SciPy package Virtanen et al. (2020) using default
parameters. Blue crosses show Target-to-nearest-Distractor distances corresponding to transitions (coded as 0.001) and nontransitions (coded as
0).

nearest Distractor had no significant effect on the participant’s prob-

ability of returning to the Target on the next frame (t(41) = 1.69, p =

0.098). Figure A5 shows a nonparametric regression of the Distractor-

to-Target probability over the distance from the Target to its nearest

Distractor. There is a slight increase in probability near 0, but this effect

is very small, and even if we consider only frames during which the

Target was fairly close to its nearest Distractor (<4◦), the effect is not

statistically significant (t(41) = −1.25, p = 0.219).

To conclude, we did not find evidence of “rescue saccades.” This

could be caused by one of several possible factors. A first possibility is

that, while tracking a Distractor, participants did not track the Target

covertly, which would be necessary in order to initiate a “rescue sac-

cade.” Another possibility is that participants did sometimes track the

Target covertly, but didnotdeem“rescue saccades” necessary, because,

in contrast toMOT, the Target in TrackIt is visually distinguishable from

each Distractor and can thus always be recovered later, even if the

participant loses track of it. A final possibility is simply that the cogni-

tive mechanism underlying “rescue saccades” has not yet developed in

children aged 3.5–6 years.

A.6 Effect of interobject distance on transition probabilities over

age

In the main paper, we reported finding the probability of transitioning

from the Target to a Distractor decreased with the distance between

the Target and that Distractor (“interobject distance”). Additionally, we

hypothesized that this effect was caused by a decrease in the bottom-

up salience of Distractors further away from the Target and center

of the visual field. Under this hypothesis, since top-down inhibition is

believed to play an increasing role in moderating the effect of bottom-

up salience on attention over the course of development (Diamond,

2006; Ruff & Rothbart, 2001), then we might expect this effect to

TABLE A10 Linear regression (across participants) of correlation
(across all frames within each participant) between interobject
distance and each type of transition probability, over Age.

Transition type Regression coefficient 𝜷 t(40) p-value

Target→Distractor 0.132 1.599 0.118

Distractor→ Target 0.012 0.244 0.809

Distractor→Distractor 0.120 1.724 0.093

TABLE A11 Linear regression (across participants) of correlation
(across all frames within each participant) between interobject
distance and each type of transition probability, over Age, using data
from the Unlabeled condition of Experiment 2.

Transition type Regression coefficient 𝜷 t(34) p-value

Target→Distractor 0.546 2.376 0.022*

Distractor→ Target 0.180 0.743 0.462

Distractor→Distractor 0.240 0.977 0.335

∗p < 0.05.

decrease in magnitude with age. We, therefore, regressed the cor-

relations between interobject distance and each type of transition

probability (computed as described in Figure 4 of the main paper) over

participant Age. In Experiment 1, as shown in Table A10, this yielded

no statistically significant effect for any transition type, although the

coefficients for both Target-to-Distractor andDistractor-to-Distractor

were trending positive.

In Experiment 2, on the other, as shown in Table A11, this effect

was significant for Target → Distractor, but still not for other tran-

sition types. Overall, although consistent with a mitigating effect

of Age on the change in transition probabilities over interobject
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distance, we consider these results inconclusive due to limited power

(e.g., about 30.3% for Target→Distractor at the observed effect size in

Experiment 1).

A.7 Additional exogenous influences on attentional transitioning

In the main paper, we investigated the effect of one exogenous

factor, inter-object distance, that we proposed might influence tran-

sitions, especially transitions towards Distractor objects. However,

many other exogenous factors could potentially influence attentional

transitions.

One possible exogenous influence is the shape of an object, which

could influence transitions in several possible ways. For example, more

complex objects (e.g., Crescent or Arrow) might be more salient, or

more novel, than simpler or more familiar objects (e.g., Circle or

Square), possibly promoting transitions towards them. To investigate

this possibility, as well as the possibility of differential effects for tran-

sitions to the Target (Returning) versus transitions to Distractors, we

ran a (post hoc) two-wayANOVA, includingObject Shape (a categorical

variable, having nine levels in Experiment 1 and six levels in Experiment

2) andObject Type (Target or Distractor) as factors.

As shown in Table A12, on both datasets used in Experiments 1 and

2, this yielded significantmain effects ofObject Type (transitions to the

Target were much more likely than transitions to Distractors), but no

TABLE A12 Results of two-way ANOVA investigating the effects
of Object Shape andObject Type on probability of transitioning to an
object.

Experiment Factor

Degrees of

freedom F p

Experiment

1

Object shape 8 1.82 0.070

Object type 1 222.99 <0.001***

Object shape× Type 8 1.77 0.079

Experiment 2 Object shape 5 0.48 0.79

Object type 1 136.47 <0.001***

Object shape× Type 5 0.44 0.82

∗∗∗p < 0.001.

significant main effects of object shape or interaction between Object

Shape andObject Type.

We note that the TrackIt objects were not designed to differ signif-

icantly in terms of bottom-up salience; indeed, in most studies using

TrackIt, this would simply add an undesired source of trial-to-trial vari-

ability.Hence, it is not surprising thatwedidnot observe any significant

effect of object shape, and future studies should use stronger manipu-

lations to investigate effects of bottom-up salience on difference types

of attentional transitions.
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