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A B S T R A C T   

In the first years of life, infants progressively develop attention selection skills to gather information from 
visually clustered environments. As young as newborns, infants are sensitive to the distinguished differences in 
color, orientation, and luminance, which are the components of visual saliency. However, we know little about 
how saliency-driven attention emerges and develops socially through everyday free-viewing experiences. The 
present work assessed the saliency change in infants' egocentric scenes and investigated the impacts of manual 
engagements on infant object looking in the interactive context of object play. Thirty parent-infant dyads, 
including infants in two age groups (younger: 3- to 6-month-old; older: 9- to 12-month-old), completed a brief 
session of object play. Infants' looking behaviors were recorded by the head-mounted eye-tracking gear, and both 
parents' and infants' manual actions on objects were annotated separately for analyses. The present findings 
revealed distinct attention mechanisms that underlie the hand-eye coordination between parents and infants and 
within infants during object play: younger infants are predominantly biased toward the characteristics of the 
visual saliency accompanying the parent's handled actions on the objects; on the other hand, older infants 
gradually employed more attention to the object, regardless of the saliency in view, as they gained more self- 
generated manual actions. Taken together, the present work highlights the tight coordination between visual 
experiences and sensorimotor competence and proposes a novel dyadic pathway to sustained attention that 
social sensitivity to parents' hands emerges through saliency-driven attention, preparing infants to focus, follow, 
and steadily track moving targets in free-flow viewing activities.   

1. Introduction 

Visual attention develops rapidly during the first year of life. Effec
tive attentional control is critical for directing gaze from distractors in 
the visual environment, helping maintain attention focus on target tasks, 
and promoting the development of object recognition (Amso & Johnson, 
2006; Bruce & Tsotsos, 2009; Feldman & Friston, 2010). The developing 
attention system is initially predominantly guided by exogenous pro
cessing in an involuntary manner, and young infants are sensitive to 
salience characteristics, such as color, shape, and motion contrasts in 
their visual fields (Amso & Johnson, 2006; Dannemiller, 1998; Fantz & 
Miranda, 1975; Ruff, 1996; Tellinghuisen et al., 1999). As infants gain 
better control of eye movements and bodily engagement, infants grad
ually become pervasive in controlling visual selection and generating 

sustained attention, which is linked with word learning and advanced 
cognitive control (Colombo & Cheatham, 2006; Csibra et al., 2001; Ruff, 
1996). While such developmental growth has been shown as a result of 
advanced motor control, increasing knowledge of symbolic representa
tion, and enhanced social competence in interpreting a broad use of 
social cues and guidance (Kannass & Oakes, 2008; Yu et al., 2019), a 
growing number of developmental evidence suggests that parent-infant 
object play serves as a fundamental training ground for attuning effec
tive visual search at the early stage of cognitive development. Recent 
studies using head-mounted eye trackers document that parents proac
tively engage in object manipulation and influence the visual properties 
of infants' egocentric scenes, such as the visual size of the viewed object 
(Burling & Yoshida, 2019; Mendez et al., 2023; Yu & Smith, 2012), 
centering of the scene (Axelsson et al., 2016; Bambach et al., 2016), 
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distribution of saliencies (Anderson et al., 2022; Sun, 2022). Despite the 
evident influence of parents in shaping infants' viewing experiences, 
there is still much to learn about how infants respond to changes in vi
sual properties, such as saliency, in the context of parental scaffolding. 
Using head-mounted eye-tracking technology, we characterized the sa
liency dynamics in the infants' visual field during dyadic object play and 
examined the effects of object manipulation on the development of 
saliency-driven attention. 

1.1. Saliency features in early viewing experiences 

Attention focus, often described as “spotlight”, requires the detection 
of various visual features, which proceed simultaneously across the vi
sual scenes (Itti & Koch, 2001; Treisman & Gelade, 1980). This attention 
processing involves two interrelated mechanisms: (1) an endogenous 
process derived through one's task goals, contextual knowledge, and 
prior experiences (e.g., Eriksen & Hoffman, 1972; Posner, 1980; Yantis 
& Egeth, 1999); and (2) an exogenous process that is involuntarily 
driven by physical saliency, which depends on the visual properties of 
stimuli and their corresponding contexts (Egeth & Yantis, 1997; 
Theeuwes, 1993, 1994; Yantis, 1993). Screen-based experimental par
adigms systematically demonstrated that early visual attention is readily 
controlled by the physical saliency of stimulus over the screen (Borji & 
Itti, 2013; Itti et al., 1998; Itti & Koch, 2000). Specifically, develop
mental literature documents that infants' looking patterns are charac
terized by some saliency dimensions, and infants rapidly shift attention 
toward the stimuli with bright color, greater luminance, enhanced mo
tion, and/or larger viewed size (Amso & Johnson, 2006; Dannemiller, 
2000; Fantz & Miranda, 1975; Dannemiller, 2005; Oakes et al., 2002; 
Ruff, 1996; Tellinghuisen et al., 1999). In the first three months of life, 
newborns and young infants exhibited preferences for high contrast 
patterns and tended to look around the external counter of the stimuli on 
the screen (Frank et al., 2014; Wentworth et al., 2002). Furthermore, the 
sensitivity to the luminance and edge features in visual scenes persisted 
and remained useful in searching tasks for older children and adults 
(Açık et al., 2010; Karatekin, 2007; Madden et al., 2004). 

Despite saliency-driven attention being extensively demonstrated in 
well-controlled screen-based experiments, we know relatively little 
about how saliency appears and becomes accessible in everyday viewing 
experiences. A growing number of observational studies employed head- 
mounted eye trackers and captured infants' momentary gaze fixation 
points in their corresponding scenery images (e.g., Franchak et al., 2011; 
Yu & Smith, 2016). These findings indicate the significant role of parent- 
child interactions as an early stage of social learning and highlight the 
visual contingencies between infants and parents during object play 
(Franchak et al., 2016; Smith et al., 2015; Suarez-Rivera et al., 2019). 
Examining infants' distinctive looking patterns associated with parental 
scaffolding makes it possible to assess visual dynamics, including sa
liency changes from the infant's point of view. Different from the 
experimental paradigm, which manipulates the target features of stimuli 
and controls the distractors on the screen, visual saliency in naturalistic 
viewing scenes constantly changes according to the physical appear
ances of stimuli (e.g., object size, color, texture, shape, etc.) and spatial 
distribution relative to the perceiver (e.g., visual angle). For example, 
the degree of spatial proximity between objects and infants is relevant to 
the duration of sustained attention and word-referent mapping 
(Samuelson et al., 2011; Axelsson et al., 2016). These findings highlight 
the dynamic perceptual experiences when one- to two-year-olds selec
tively attended to objects clustered in a visually salient environment and 
point to the importance of sensorimotor coordination in active visual 
exploration (e.g., Pereira et al., 2014; Yu & Smith, 2017). 

1.2. The significance of sensorimotor development 

The human visual experience is not a passive act of perceiving what 
surrounds us; instead, it occurs through the complex integration of 

neural, physiological, oculomotor, motor, social, cognitive, and multiple 
dynamic processes (e.g., Borjon et al., 2021; Chang et al., 2016; 
Colombo, 2001; Curtindale et al., 2019, p. 201; Franchak et al., 2018; 
McFarland et al., 2020; Mundy et al., 2000; Wass et al., 2018; Yu & 
Smith, 2016). From a social embodiment perspective, active visual se
lection is established by aligning one's eyes, head, and hands, often in 
collaboration with social partners. 

Notably, infants' visual experiences and sensorimotor competence 
are tightly coordinated and influenced by each other. Visual experiences 
are spatially and temporally integrated with one's head (e.g., Borjon 
et al., 2021; Burling et al., 2013; Yu & Smith, 2012) and body move
ments (e.g., Iverson, 2022; Morse et al., 2015; Soska & Adolph, 2014). 
Infants' gaze and body movement are temporally bound together after 
birth (Robertson et al., 2001; Robertson & Johnson, 2009). As the 
sensorimotor system is still nascent, newborns and young infants cannot 
fully support their heads or bodies, and their visual exploration appears 
to be receptive and predominantly dependent upon parents' support 
(Deák et al., 2014; Ruff, 1996). For example, infants aged 3 to 11 months 
preferred to follow their parents' hand actions and attend to the handled 
objects rather than the static object alone during play (Deák et al., 2014, 
2018). Object manipulation by parents not only provides visual acces
sibility but also affects the salient features of viewed objects (Brand 
et al., 2002; Koterba & Iverson, 2009). For example, the visual size of 
objects in the infants' egocentric scenes - a robust index of visual saliency 
- highlights the importance of the constant visual size of objects in 
maintaining attention (Mendez et al., 2023; Burling & Yoshida, 2019). 
One possible explanation is that the enhanced saliency features affected 
by object manipulation stabilize young infants' attention toward the 
handled object, which can be a potential mechanism underlying the role 
of parental scaffolding in navigating and maintaining infant attention 
during the first year of life. 

As infants initiate more head and body actions and develop more 
flexible postures, their visual input becomes more dynamic and well- 
structured. Reaching emerges around 4–5 months of age, accompanied 
by sitting, as infants gain head and upper trunk control and become able 
to move their hands without support (Harbourne et al., 2013; Thelen 
et al., 1993). As infants eventually reach independent sitting between 5 
and 8 months (Group & de Onis, 2006; Rochat & Goubet, 1995; Soska 
et al., 2010), they spend more time reaching, grasping, and handling 
objects (Corbetta et al., 2000; Rachwani et al., 2015; Soska & Adolph, 
2014; also see a review by Iverson, 2022). Starting from the second year 
of life, children progressively exhibit more sophisticated manual actions 
on objects (Basilio & Rodríguez, 2017; Heiman et al., 2019; Ungerer & 
Sigman, 1984). The advances in motor competence incorporated with 
developing selective attention skills facilitate hand-eye coordination (e. 
g., Yu & Smith, 2017; Perone et al., 2008) and head-eye coordination (e. 
g., Schillingmann et al., 2015; Yoshida & Smith, 2008). The develop
mental change in the ways infants proactively interact with objects not 
only influences how objects appear in the infant's visual field but also 
helps stabilize infant attention during the exploration of various features 
of object representation (Adolph, 1997Burling & Yoshida, 2019;Kretch 
et al., 2014 Pereira et al., 2014). 

In summary, the coordination between visual attention and motion 
systems establishes the stability of attention aligned with eyes, head, 
body, etc. (e.g., Hietanen, 2002; Robertson et al., 2001; Yoshida & 
Smith, 2008), and the developing sensorimotor skills greatly determine 
what visual input is accessible in the infant's egocentric scenes (Bam
bach et al., 2016; Kretch & Adolph, 2015). Considering the role of 
saliency-driven attention in early visual selection, the present study 
proposes a dyadic pathway to early sustained attention in the context of 
parent-infant object play: infant object looking is accounted for by the 
enhanced saliency aligned with object manipulation; and, the source of 
object manipulation dramatically changes from parents to infants during 
the first year of life. 
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1.3. Study goals & hypotheses 

To understand the development of saliency-driven attention in 
naturalistic viewing, the present study investigated the effect of visual 
saliency on infant object looking in relation to object manipulation by 
the parent and/or infant during play. We applied the head-mounted eye- 
tracking method to capture the infant-centered visual scenes and esti
mated the momentary gaze allocation as well as saliency contours 
within infants' scenes. To examine the developmental change in 
saliency-driven attention, we compared the distribution of infant object 
looking between younger (3- to 6-month-old) and older (9- to 12-month- 
old) infants. These two age groups were established according to the 
developmental framework of early visual attention (e.g., Ruff, 1996) and 
the key milestones of motor development during these transition periods 
(e.g., reaching and sitting, object manipulation, Rochat, 1989; Rochat & 
Goubet, 1995; Iverson, 2010). 

We have two main hypotheses on the impacts of saliency-driven 
attention: (H1) both age groups would exhibit attention toward ob
jects aligned with enhanced saliency, and younger infants would be 
more sensitive to the saliency features in their visual scenes; (H2) 
saliency-driven attention varies as a joint function of object manipula
tion (by parent and/or infant) and age group. Specifically, we expected 
that younger infants would exhibit more saliency-driven attention on 
objects handled by parents in contrast to older infants who would look 
more at the self-manipulated object regardless of the saliency levels in 
the visual scenes. 

2. Method 

2.1. Participants 

A sample of 30 parent-infant dyads, including 15 dyads classified 
into the younger group (infants with a mean age of 4.9 months, SD = 1.1; 
7 males) and 15 dyads in the older group (infants with a mean age of 
10.9 months; SD = 1.2; 10 males), completed the study. The sample of 
dyads was broadly representative of the ethnicity in the local 

community: non-Hispanic Caucasian (33 %), Hispanic (33 %), African 
American (13 %), Asian (3 %), bi-racial (13 %), and unknown (3 %). All 
the participating infants were typically developing, and they were all 
from comparable middle socioeconomic backgrounds (i.e., the median 
annual household income in Houston; U.S. Census Bureau, 2020). The 
present study was conducted according to guidelines laid down in the 
Declaration of Helsinki and its later amendments. The experimenter 
explained the study procedures to parents and obtained written 
informed consent forms before tasks. As a token of appreciation, all the 
participating dyads were provided a gift bundle. All procedures 
involving human subjects in the present study were approved by the 
Institutional Review Board at the university where the research took 
place. 

2.2. Task setting and materials 

Participating dyads were observed in a laboratory setting that con
tained a child-friendly set of a table and chairs, a container of eight toy 
objects, a list of words, eye-tracking equipment, recording cameras, and 
computer devices. Experimenters observed the play session behind the 
black curtains, which were also used to cover the walls and door to 
minimize potential distractions, such as unfamiliar equipment and de
vices in the room. In the play session, the parent and the infant sat across 
a 60 cm × 60 cm × 40 cm table, which was used as a surface for jointly 
interacting with the toy objects (Fig. 1A). The toys were matched with 
the word list (i.e., bunny, eat, cookie, car, put, drink, open, bear), and 
they were all selected according to the early comprehended words from 
the McArthur Child Development Inventory (Fenson et al., 1994, 2000). 

2.3. Procedures 

Parents were told that the goal of the object play was to observe how 
parents interact with children as naturally as possible, and they were 
encouraged to freely use toy objects and incorporate a specified word 
according to the audio instruction. As such, we expected parents to have 
sufficient opportunities to present all the toys and show variation in 

Fig. 1. The recording structure of a parent–infant play session. (A) Eight toy objects used throughout the play session. (B) Third-person view from the wall-mounted 
camera. (C) Third-person view from the ceiling camera. (D) The infant's view from the head-mounted camera (with a pink dot indicating the child's fixation point). 
(E) The parent's view from the head-mounted camera (with a larger pink dot indicating the parent's fixation point and a smaller pink dot representing the estimated 
gaze movement with respect to the corneal reflection). (F) The saliency map of the infant's corresponding scenery image. The top salient contour is labeled with the 
pink color with the center as a black dot. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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their manual engagements during play. Experimenters also provided an 
explicit example before the study started, “Feel free to use whatever toys 
you choose. The first theme word is ‘bunny’. You can show the (toy) 
bunny alone, or you can make (toy) bunny play with (toy) bear 
together.” Parents would hear a word prompt every 40 s, and thus, the 
play session consisted of 40 s × 8 words for a total playtime of 5 min and 
20 s, which would generate approximately 9600 frames per dyad for 
further behavioral annotations and analyses. 

2.4. Equipment 

To capture egocentric views and corresponding gaze movements, 
both the parent and the infant were equipped with a head-mounted 
Watec (WAT-230A) miniature color camera gear with a supplemen
tary eye tracker. The head-mounted camera placed on the forehead 
recorded the visual field from the individual's egocentric views (54.4◦

horizontal by 42.2◦ vertical; e.g., Pereira et al., 2010; Smith et al., 2015; 
Yoshida & Smith, 2008). The eye tracker was adjusted and faced the 
individual's right eye in order to specify the focus of attention by its 
corresponding corneal reflection (e.g., Burling & Yoshida, 2019; Fran
chak et al., 2011; Sun & Yoshida, 2022). Correspondence between the 
images from the head-mounted camera and eye tracker was achieved 
using a manual calibration procedure. Before and after the play session, 
research assistants would randomly point to the stickers on a 60 cm ×
40 cm board using a rattling toy to direct an infant's attention to target 
areas. Parents also completed the same calibration procedure by 
following pointing on the board. 

To fully capture the individual's hand actions during the play session, 
two digital video cameras and an audio recorder were mounted on the 
wall and the ceiling to capture an overall view of the play scene (Fig. 1B 
& C). The videos of the third-person scenes were synchronized with the 
videos captured by the head-mounted cameras and then merged into a 
single video according to the shared timestamp by Adobe Premiere 
(Fig. 1D taken from the infant's egocentric views and Fig. 1E taken from 
the parent's egocentric views). All the exported videos had a resolution 
of 640 × 480 pixels and were recorded at a sampling rate of 30 Hz. The 
following analyses focused on the moments within the play session only, 
and we excluded frames with eye blinks or interruptions due to camera 
adjustment. On average, each parent-child dyad had 5634 frames (SD =
206) recording both parents' and infants' visual scenes as well as its 
moment-to-moment attention allocation. 

2.5. Data processing 

To examine the change in saliency-driven attention, we determined 
infants' moment-to-moment gaze behaviors and calculated saliency 
features in their corresponding egocentric scene. Specifically, there were 
three major steps in data processing: (1) the estimation of the fixation 
point in the egocentric views, (2) the calculation of the saliency distri
bution, and (3) the behavioral annotation of the referential input. 

2.5.1. The estimation of gaze location 
To estimate momentary changes in the direction of eye gaze in in

fants' scenes, both the scenery views from the head-mounted camera and 
the eye views obtained by the eye-tracker were synchronized by Yarbus 
software (Positive Science). A minimum correlation of 0.85 between 
images was obtained during video processing. The location of an infant's 
eye gaze in the frame was represented in the coordinates of x and y in the 
image of 640 × 480 pixels. Any estimated gaze location landing outside 
of the frame was excluded from further analyses (e.g., Kretch & Adolph, 
2015). 

2.5.2. Saliency distribution computation 
To capture the momentary saliency changes, the videos of the infants' 

head-camera views were fed into a saliency computation program 
(Nagai & Rohlfing, 2009), which employed Itti's saliency algorithm (e. 

g., Itti et al., 1998; Itti & Koch, 2000). First, the computation model 
extracted five primitive features, including color, intensity, orientation, 
flicker, and motion, by linearly filtering an input video. Specifically, 
color, intensity, and orientation are static features performed on each 
frame separately (e.g., Itti et al., 1998; Nagai & Rohlfing, 2009). In 
contrast, both the flicker and motion channels detect moving locations 
by examining temporal variabilities in the intensity of pixels across 
frames (e.g., Mahdi et al., 2018; Schlesinger et al., 2007). The integra
tion of static and dynamic features allows Itti's algorithm to generate 
more comprehensive saliency maps that highlight both spatially distinct 
and temporally changing regions. Here, we equally weighed all the 
conspicuity maps from five channels and combined them into a single 
saliency map with salient contours valued from 0 to 1. 

Consequently, the contours of salient regions and their estimated 
saliency values were computed in each frame of an infant's egocentric 
views. The present study primarily focused on the location of the top 
salient contour and its corresponding value for each frame of the infant's 
scenes. To further identify the correspondence between the saliency map 
and the estimated location of the infant's gaze, the frames of attention 
attributed by the visual saliency were identified when the area of the top 
salient contour overlapped with the spotlight circle of the gaze point 
with a radius of 15 degrees (Bambach et al., 2013a, 2013b; Kretch & 
Adolph, 2015). For example, Fig. 1D&F illustrates a moment of saliency- 
driven attention during play: the estimated gaze was allocated at the 
object handled by the parent, which also corresponded with the top 
salient contour in the saliency map. 

2.5.3. Behavioral annotation 
To further identify parents' and infants' manual engagement during 

the play session, frame-by-frame behavioral annotation was completed 
in the Datavyu coding software (Datavyu Team, 2014). Two well-trained 
coders who were blind to the purpose of the study annotated the in
dividual's gaze patterns and hand actions for both the parent and the 
infant in each dyad. All the individual's target behaviors, including (1) 
gaze behaviors and (2) object handled actions, were annotated indi
vidually and were further time-stamped together according to the 
timeline of the play session (see examples in Fig. 2). 

Reliability was measured by randomly selecting 25 % of the frames 
for each dyad and checking inter-rater coding agreement for the be
haviors of interest. For example, the inter-rater reliability of the infant's 
gaze behaviors was 88.7 % (SD = 4.0 %, ranging from 82.9 % to 94.9 %) 
as assessed by Cohen's kappa of 0.80 (SD = 0.07), indicating strong 
agreement among raters (Cohen, 1968; McHugh, 2012). Additionally, 
the inter-rater reliability also falls into the reliability range obtained in 
other eye-tracking studies (e.g., 89 % for Sun & Yoshida, 2022; 84 % for 
Yoshida et al., 2020; 82 % to 95 % in Yu & Smith, 2017; 83 % in Chang 
et al., 2016). 

2.5.3.1. Gaze behaviors (i.e., parent and infant object looking). Infants' 
gaze patterns were annotated according to the four regions of interest 
(ROIs) as follows: (1) toy objects, (2) parent's face, (3) parent's hands, 
and (4) their own hands (see Fig. 2). These four ROIs have been 
demonstrated to be most frequently shown in the egocentric view in the 
contexts of object dyadic play (e.g., Deák et al., 2018; Sun et al., 2022; 
Sun & Yoshida, 2022; Yu & Smith, 2013; Yu et al., 2019). Specifically, 
we extracted the episodes of infant attention on target objects when 
sustained attention has been demonstrated to link with early social 
learning (Kannass & Oakes, 2008; Tomasello & Farrar, 1986; Yu et al., 
2019). To further verify the scaffolding role of the parent's handled 
actions on the attended object, we identified and counted the number of 
attention shifting from other ROIs prior to attention on the target object. 

2.5.3.2. Object handled actions. Both parents' and infants' hand actions 
in relation to the toy objects were annotated frame-by-frame from both 
the wall and ceiling cameras. The moments of handled action were 
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identified by the onset/offset of an individual starting to reach, handle, 
and/or manipulate any toy objects. Individual's two hands (right and 
left) were annotated separately and labeled with respect to the type of 
object (see Fig. 2). Because the present research was primarily con
cerned with the episodes of infant object looking, we compared and 
matched all the hand actions based on the corresponding object to which 
the infant attended and further annotated the presenter by defining 
which person displayed the attended object in the infant's scenes. 
Example ① in Fig. 2 presents the case when the parent and infant 
handled different objects, and we explicitly defined the parent as the 
presenter, corresponding to the identical object attended to by the infant 
at this moment. In addition to the presenter of the attended object, we 
also specified the collaborative moment that the attended object was 
handled by parents and infants together. This annotation is important to 
validate the emergence of hand-eye coordination with parental assis
tance and to further examine changes in the extent of the infant's manual 
engagement over age (e.g., Burling et al., 2013; Elmlinger & Yu, 2019; 
also see Example ② in Fig. 2). In sum, all the episodes of object handling 
were identified by the following conditions: (1) none of object handling, 
referring to the moments of the object standing on the table alone; (2) 
object handled by the parent alone; (3) object handled by the infant 
alone; and (4) object handled by the infant and parent together. 

2.6. Analytic approach 

The subsequent data organization and analyses were conducted in 
the R environment (R Core Team, 2022). Considering the varied play 
styles among and within parent-infant dyads (e.g., Bakeman & Adam
son, 1984; Sosa, 2015), a series of hierarchical generalized linear models 
were applied, and the dependent variables were clustered by dyads. 
Thus, lmer and glmer functions of the R package lme4 (Ver 1.1–27.1, 
Bates et al., 2015) were used for estimating the present mixed-effect 
models fitting with Poisson distribution for count data with a log 
function. 

By hypotheses, infant object looking might be primarily supported by 
the visual saliency features and changed over time. The left-skewed 
distribution of the top salient score in the present work and adult 
literature (e.g., Marat et al., 2009) highlights the importance of securing 
a relative measure of saliency variability, especially given our focus on 
age group differences in saliency-driven attention. Accordingly, we 
centered the scores to the grand mean of the top salient contours across 

all the scenes (e.g., Kreft et al., 1995) and classified the scenes by the 
relative saliency into three levels: “lower than 1 SD [-1 SD]”, “on 
average [Mean]”, and “higher than 1 SD [+1 SD]”. As additional motion 
and contrasts were involved when object manipulation occurred, we 
expected that infants in both age groups would attend to the objects in a 
relatively higher salient scene, and younger infants would generate 
more object looking even with relatively lower saliency levels (H1). 
Corresponding with advanced motor skills and social competence, older 
infants would initiate more self-generated actions and attend more to 
the objects across various saliency levels (H2). In comparison, younger 
infants tended to have more saliency-driven attention to the objects 
handled by parents (H2). 

3. Results 

3.1. Preliminary analyses 

Before testing our hypotheses on saliency-driven attention, we first 
characterized the distributions of infant object looking with respect to 
object manipulation. Developmental literature indicates that infants 
exhibit a predominant transition in the role of dyadic play (e.g., Bake
man & Adamson, 1984; Soska & Adolph, 2014). Thus, our first analyses 
aimed to validate the developmental changes that younger infants' ob
ject looking would be primarily guided by parental object manipulation. 
In contrast, older infants were expected to become more proactive in 
reaching and handling actions, resulting in more gaze shifting and 
longer attention to self-manipulated objects. 

3.1.1. The distribution of object manipulation over development 
To specify the role of the presenter - parents, infants, or together - in 

displaying objects, we found a significant interaction between the pre
senter and age on object manipulation, β = 1.64, 95 % CI[1.60, 1.70], p 
< .001. The follow-up pairwise contrasts confirmed a robust effect of the 
presenter: parents in both age groups predominantly displayed target 
objects during play, followed by the parent and the child handled 
together, the parent and the child handled different objects, by the in
fant his/herself, and object stood alone by the least. Moreover, parents 
of younger infants displayed significantly more objects than those of 
older infants, z-ratio = 4.55, p < .001. Compared with younger infants, 
older infants not only handled more objects independently (z-ratio =
10.49, p < .001) but also interacted with objects differently from their 

Fig. 2. The multimodal behavioral annotation of a video clip of a parent–infant play episode. ① An example of the infant maintaining attention to the object handled 
by the parent, whereas the infant is holding other toy objects. ② A moment of the infant attending to the object held by the infant. ③ An example of infant gaze 
shifting from the parent's hands to the object. 
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parents at the same moment (z-ratio = 2.68, p = .007; also see Fig. 3). 

3.1.2. The development of infant gaze shifting toward objects 
To demonstrate the significant role of handled actions in guiding 

infant object attention, we also examined the distribution of gaze 
shifting across the age groups: How and where did the infant shift 
attention prior to the object the most? This question is important to 
address the social origin of attention following and evidence the 
importance of manual engagements in supporting visual selection under 
naturalistic circumstances (Deák et al., 2014; Yu & Smith, 2015). Here, 
we counted infant attention shifting according to its prior attention lo
cations, i.e., parent's face, parent's hands, or child's hands (see Example 
③ in Fig. 2). Infants in both age groups had a similar distribution of gaze 
shifting in the following order, from the greatest to least: parent's hands 
(M = 20.05, SD = 3.83), parent's face (M = 5.21, SD = 1.10), and the 
child's own hands (M = 1.31, SD = 0.35). In addition, older infants 
shifted more from their own hands to the target objects than younger 
infants did, z-ratio = 4.01, p < .001. 

3.1.3. Infant object attention accompanied by handled actions 
There was a significant interaction between the presenter and the age 

group on the number of frames in which infant object looking was 
accompanied by object manipulation, β = − 0.68, 95 % CI[− 0.73, 
− 0.61], p < .001. The post-hoc contrasts revealed that infants pre
dominantly spent more attention on the target object in coordination 
with the parent's handled actions (M = 1130.69, SD = 167.10), followed 
by the handled actions by the parent and the child together (M = 282.0, 
SD = 41.82), child alone (M = 195.90, SD = 29.11), and object stood on 
the table alone (M = 238.40, SD = 35.38) by the least. Specifically, older 
infants had significantly more frames that their attention was allocated 
to the object handled by themselves in contrast with younger infants, z- 
ratio = 8.38, p < .001. 

3.2. H1: infant object attention accompanied by saliency change 

Table 1 summarizes the effects of saliency and age group on infant 
object attention and highlights the significant interactions, β = 0.62, 95 
% CI[0.58,0.67], p < .001. Specifically, infants in both age groups 

showed a similar saliency order as follows: infants had significantly 
more attention toward objects with a saliency score of 1 SD above, fol
lowed by a mean saliency score, and a score of 1 SD below by the least. In 
other words, infants spent more attention on the target objects with 
increasing saliency in their visual scenes. Moreover, the contrasts be
tween age groups by saliency showed that younger infants had more 
attention to objects in the scenes with a mean salient score or below than 
older infants, z-ratio = 2.12, p = .034 (see also Fig. 4). 

3.3. H2: The effect of visual saliency in predicting infant object attention 
in relation to object manipulation by parents and/or infants 

Furthermore, we investigated the effects of saliency and object 
manipulation in infant object looking by counting the number of frames 
with infant object looking during the play session. There was a signifi
cant three-way interaction among saliency class, presenter, and age 
group (see the model in Table 2). Specifically, younger infants spent 
significantly more time on the handled object by parents than the older 
ones, especially when the relative saliency score was below the average 
(− 1 SD: z-ratio = 4.47, p < .001). When the object was handled by in
fants alone, older infants had significantly more object looking than 
younger ones did, regardless of the saliency change in the visual scenes 
(− 1 SD: z-ratio = 9.96, p < .001; Mean: z-ratio = 7.57, p < .001; +1 SD: z- 
ratio = 7.92, p < .001). When parents and infants handled the attended 
object together, infants in both age groups had comparable amounts of 
saliency-driven attention across the levels of visual saliency (also see 
Fig. 5). 

Fig. 3. The distribution of object handling throughout the play session. The error bar represents the standard error. The horizontal line highlights the compared age 
groups in conditions. The asterisk represents the p-value of statistical testing: ** for <.01, *** for <.001. 

Table 1 
The model summary of infant object attention predicted by saliency changes and 
age group.  

Variable Estimate Std. 
error 

Statistic P- 
value 

Conf. 
Low 

Conf. 
High 

(Intercept)  5.86  0.15  39.58  <.001  5.57  6.16 
Saliency levels  0.77  0.02  50.87  <.001  0.74  0.80 
Age group: 

older  
− 0.44  0.21  − 2.12  .034  − 0.86  − 0.03 

Saliency × age 
group  

0.48  0.02  20.34  <.001  0.44  0.53  
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4. Discussion 

The present study characterized the dynamics of visual saliency 
within the infant's scenes in the naturalistic play environment and 
indicated the establishment of hand-eye coordination between parents 
and infants and within infants in the first year of their lives. These 
findings highlighted that saliency-driven attention varied in accordance 
with object manipulation by parents and/or infants. Specifically, 
younger infants (3- to 6-month-old) had significantly more object 
looking with enhanced saliency, primarily engaging under the guidance 
of parental handled actions. In contrast, older infants (9- to 12-month- 
old) distributed more attention to the target objects with their self- 
generated hand actions, and their saliency-driven attention on objects 
remained only when the salient value was 1 SD above the average. 

The development of selective attention is coupled with the rapidly 
changing sensorimotor system (e.g., Borjon et al., 2021; Burling et al., 
2013). When the control of the head and body movements is still 
developing, the limited motor skills constrain the visual input of the 
egocentric scenes (Bambach et al., 2013a). Thus, visual information in 
the infants' field of view is predominantly organized by parents' actions. 

For instance, over 80 % of infants' visual scenes in the present work were 
coordinated with object handled actions by parents. The accompanying 
parental object manipulation is consistently predominant within the 
naturalistic context of dyadic object play throughout the first year and 
even later, and it readily acts as a visually robust reference for attention 
sharing between infants and their social partners (Deák et al., 2014, 
2018; Sun & Yoshida, 2022; Yu & Smith, 2017). The impact of parental 
manual engagement in early visual exploration, as demonstrated across 
various theoretical perspectives, underscores the significance of multi
modal references in facilitating sustained attention and associated 
learning outcomes (Deák et al., 2018; Suarez-Rivera et al., 2019; Sun & 
Yoshida, 2022; Yu et al., 2019). 

Here, we offer a socially embodied pathway to infants' exogenous 
attention on objects through parent object handling. In this framework, 
parents' manual engagement enhances saliency value around the object, 
ensuring the target object visually stands out from its surroundings. In 
turn, this increases the likelihood of infants directing their attention 
toward the handled object by parents. We propose two major contri
butions of parental manual engagement in facilitating early perceptual 
experiences within social interactive activities. First, similar to screen- 
based tasks (e.g., Amso & Johnson, 2006; Kwon et al., 2016), visual 
saliency features contributed to infant attention in the context of natu
ralistic viewing (also see Anderson et al., 2022; Kretch & Adolph, 2015). 
Parents' manual engagement strengthened saliency through heightened 
motion contrasts, increased visual size, and optimal spatial positioning 
of target objects, representing an important resource of exogenous fea
tures of infants' visual experiences to compel their attention. As the sa
liency value increased, infants in the present work tended to look more 
at the salient object. Specifically, younger infants demonstrated more 
attention attributed to the saliency change along with parents' hand 
actions. These findings suggest that exogenous processing serves as a 
significant sensorimotor path for infants to establish attention shift from 
hands and maintain stable attention on the target of interests through 
hands-on interaction. 

Second, object manipulation can act as a training ground for refining 
visual selection and developing advanced cognitive control over atten
tion. The visual system is notably attuned to spatial and temporal 
changes within the motor system, which is constantly informed about 
the layout of one's surroundings (Barrett et al., 2005; Bassili, 1976; 

Fig. 4. The distribution of infant object attention accompanying the saliency change of the infant's visual scenes. The error bar represents the standard error. The 
horizontal line highlights the compared age groups in conditions. The asterisk represents the p-value of statistical testing: * for <.05. 

Table 2 
The development of infant object attention as a function visual saliency and the 
handled actions by parents and/or infants.  

Variable Estimate Std. 
error 

Statistic P- 
value 

Conf. 
Low 

Conf. 
High 

(Intercept)  4.38  0.15  29.21  <.001  4.09  4.67 
Saliency  0.06  0.04  1.84  .25  − 0.02  0.13 
Presenter  − 0.79  0.06  − 3.98  <.001  − 0.91  − 0.68 
Age group: older  − 0.92  0.22  − 4.30  <.001  − 1.35  − 0.50 
Saliency ×

presenter  
1.08  0.07  17.01  <.001  0.95  1.22 

Saliency × age 
group: older  

1.06  0.06  16.91  <.001  0.93  1.18 

Presenter × age 
group: older  

1.36  0.08  14.03  <.001  1.20  1.53 

Saliency ×
presenter ×
age group: 
older  

− 0.93  0.10  − 9.03  <.001  − 1.12  − 0.75  
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Pashler, 1991). Parents' hand actions can initiate the visual spotlight 
around the target, triggering and maintaining infants' interest in objects 
and sequentially adapting attention to moving items in visually cluttered 
environments. This phenomenon echoes the effect of hand proximity in 
the attention literature, leading to faster orienting toward objects when 
they are near hands (Abrams et al., 2008; Brown et al., 2009; Reed et al., 
2006). Adult studies have also shown that hand-center processing is 
associated with activations in the inferior motor cortex (Rizzolatti et al., 
1997), and nearby-hand produces faster perceptual processing and en
hances attentional engagement with visuo-tactile stimuli (Thomas & 
Sunny, 2017; Tseng et al., 2012). The alignment between manual ac
tions and the enhanced saliency upon the object can reinforce the visual 
selection processes, preparing infants to maintain attentional focus with 
the target while inhibiting irrelevant distractors in the environment 
(Wass et al., 2018). By adapting to the patterns of visual selection shaped 
by parents' hand actions, children can prepare to integrate incoming 
visual information through self-generated exploration and accumulated 
knowledge as they become capable of endogenous control over their 
attention. 

Moreover, parents' manual engagement not only scaffolds infant 
attention but also serves as an essential social reference for learning and 
communication. In the present work, we specified the episodes in in
fants' attended objects that were handled by parents and infants together 
and found that infant attention to the jointly handled object elicited a 
robust signal of sharing that was little affected by the strength of the 
visual saliency. One possible explanation is that joint manual engage
ment stabilizes the location of the viewed object and provides oppor
tunities for attention sharing, thereby reinforcing the reciprocal flow of 
information between parents and children (Burling & Yoshida, 2019; 
Deák et al., 2014; Mundy & Newell, 2007). The variabilities in hand-eye 
coordination provide numerous opportunities to boost their interest in 
self-exploration and gradually acquire the social meaningfulness of ac
tions when proceeding with their surroundings more efficiently (Capone 
& McGregor, 2004; Goodwyn et al., 2000; Sun et al., 2022; Yu & Smith, 
2013). 

The present study primarily focused on the exogenous effect of visual 
selection during early free-flowing viewing, but this is half of the story. 
Visual attention comprises two integrated systems organized by exoge
nous and endogenous processing together. Considering the visual re
sources in an individual's field are dynamic and complex on a real-time 
scale, it is infeasible to manipulate the exogenous and endogenous input 
and assess their effects on object looking separately under naturalistic 
circumstances. Not only do parental manual actions enrich the kine
matic properties of moving objects, but the child's head and body 
movements aligned with the attention shifting can also contribute to the 
saliency of one's egocentric visual scenes. 

4.1. Limitations 

The saliency computation in the present work was estimated by the 
features of visual scenes rather than based on object-centered detection 
alone. As a result, a parent's face and other elements obscured in the 
background, such as the edge of the table, might also be considered in 
the saliency calculation, influencing the saliency estimation of objects. 
Additionally, the potential competition between infants' ongoing moti
vation and the physical properties of the objects was not addressed. 
According to the biased competition model (Duncan, 1996; Duncan 
et al., 1997), infants can be biased to maintain attention when involving 
multiple novel distractors. Also, it is notable that the present work 
focused on the interactive loop between parents' and infants' manual 
engagements with objects without assessing individuals' gross and fine 
motor skills. Thus, the degree of manual engagement during play might 
not reflect infants' motor capacities or their internal interest in objects. 
Future work will concern the role of endogenous processing in directing 
attention through existing knowledge and investigate the microstructure 
of infants' responsiveness, including gaze shifting, vocalizations, or 
other motor responses, to parents' object labeling across diverse social 
contexts. These future findings could shed more definite light on the 
development of sustained attention as an integration of endogenous and 
exogenous processing. 

Fig. 5. The distribution of Infant object attention by object handling and saliency. The error bar represents the standard error. The horizontal line highlights the 
compared age groups in conditions. The asterisk represents the p-value of statistical testing: for =.05, * for <.05, ** for <.01, *** for <.001. 
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4.2. Conclusion 

The present study highlighted that infants' naturalistic viewing is 
tightly coordinated with momentary perceptual experiences and corre
sponding motor capacities. It is not doubted that acting on objects, 
whether by parents and/or infants, is critical for visual selection. Here, 
we provide a new perspective to examine the significance of hand ac
tions in infant object attention by assessing the momentary saliency 
change from infants' scenes. Infants, especially in the younger group, 
were exclusively sensitive to the salient features of the attended object in 
line with handled actions. Specifically, parent object handling, as an 
essential supplement of the saliency input, optimizes one's perceptual 
experiences during social interactions with others, supporting the 
initiation of self-manipulation and gradually nurturing the coordination 
between visual and sensorimotor development. The impact of manual 
engagement may account for the variabilities of individual growth in 
attention selection skills and has broader implications for communica
tion and learning in various social contexts, including one-on-one in
teractions and homes and child care settings. 
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