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Summary

Every day, we encounter an overwhelming amount of visual information. However, our visual system is capable of
processing only the central area of the visual field with high acuity. This requires us to constantly move our eyes in
order to select regions of interest. Which factors influence where we look? For more than a century, empirical
research has investigated this question from various perspectives. The key findings indicate that gaze behaviour is
mostly directed by (high-level) features of a scene, our goals, and visuo-spatial biases. A common aspect across most
of these studies is that they do not explore potential differences among observers. However, recent findings suggest
that gaze is highly individual and different among (age) groups. This thesis focuses on the observer, examining how
free viewing behaviour towards natural scenes differs between observers, and investigates the effects of face

recognition ability and age on these differences.

To this end, the first study found that free viewing behaviour towards natural scenes is atypical in Super Recognizers
(SRs) — individuals with superior face recognition skills. Compared to controls, SRs showed a stronger tendency to
focus on faces but looked less towards touched objects and text. When looking at faces, SRs focused less on the
mouth but more on a point just below the eyes, which is considered optimal for face identification. Together, these
findings suggest that face recognition ability is related to a visual preference for faces and saccadic landing positions
close to the theoretical optimum within them. The second study first replicated large and stable individual differences
in gaze behaviour towards objects of multiple semantic categories in an ad-hoc sample of adult observers. It then
validated a short test, showing that such fixation tendencies can be estimated with a subset of only 40 as opposed to
700 natural scenes. In study 3, we examined the development of semantic gaze biases and applied this short test to
probe them in preschoolers. Compared to adults, children looked substantially less towards text, but more towards
touched objects and faces, suggesting that text preference may be guided by levels of literacy and reading experience.
Finally, to track the development of gaze behaviour across the lifespan, study 4 applied the short test in a large and
age diverse sample. We found that the semantic gaze tendencies in children demonstrated in study 3 undergo a
protracted development taking ~ 20 years to become adult-like. Moreover, we showed that the central and horizontal
biases unfold until early adulthood. Interestingly, while visual exploration showed a protracted increase, the fixation

patterns became less idiosyncratic and more canonical across adolescence.

Together, the presented studies show that averages can obscure systematic variation across observers, when studying
gaze behaviour, which may inform us about underlying mechanisms. I conclude that gaze towards high-level object
attributes is highly individual across the population and atypical in certain cohorts, covering a spectrum of semantic
gaze biases. Based on the findings of study 1, | speculate on a mediating role of face recognition ability in shaping
fixation biases towards faces. Studies 3 and 4 suggest that gaze behaviour is highly plastic and perhaps affected by
changes in visual diet and literacy that mutually reinforce each other. Interestingly, recent findings on cortical
recycling in higher visual cortex nicely converge with the protracted development of viewing behaviour presented
here. This suggests a link between the development of gaze behaviour, visual diet and cortical recycling that may be

addressed by future research.
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. Synopsis



1. Introduction

Every day, we experience a sheer endless stream of rich visual information. To illustrate this, imagine riding your
bike down a busy street alongside a friend. As you proceed, you observe people passing you by, cars, stores and
advertisements lining the roadside, and much more. This gives you the impression that you are experiencing a vivid
and objective view of the world. Then, your friend points out a stop sign that is right in front of you. To your surprise,

you had not noticed it at all.

This reaction might seem familiar to many. We often believe that our perception of the visual world is both complete
and objective and it surprises us when we notice it is not, even though we were convinced something was 'in plain
sight'. Indeed, there is a strong scientific consensus that human visual perception is limited: For instance, our eyes
are sensitive to only a narrow spectrum of electromagnetic radiation (Sliney, 2016); perceptual judgements of object
size, color and meaning can be tricked by visual illusions (Coren & Girgus, 2020); and perhaps most related to the
initial example, unlike a photographic camera, our eyes do not capture an image with uniform visual detail. Instead,
we experience the highest level of acuity in the central region of our visual field, known as the fovea - a region of the
retina corresponding to about the central 1.5° of our visual field. This is due to the dense concentration of cone
photoreceptors in the fovea, which decreases towards the periphery (Curcio et al., 1990). Consequently, the spatial
resolution drops continuously with increasing visual eccentricity. This difference in spatial resolution is not only due
to variations in retinal processing but also influenced by the visual cortex's preferential treatment of foveal
information (Dougherty et al., 2003; Dumoulin & Wandell, 2008; Harvey & Dumoulin, 2011; Horton & Hoyt, 1991).
Therefore, in order to accurately perceive objects of interest, like the stop sign, we need to constantly move our eyes
from one region to another. These quick eye movements are called saccades. During a fixation, the focus remains
mainly stationary® (Bahill & Troost, 1979; Kowler, 2011). Due to this organization, the visual system is posed with
a difficult challenge: Each moment in time it has to decide where to move our eyes next, preferring some areas over

others. This raises a natural question: Which factors control where we look at?
1.1. Where we look: eye movements towards natural scenes

With the advent of reliable methods for measuring eye movements in the late 19" century (Huey, 1898; Orschansky,
1899), this question has become central to an increasing body of studies. Buswell (1935) marked the first systematic
investigation of gaze behaviour during (artwork) scene perception. He discovered that fixations were consistently
attracted by the content of the images, like depicted people. Three decades later, Yarbus (1967) followed up on this,

showing that eye movements while viewing a painting depend on the viewer's intent or question in mind.

The foundational work by Yarbus (1967) and Buswell (1935) was followed by a steadily increasing number of studies
on gaze behaviour towards natural environments and its influencing factors. Typically, these factors are divided into
two broad levels of visual processing: top-down processes and bottom-up processes (Schiitz et al., 2011; Theeuwes,

2010). Top-down processes refer to the effect of distinct tasks, goals and instructions on eye movements. Here,

! Please note that this thesis primarily focusses on saccades and fixations. However, there are other types of eye
movements as well, such as smooth pursuit, micro saccades, and vergence movements (Bahill & Troost, 1979).



interesting lines of research have shown the effect of task demands on eye movements during visual search
(Castelhano, 2008; Eckstein, 2011), basic memory tasks (Henderson, 2008) and active everyday activities like
making tea (Land et al., 1999), or sports (Hayhoe et al., 2005; Hayhoe & Ballard, 2005; Land & McLeod, 2000).
Together, these studies show that eye movements are driven by task demands during goal-oriented activities. Bottom-
up processes in contrast emerge from the characteristics of the visual stimulus itself. Here, interesting research
programs include the influence of object-context relationship (De Graef et al., 1990; Henderson et al., 1999; V@ et
al., 2019) and scene gist (Hillstrom et al., 2012; Oliva, 2005) on eye movements. One influential area of research in
this context is low-level visual salience. Salience models are formulated as computational models and are based on
the premise that salient, low-level scene characteristics such as the local contrast of color, contrast, and orientation
direct our attention and eye movements (Itti et al., 1998; Niebur & Koch, 1995). These models draw inspiration from
the selective processing of visual features across the early visual cortex hierarchy. While there is clear evidence that
salience models predict gaze behaviour well above chance (Betz et al., 2010; Itti & Koch, 2000; Tatler & Vincent,
2009), more recent studies show that high-level factors like object location (Stoll et al., 2015) and meaning maps
(e.g., scene regions rated as informative; Henderson & Hayes, 2017) attain at least comparable predictive accuracy.
When considering semantic object attributes, they even outweigh low-level features (Kuemmerer et al., 2017; Xu et
al., 2014). Certain objects, such as faces and text (Wang & Pomplun, 2012) have been identified as particular strong
predictors of gaze, even overriding task-induced (top-down) factors (Cerf et al., 2009). This thesis has a strong
emphasis on such high-level features and their role in directing eye movements. It is important to note, however, that
aforementioned top-down and bottom-up factors do not operate in isolation, but rather in an interactive manner. For
instance, simple top-down directed visual search tasks (Einhéuser et al., 2008) can fully diminish the influence of
low-level, however not high-level salience (Cerf et al., 2009). Moreover, top-down and bottom-up factors do not
seem to attract eye movements in the same way across time. While first fixations are believed to be mainly driven by
bottom-up factors such as low-level salience, subsequent fixations might be influenced by goal-directed, top-down
factors (Anderson et al., 2015; Mackay et al., 2012; Schiitt et al., 2019).

Beyond the dichotomy of top-down and bottom-up visual processing, others have demonstrated that gaze behaviour
towards scenes is affected by general spatial biases, which are thought to be somewhat independent of image
characteristics and task-related (top-down) factors. For example, individuals tend to focus on the central regions of
images, a phenomenon referred to as the central bias (Tatler et al., 2005; Tatler & Vincent, 2008). Although the
central bias may be partially attributed to a photographer's tendency to place objects of interest at the center of the
image (Bindemann, 2010), it cannot be entirely explained by this (Foulsham & Underwood, 2008; Tseng et al., 2009).
Furthermore, saccadic eye movements are not evenly distributed in all directions. Rather, individuals tend to make
more horizontal saccades than vertical or oblique ones (Foulsham et al., 2008). Whether the horizontal bias is
completely explained by the horizontal structure of scenes is not yet fully understood. While the primary gaze
direction aligns with the scene's horizon at different scene orientations (Foulsham et al., 2008), a horizontal bias has

also been observed in abstract fractal images that lack a conventional orientation (Foulsham & Kingstone, 2010).

Together, the mentioned studies suggest that which regions we fixate in our natural environment is affected by a

combination of temporary goals, visual characteristics of scene regions and general spatial biases. All these studies



have one thing in common: They typically aggregate data from multiple adult observers in order to test hypotheses
on the very visual and neural processes of interest. As a consequence, they often treat differences among observers
as a mere source of measurement error. Thus, while these studies may explain why my friend and | both looked at
the red car and people passing us by, they do not directly explain why | did not see the stop sign, while my friend
did. Of course, it might have just been pure coincidence or driven by some diverging goals at that moment in time.
Yet, evidence suggests that some observers show systematic gaze tendencies that largely differ from those of others
(e.g. Castelhano & Henderson, 2008; Jones et al., 2008). May thus stable observer tendencies be a possible
explanation? The further study of such observer-related differences could uncover variations in important neural and
cognitive processes related to vision, offering valuable insights into fundamental mechanisms of visual perception.
This thesis focusses on the observer, asking the question: What insights can we gain into the visual system by

considering the observer as a factor of interest?
1.2. The role of the observer in natural scene viewing

As noted above, for most of the research on eye movements towards complex scenes, the observer factor has played
a less important role and mostly been modelled as random noise’. It is all the more surprising that even the pioneer
work of Buswell (1935) already mentioned substantial differences in gaze behaviour between observers when

describing a painting with overlaid scanpaths of multiple observers :

‘The fact that the density plots represent composite diagrams from a great many different subjects obviously results
in a wider distribution of fixations on account of the varied interests of different individuals in looking at the same
picture’ — Buswell (1935)

This observation could later be empirically confirmed, showing large and also robust individual differences in basic
oculomotor metrics like mean saccadic amplitude and fixation duration during scene viewing (Castelhano &
Henderson, 2008; Henderson & Luke, 2014). More recently, de Haas et al. (2019) reported systematic individual
differences in gaze behaviour towards objects of multiple semantic dimensions like faces, text, motion, touched
objects and those with an implied taste during free viewing of complex scenes. This was also true when only
considering the first fixations towards a scene. Interestingly, they could show that this tendency to first fixate a face
was associated with enhanced face recognition performance. For gaze towards faces, individuals reliably vary in their
preferences when focusing along the vertical axis (Broda & de Haas, 2022; Peterson & Eckstein, 2013), and recent
findings by Broda & de Haas (2024) suggest that this preference may generalize to other objects as well. Interestingly,
according to a Foveated Ideal Observer model, the optimal landing position of face-directed saccades for processing
facial identity is just below the eyes (Peterson & Eckstein, 2012). While observers gravitate towards this optimal
point on average, individual deviations along the vertical axis seem to be individually optimal for face recognition
performance (Peterson & Eckstein, 2013). This may be attributed to face-specific retinotopic tuning biases or domain-
general idiosyncrasies, such as variations in the visual field's geometry (Broda & de Haas 2024; Peterson et al., 2016;
Peterson & Eckstein, 2013).



Apart from reliable inter-individual variation in gaze behaviour, there is also evidence that specific groups of
individuals differ from others in consistent ways. In recent years, studies reported atypical gaze behaviour in people
with neurodevelopmental disorders. For instance, individuals with Autism Spectrum Disorder (ASD) show reduced
attention to faces and eyes (Constantino et al., 2017; Jones et al., 2008; Klin & Jones, 2008; Wang et al., 2015),
whereas those with Williams Syndrome (WS) display increased attention to these features (Riby et al., 2013). Further,
people with schizophrenia exhibit less visual exploration than healthy controls (Bestelmeyer et al., 2006) and
individuals with Developmental Prosopagnosia (DP) show reduced gaze towards faces (Bobak et al., 2017), along
with a tendency to focus lower on the face (Peterson et al., 2019). This latter finding, as well as the work previously
mentioned by Peterson et al. (2012, 2013) and de Haas et al. (2019), suggests an interesting relationship between
visual face preferences (or the lack thereof) and corresponding recognition performance. To this point, only a limited
number of studies have investigated eye movements towards natural scenes in special populations, and even fewer
have delved into its possible relationship with recognition performance. However, what is common among these
studies is that they all suggest a deeply rooted neurobiological basis for attentional biases towards semantic features.
This is further corroborated by recent twin studies, which suggest that fixation biases towards social stimuli are

evident from an early age and heritable (Constantino et al., 2017; Kennedy et al., 2017).

At the same time, there is also some evidence for developmental changes in gaze behaviour. While a gaze preference
for faces is already present in infants (Constantino et al., 2017; Johnson et al., 1991, 2015), children develop further
visual preferences towards other types of social stimuli, such as hands, early on (Frank et al., 2011). As children
progress into later childhood and adulthood, gaze behaviour continues to evolve. Some work has reported enhanced
gaze allocation towards simple, low-level salient features in early childhood that declines with age (Acik et al., 2010).
Others showed that more basic oculomotor behaviours also seem to develop. The saccadic amplitude increases, and
the duration of fixations decreases in later childhood (Helo et al., 2014). Further, the central bias is less pronounced
at age 8 than at age 4 (Krishna et al., 2018) and while a horizontal bias is present in infants, it is less strong than in
adults (Van Renswoude et al., 2016). Yet, our understanding of how gaze develops is still very limited. Although
recent findings point to a protracted maturation of cortical regions selective to high-level visual features like faces,
text and limbs (Kubota et al., 2023; Nordt et al., 2021), it is still an open question whether fixation behaviour towards
these features changes in a similar manner. This is also due to the fact that studies often do not include children older
than 3 years and usually only compare a limited number of age groups. However recent studies have shown that
visual perception seems to take substantially longer to develop than previously thought. Carrasco et al. (2022, 2023)
found that visual field asymmetries typically observed in adults are less pronounced in children and adolescents.
Specifically, adults show stronger visual field asymmetries compared to children and adolescents, specifically a
stronger enhancement of visual performance along the horizontal meridian, and the lower compared to the upper
vertical meridian (Carrasco et al., 2022, 2023). The reasons for developmental changes in visual perception could be
manifold. Some studies suggest that neural maturation of the ventral stream plays a central role in driving
developmental changes in oculomotor behaviour (Helo et al., 2014) and object processing (Nordt et al., 2023). Others
speculate that changing visual information—e.g., due to alterations in visual field statistics through changes in body

height (Carrasco et al., 2022) or reading acquisition (Kubota et al., 2023) may shape visual perception. Of course,



both views are not mutually exclusive. Please note that the potential neural basis of high-level gaze biases will be

explored in greater detail in the discussion section.

Together, research examining the observer role suggests that eye movements are influenced by large and stable inter-
individual variation and distinct group-specific biases that may be related to visual processing performance. At the
same time, gaze behaviour seems to differ across age groups. Nonetheless, studies that focus on fixations towards
high-level object features in special populations are scarce, and our understanding of the link between fixation biases
towards faces and face identity processing remains limited. Moreover, it remains an open question whether gaze
towards high-level semantic features differ among age groups—and if so, how they and other oculomotor behaviours

develop across the lifespan.
1.3. The present studies

This thesis examines the observer factor in free viewing behaviour towards natural scenes from different viewing
angles. Specifically, it focusses on individual differences, special populations, and developmental changes to obtain
a better understanding of which observer-specific factors influence where we move our eyes. Therefore, the first
study investigates free viewing towards natural scenes in a unique group known as Super-Recognizers (SRs) -
individuals with superior face processing abilities. Study 2 replicates the stable and large individual differences
towards multiple semantic object dimensions reported by de Haas et al. (2019) and validates a short test designed to
capture these differences more efficiently. Studies 3 and 4 apply this short test to examine fixation biases in pre-
schoolers and to track its developmental trajectories in a large-scale dataset of visitors to a museum. In the following
text, | will provide the motivation behind each study included in this thesis, followed by a more detailed summary of
the findings in the subsequent chapters. Finally, I will discuss the findings and their possible implications in the last

chapter. Please refer to Figure 1A for an outline of the free viewing task, which has been employed across all the
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Figure 1. (A) gives an overview of the free viewing task as applied in all studies reported in this thesis. Images were
displayed for 2 (study 1) or 3 (study 2-4) seconds each before a self-paced fixation cross appeared. The image size
varied across the different studies. Within each study, the order of presented images was identical across groups and
participants. (B) shows object pixel masks for two example images, with colors corresponding to the categories faces
(orange), text (blue), touched objects (violet), hands (green) and bodies (red; objects outside these categories shown in
light gray). These pixel masks come with corresponding semantic object labels and were used for determining which
objects were fixated.



studies described here, with only minor differences in the number of images and duration of trials. See Figure 1B for

example images including pixel masks used for determining regions of interest.

Study 1. As mentioned earlier, de Haas et al. (2019) found a positive correlation between the individual tendency to
first fixate faces and face recognition performance. Further, people with DP have been shown to look less at faces
(Bobak et al., 2017). Interestingly the same study did not find enhanced gaze behavior to faces among SRs. However
given this study faces some methodological limitations, using only a small set of just 20 stimuli and identifying SRs
through a single face recognition test, further research is necessary to test the relationship between face recognition
performance and face preferences. Study 1 further addresses this hypothesis by examining gaze behaviour towards
natural scenes among SRs, identified with a more conservative diagnostic framework (Ramon, 2021). We let SRs
and controls freely view 700 images and tested whether they differ in fixation biases towards objects of four semantic
dimensions: faces, text, objects being touched, and bodies. Moreover, Peterson & Eckstein (2012) showed that the
ideal location for facial identity processing is slightly below the eyes. In study 1 we therefore also examined group
differences in fixation biases towards faces. In particular, we tested differences in fixations towards the eyes and

mouths as well as differences in fixation distance to the theoretically optimal point for face identification.

Study 2. The free viewing paradigm used in study 1, as well as in other studies (de Haas et al., 2019; Xu et al., 2014)
included 700 images, equivalent to >1 hour of testing time, making data collection from vulnerable populations like
children very difficult. Therefore, it would be desirable to estimate individual gaze biases using a more efficient test.
Study 2 had two main objectives. The first was to replicate the consistent individual differences in fixation biases
towards objects of several semantic object dimensions and visual exploration reported by de Haas et al. (2019). The
second objective was to determine if these differences could be estimated with a shorter test. Therefore, 103
participants underwent two eye-tracking sessions. The first session replicated the original study, employing a free
viewing task with 700 images. The second session used a smaller, optimized subset of images to efficiently capture

individual differences.

Study 3. Atypical gaze behaviour towards high-level features in clinical populations suggest a deeply rooted
neurobiological foundation (e.g. Bestelmeyer et al., 2006; Constantino et al., 2017). However, gaze behavior may
also be shaped by visual experiences, such as learning to read. Previous studies have demonstrated that viewing
behaviour in older children differs from that of adults in terms of low-level salience (Acik et al., 2010), center-bias
(Krishna et al., 2018) and basic oculomotor behaviour (Helo et al., 2014). However, it is unknown whether such
differences also exist for fixations towards (high-level) semantic object features. To test this, we applied the short
test validated in study 2 to test free viewing behaviour in 5-year-old preschoolers and adults. Specifically, we
investigated how children and adults differ in their fixation tendencies towards text, faces, touched objects, hands

and bodies.

Study 4. Study 4 continued the developmental focus of study 3. While previous research has examined developmental
differences in basic oculomotor behaviour and visuo-spatial biases, study 3 tested developmental differences across
the semantic object features text, faces, touched objects and bodies. However, these studies all share one limitation:

They typically compare only two or three age groups and rarely examine adolescence making it impossible to

7



precisely track developmental trajectories of gaze behaviour. Moreover, given their relatively small sample sizes,
they often lack statistical power, increasing the likelihood of false negative results. To address this, study 4 aimed to
track the developmental trajectories of semantic salience and basic oculomotor biases by collecting a large dataset
across a broad age range. Therefore, we collaborated with a local science museum to collect data from over 10,000
participants freely viewing natural scenes in an eye-tracking booth. To examine how gaze behaviour changes
throughout the lifespan, we analyzed fixation biases towards objects of various semantic categories (see study 3),
alongside basic oculomotor measures such as the central and horizontal bias and visual exploration. Finally, we

assessed the development of inter-observer similarities in gaze behaviour.

2. Study 1: Characteristic fixation biases in Super-Recognizers

By Linka, Broda, Alsheimer, de Haas & Ramon (Journal of Vision, 2022)

In study 1, we investigated gaze behaviour towards natural scenes in SRs - individuals with exceptional face identity
processing skills. This study had two overarching goals. First, to test gaze biases in SRs towards objects across four

semantic dimensions. Secondly, to probe their fixation tendencies within faces.

To this end we let 10 SRs and 43 control participants freely view 700 everyday scenes (Xu et al., 2014) divided into
7 sets of 100 images each. Each image was displayed for 2 seconds. Between trials, participants saw a self-paced

fixation cross and could start the next trial by pressing the space bar.

First, we tested differences in the proportion of dwell time spent on objects for the semantic categories faces, text,
touched objects, and bodies between SRs and controls. Compared to the control group, SRs allocated a significantly
larger proportion of their viewing time to faces, and a smaller proportion to text and objects being touched. No
significant differences were observed for the dwell time spent on bodies (Figure 2A). First fixations following the
presentation of an image (i.e., the landing position of the first saccade) are believed to be affected mainly by bottom-
up processing. Moreover, fixations directed at faces are more difficult to inhibit than those aimed at other types of
stimuli (Crouzet et al., 2010; de Haas et al., 2019). Therefore, we also examined group differences in the proportion
of first fixations across all four categories. SRs spent a significantly larger fraction of their first fixations towards
faces and a lower fraction towards text and objects being touched. Again, no group differences were found for the
dimension bodies (Figure 2A). Interestingly, although we found significant difference between SRs and controls,
there was considerable overlap between both groups across all dimensions. Finally, we investigated a correlation
between face recognition performance and the tendency to initially fixate on faces among SRs, which was not
significant. However, this result should be interpreted with caution due to the small size of the SR group (n = 10) and
reduced variance within this group, which suggests limited statistical power and an enhanced likelihood of Type Il

errors.

We than zoomed in on gaze behaviour towards faces, comparing the proportion of dwell time and first fixations on
eyes and mouths between SRs and control participants. Our results showed that, in terms of both dwell time and first
fixations on faces, SRs focused less on mouths compared to controls, with no significant difference in their gaze

towards eyes. Finally, we probed whether SRs fixated closer to the optimal fixation point for identification, as



predicted by an ideal Bayesian Foveated Observer model (Peterson & Eckstein, 2012). Indeed, SRs fixated
significantly closer to the estimated optimal fixation point, both when considering all face-directed fixations and only
the first one (Figure 2B and C).
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Figure 2. Group differences in gaze tendency across four semantic dimensions and towards faces. (A)
Bootstrapped null distributions of 10,000 random sample means drawn from all participants (pooled across groups) for
percent first fixations (green) and percent of cumulative dwell time (gray). The superimposed red lines refer to the
observed mean percent first fixations and mean percent cumulative dwell time of SRs for each given semantic
dimension. Significance levels: *p < 0.05, **p < 0.01 (Holm-Bonferroni corrected). (B) Heatmaps show the
distribution of first fixations (top row) and all fixations (bottom row) on all observed faces with an eye-to-mouth
distance > 2.5 degree visual angle (dva) superimposed over an example image (selected from one stimulus used in the
free-viewing task). The heatmap was horizontally compressed to match the example face. Heatmaps on the left-hand
side show fixation data from controls, maps on the right-hand side show fixations from SRs. All face fixation
coordinates were normalized to the horizontal (X) and vertical (Y) extent of the respective observed face. Warmer
colors indicate higher density of fixations. (C) Dot plots on the right-hand side show the average of relative distances
from ideal fixation point for first fixations (top row) and all fixations (bottom row) towards faces with an eye to mouth
distance >2.5 dva for each observer. Distances from the ideal fixation point just below the eyes (Peterson & Eckstein,
2012) were calculated for each face and fixation, normalized as percentages from the distance from the respective
mouth centroid to the ideal fixation point and then averaged for each observer. The resulting mean distances for
controls are shown on the left-hand side, those for SRs on the right-hand side.

Together, study 1 showed that when freely viewing complex scenes, SRs compared to controls exhibited increased
gaze biases towards faces and reduced tendencies to fixate on touched objects and text. These differences were
apparent from the first fixation on. Specifically, within the category of faces, SRs had a stronger tendency than
controls to fixate near the theoretical optimum, just below the eyes.

3. Study 2: OSIEshort: A small stimulus set can reliably estimate individual differences in

semantic salience

By Linka, & de Haas (Journal of Vision, 2020)

Study 2 had two main objectives. The first one was to replicate the finding of large and consistent individual

differences in gaze behaviour towards objects of multiple semantic categories and visual exploration, as reported by



de Haas et al., (2019). The second objective was to validate a short test that captures these differences in a more time-

efficient manner.

In total, 103 participants were recruited for two eye-tracking sessions two weeks apart. Similar to study 1 (and in de
Haas et al., 2019), in the first session participants viewed 700 images across 7 blocks. Each image was displayed for
3 seconds. In the second session, participants viewed a subset of 200 images. This subset was selected using an
iterative search algorithm on the dataset by de Haas et al., 2019. It selected scenes in a way that maximized the
predictive validity for the entire stimulus set at each step (i.e., for every additional image from 10 to 200). To replicate
the findings by de Haas et al. (2019), we used the data retrieved at the first session. Next, we determined the minimum
set size of scenes needed to retrieve reliable estimates, by calculating the re-test correlations between individual gaze

tendencies for the full set of images from the first and smaller subsets from the second session.

In a first step we successfully replicated the main findings of de Haas et al. (2019) using all 700 images. We showed
that the proportion of cumulative dwell time, as well as that of first fixations on objects across the categories of faces,
text, motion, taste, and touched objects exhibited large variation among participants. These variations showed high
split-half correlations across 10.000 splits of image sets for each semantic category. Additionally, we found large and
consistent individual differences in visual exploration, as indicated by the number of objects fixated. Next, we probed
whether these differences could be estimated with smaller image subsets. A correlation of r > .7 was used as the
critical threshold for good test-retest reliability. We found that for cumulative dwell times, a stimulus set of 40 images
provided reliable estimates for the dimensions text and faces. Subsets of 100 and 200 images captured individual
differences in text, faces, and motion. The dimensions taste and touched objects were approaching the reliability
threshold for the 200-image set (Figure 3A). Regarding the proportion of first fixations, a set of 100 images was

sufficient to capture reliable individual differences for text and faces while the dimension touched was just below the

A B (ot
% Dwell time % First fixation Visual exploration
1 1 1
oz 0.8
3 H
N
= 0.6
> |
S ‘ 04
=
g 02 s = 1, 02
! Taste :
0 ' > 0 : - 0— ‘
0 100 200 0 100 200 0 100 200

Number of images

Figure 3. Consistency of fixation ratios based on smaller stimulus sets. (A) Line plots depicting Pearson consistency
correlations of individual differences in percent cumulative fixation time, (B) percent first fixations, and (C) visual
exploration (number of distinct objects fixated) between the full image set (day 1) and a given subset (10 to 200
images from day 2; x-axis). Dashed gray lines mark stimulus sets of 40 and 100 images. Dashed red lines indicate the
consistency threshold of r = 0.7. Colors in (A) and (B) indicate semantic dimensions as shown in the inset.

10



critical threshold (Figure 3B). A set size of 40 images was sufficient to estimate individual differences in visual

exploration (Figure 3C).

Together, study 2 corroborated large and consistent individual differences in gaze behaviour towards objects across
various semantic categories and in visual exploration and showed that most of these differences can be estimated

through a considerably shorter free viewing task.

4. Study 3: Free viewing biases for complex scenes in preschoolers and adults

By Linka, Sensoy, Karimpur, Schwarzer & de Haas (Scientific Reports, 2023)

Study 3 shifted the perspective to focus on the developmental aspects of gaze behaviour towards natural scenes. The
main goal was to examine differences in free viewing behaviour towards semantic object dimensions between

preschoolers (5-year-olds) and adults.

We let n = 34 5-year-old preschoolers and n = 42 adults freely view 40 scene images for 3 seconds each (cf. the short
test validated in study 2). We then calculated the proportion of cumulative dwell time and the proportion of first
fixations devoted to objects within the semantic categories of faces, text, touched objects, bodies, and hands depicted

in the scenes.

Our findings revealed that compared to adults, preschoolers spent more dwell time on faces (though the effect was
marginally significant), touched objects and hands, while substantially less on text. No difference was observed for
the dimension bodies (Figure 4A). Consistent with the findings for dwell time, preschoolers allocated a larger
proportion of first fixations to touched objects and hands, and a significantly smaller proportion to text than adults.
Interestingly, however, children directed more first fixations towards faces and bodies compared to adults (Figure
4B).
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Figure 4. Group differences between adults and children in gaze behaviour along five semantic dimensions. (A)
Bar plots showing the mean values as well as data points of cumulative dwell time proportion and (B) the proportion of
first fixations towards objects of the dimensions faces, text, touched, hands and bodies respectively for children (blue)
and adults (red). Data points indicate the individual mean values for a given dimension and group. Errorbars indicate
+/- 1 standard error of the mean SEM. *p <0.05, **p <0.01, ***p <0.001 (Holm-Bonferroni corrected).

Next, we were interested in whether the reduced gaze in adults towards faces, touched objects and hands might be

due to their strong bias towards text. To address this question, while also controlling for potential effects of lower-
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level object features such as (object) size, eccentricity (object distance from the image centroid), and low-level visual
salience (Graph-Based Visual Saliency ; Harel et al., 2006), we conducted generalized linear mixed models. The
results showed that children only showed increased gaze preferences for person-related dimensions (except faces)
when text was removed from the analysis. This suggests that the differences in gaze between children and adults are

largely attributable to children's reduced focus on text.

In sum, we reported differences in gaze biases towards semantic object features between preschool children and
adults. Follow-up analyses indicated that most body-related fixation biases in children can be attributed to the absence
of competition with text observed in adults.

5. Study 4: Protracted development of gaze behaviour

By Linka, Karimpur & de Haas (PsyArXiv, 2024)

Study 4 followed up on the developmental approach of study 3. However, while study 3 looked at differences in gaze
behaviour between two age groups (preschoolers and adults), here we asked: How does gaze behaviour towards

natural scenes develop across the lifespan?

To answer this question, we collaborated with a local science museum and gathered gaze data from n = 10,632
participants between ages 5 to 72. Participants sat in an eyetracking booth and freely viewed 40 natural scenes, each
for 3 seconds (cf. the stimulus set validated in study 2). Three main goals were of interest. First, following up on the
findings of study 3, we wanted to trace the developmental trajectory of gaze biases towards objects of the categories
faces, text, touched objects and bodies. Second, given evidence on developmental changes in basic visuo-spatial and
oculomotor metrics such as the center bias (Krishna et al., 2018), the horizontal bias (Van Renswoude et al., 2016)
and fixation frequency (Helo et al., 2014), we aimed to pinpoint their developmental trajectories more precisely.

Finally, we wanted to test the development of inter-individual differences in gaze behaviour.

We found that the gaze behaviour towards objects of several semantic categories was surprisingly protracted. Figure
5 shows the developmental trajectories for dwell time proportion (A) and first fixation proportions (B). The
proportion of dwell time and first fixations directed towards text continuously increased before stabilizing during the
third decade of life. At the same time the tendency to fixate touched objects continuously decreased until early
adulthood at age 19-20 for the proportion of dwell time and until age 17-18 for the proportion of first fixation. Gaze
towards faces developed over the first two decades of life. Interestingly, in line with the findings of study 3, while
the proportion of dwell time spent on faces showed a steady decrease until age 15-16, the proportion of first fixation
continuously increased until age 17-18. We did not find any developmental changes for gaze behaviour towards

bodies.

Apart from high-level aspects of gaze, we also found visuo-spatial biases to continuously develop until adulthood.
Specifically, we showed an increase in horizontal bias until age 15-16 (Figure 6A). As reading typically goes along
with small horizontal saccades, we tested a possible correlation between fixation bias towards text and the horizontal

bias, which we could not confirm when controlling for age. Moreover, we observed a continuous decline of the
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central bias until age 20-21 and a parallel increase in fixation frequency and visual exploration, indicated by the

number of objects fixated, that plateaued at age 22-23.
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Figure 5. Protracted development of semantic salience. Line plots display the mean proportion of (A) dwell time
and (B) first fixations directed towards four semantic features across age bins. Semantic categories are indicated by
colours, as shown in the inset. Error shades indicate +/- 1 standard error of the mean (SEM). Dotted lines show the
corresponding best fitting polynomials. The lines above the x-axes indicate the level of evidence for a given bin to be
part of broad linear change via shades of grey, as shown in the inset (sliding window analysis, cf. Linka et al., 2024).

Finally, we examined the development of inter-individual similarity in gaze patterns. First, we computed individual
distributions of dwell time across all depicted objects and then calculated the average pairwise correlation between
observers, separately for each age bin. The pairwise observer similarities first somewhat decreased between ages 5-
6 and 13-14, before showing a strong linear increase until age 23-24. Second, we calculated the Shannon entropy of
fixation maps for each given image and then averaged them for each age group, providing us with a complementary
measure for inter-observer variance. In line with the findings above, this group-level entropy showed a strong increase
until age 11-12, before decreasing until age 25-26, and a second more gradual decrease from age 47-48 onwards
(Figure 6B). Additionally, we computed the intraindividual entropy of individual fixation maps and averaged it for
each age group, an indicator for individual visual dispersion. In line with our findings on visual exploration,
intraindividual entropy increased until the age of 37-38, before steadily declining (Figure 6C). Thus, visual
exploration strongly increased during the first two decades of life. Interestingly, this increase in individual exploration

was accompanied by a small initial decrease but subsequent increase in inter-observer similarity during adolescence.
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This indicates that from age 13-14 onwards, gaze distributions became both more dispersed at the individual level

and at the same time more canonical across observers (cf. Figure 6D).
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Figure 6. Protracted development of the horizontal bias and inter-observer similarity. (A) shows the average
proportion of horizontal fixations across age bins. (B) shows the average entropy of group-level fixation maps across
age bins. (C) shows the average entropy of observer-specific fixation maps across age bins. (D) shows fixation data
from observers aged 5-22 overlaid as colored circles on one example image. Colors correspond to age groups as
indicated by the colorbar (the same color coding is used in section B and C to indicate the age range). Note the lower
dispersion of hotter colors, indicating less dispersion on the group level for adult participants. All error shades indicate
+/- 1 standard error of the mean (SEM) and the dotted lines the best fitting polynomial. The lines above the x-axes
indicate the level of evidence for a given bin to be part of broad linear change via shades of grey, as shown in the inset
(sliding window analysis, cf. Linka et al., 2024).

Taken together, study 4 showed that gaze behaviour towards semantic object categories, as well as visual exploration

and saccadic visuo-spatial biases develop across the first two decades of life. At the same time, while visual

exploration increased on an individual level, gaze behaviour started to become more canonical across observers from

the early teenage years on.

6. Discussion
Research on gaze behaviour towards natural scenes has largely focused on the influence of image features on an
observer-general level. The aim of this thesis is to shift the focus towards studying potential gaze tendencies of the

observer. The findings presented here suggest that free viewing behaviour towards high-level image features depends

on distinct and systematic characteristics of the observer. Here we confirmed the relevance of two such
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characteristics: face processing ability and age. Below, | will examine these insights in more detail and discuss their
implications for potential underlying cognitive and neural mechanisms as well as for the development of the visual

system.
6.1. A continuous spectrum of semantic salience

Differences in gaze behaviour have been linked to various clinical conditions and abilities. For example, people with
ASD (Wang et al., 2015) or DP (Bobak et al., 2017), tend to focus less on social stimuli such as faces and eyes. In
study 1, we show that SRs — individuals with exceptional face identity processing abilities — exhibit a preference for
looking at faces and a reduced tendency to look at text or objects that have been touched. Study 3 indicates that
preschool children pay more attention to objects that have been touched and to faces, but significantly less to text.
Notably, across nearly all semantic dimensions, there is some degree of overlap between the specific groups being
tested and the control groups. In adults, we replicated stable individual differences across these semantic dimensions
(study 2; see also de Haas et al., 2019). These findings suggest an interesting characteristic regarding the distribution
of gaze tendencies. It seems that visual preferences for objects across several semantic properties are distributed
across a wide spectrum within the population. The maximum-to-minimum ratios of these preferences range from
1.37 for Motion to 2.47 for Text for a sample of 100 participants (see study 2). This spectrum, particularly in the
context of faces, is characterized by specific groups of individuals who cluster at opposite ends. Importantly, most of
these semantic gaze tendencies do not exist independently, but rather in a push-pull relationship (cf. de Haas et al.,

2019). That is, if I spend a lot of time focusing on faces, it is likely that I will spend less time looking at text.
6.2. Functional implications of fixation biases towards natural scenes

Recently, de Haas et al. (2019) have reported a correlation between the tendency to first fixate on faces and face
recognition performance. Others have shown reduced gaze towards faces in individuals with DP (Bobak et al., 2017)
and decreased face recognition abilities in those with ASD (Dawson et al., 2005). Along with the visual preference
for faces in SRs demonstrated in study 1, these results suggest a link between the ability to recognize faces and
enhanced gaze towards them. It is important to note that we did not explicitly test face recognition performance in
our control group. Consequently, we had limited statistical power to examine the link between visual salience and
face cognition skills, as we could only test a categorical rather than a graded relationship. Nevertheless, it is tempting
to speculate about a potential causal interplay between them. Do face recognition performance and face preferences
operate and evolve independently, or does one precede and reinforce the other? For instance, early preferences for
faces and eyes may lead to corresponding advantages in face recognition performance. At the same time, early
advantages in face identity processing might result in enhanced visual attention to faces. Interestingly, gaze behaviour
towards faces and face recognition abilities are both highly heritable (Constantino et al., 2017; Wilmer et al., 2011).
However, whereas heritability estimates for gaze behaviour towards social scenes are substantially higher for infants
(Constantino et al., 2017) compared to older children (9-14 years; Kennedy et al., 2017), those for face identity
processing performance seem to increase with age (Zhu et al., 2010). Future genetic research could investigate the
extent to which these genetic factors overlap and conduct longitudinal studies to examine how they interact with each

other and with experience over time.
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In study 1, we further showed that SRs fixate closer to a point just below the eyes, which has been identified as
optimal for face identification following a Foveated Bayesian Ideal Observer Model (Peterson & Eckstein, 2012).
This model relies on assumptions such as perfect symmetric foveation. SRs may adhere more closely to these
assumptions than controls, exhibiting more symmetric visual field geometries. This symmetry could result in fewer
compensatory eye movements when integrating facial information. Future research could investigate this further by

using psychophysical tests to measure acuity and crowding across the visual field in SRs compared to controls.

As noted earlier, evidence suggests that the influence of genetic factors on gaze behaviour towards social content
appears to decrease with age (Constantino et al., 2017; Kennedy et al., 2017). One possible explanation is that as
individuals age, genetic predispositions may increasingly be overtaken by learned gaze pattern. Prior research has
shown that basic oculomotor behaviour (Helo et al., 2014) and the influence of low-level image features (Acik et al.,
2010) undergo changes over time. May this also be true for high-level features? To test this, in study 2 we first
validated a short test that could capture most of the tested dimensions with acceptable re-test consistency. In study 3,
we then applied this test and found that gaze behaviour towards objects across different semantic dimensions varies
among age groups. Specifically, preschoolers look significantly less towards text compared to adults, suggesting that
literacy mediates attention towards text. Furthermore, children demonstrate a visual preference for objects that have
been touched and, albeit to a lesser extent, faces. In study 4, we then demonstrated that these changes in semantic
biases develop over decades. These findings lead to two main conclusions: First, a link between literacy and text
salience may indicate a broader functional relevance of gaze biases that extend beyond those towards faces as
discussed earlier; and second, the protracted development of these biases suggest that gaze towards semantic
information is remarkably plastic. What factors may drive these developments? Given that the emergence of text
salience occurs throughout much of an individual's educational trajectory, it is possible that literacy and reading
experience are key factors in driving text salience. This process could be self-reinforcing: As literacy improves, text
becomes a more frequent component of our visual diet, enhancing our salience for text and in turn further
strengthening literacy skills. Neither in study 3 nor in study 4 did we explicitly investigate the mediating effect of
literacy. Future research may therefore examine the development of gaze biases towards text longitudinally while

also assessing literacy development.

Furthermore, studies 3 and 4 indicate that gaze towards touched objects is more pronounced in preschoolers and takes
about 20 years to reach an adult-like state. One explanation for this may lie in the development of understanding
(inter-)actions among people and objects. Representations of typically occurring actions (e.g. a person throwing a
darts arrow) may develop with experiences. With increasing experience, adults may no longer need to fixate directly
on such regions, but extract semantic information from the periphery (Munneke et al., 2013). Children on the other
hand may have experienced a given (inter-)action (or its variations) less frequently and thus require more extensive
foveation of touched objects and hands in order to obtain sufficient information for action understanding. This may
be enhanced by the strong curiosity in children to learn about the functions and causal properties of new objects
(Chouinard, 2007; Gopnik, 1998). A hypothesis that could be drawn from this is that children might exhibit more
(re-)fixations between objects, agents and their interactions in order to better integrate their spatial and semantic

relationships. Interestingly, preliminary findings from our lab suggest that refixations indeed show a protracted
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decrease until the third decade of life. Future work may probe whether this development is a result of (re-)fixations
aimed at (inter-)actions or extends to other objects, potentially due to a protracted enhancement of visual working

memory (Luna et al., 2004).

Studies 3 and 4 additionally indicate that children spend more time focusing on faces, and that this preference for
faces gradually decreases until the early twenties. Surprisingly, we found an opposite developmental trend for face
preference for first fixations towards a scene. Children showed a lower proportion of first fixations (study 3), and it
takes approximately 20 years to reach a level similar to that of adults (study 4). At the same time, evidence suggests
that face identity processing matures over a similarly extended period (Germine et al., 2011). Together, we speculate
that these findings may point to two distinct mechanisms influencing the developmental paths of face preference: one
that is primarily bottom-up and captures attention immediately after the stimulus is presented. This mechanism may
show a stronger, perhaps more finely tuned, bias towards faces in adults, possibly reflecting their enhanced speed to
saccade towards faces (Borovska & de Haas, 2023; Crouzet et al., 2010), as well as the protracted development of
face recognition capabilities (Germine et al., 2011). A second mechanism, inferred from dwell time distributions,
might be influenced more by top-down processes and reflect adults' increased competition between text and other
semantic categories (de Haas et al., 2019). This mechanism could also perform a compensatory function; younger
individuals, with less mature face identity processing abilities, might dwell longer on faces to accumulate enough
visual information for face processing. Future studies could test these mechanisms by assessing the speed and
accuracy of early face-directed saccades in children and adults. Additionally, longitudinal research might investigate

the link between the development of (initial) face fixation tendencies and face recognition skills.

Beyond developmental differences in gaze towards object semantics, study 4 revealed a protracted increase of the
horizontal bias and a parallel decrease of the center bias. Interestingly, the developmental trajectory of the horizontal
bias remained when excluding images with text elements. This indicates that the development of the horizontal bias
is not merely an artifact of text fixations. An additional control analysis, which tested whether the correlation between
text salience and horizontal bias persists when controlling for age, suggests that the horizontal bias and text salience
develop independently of each other. The protracted changes in horizontal bias are consistent with recent studies,
which demonstrate that children and adolescents have a reduced sensitivity advantage for the horizontal meridian
when compared to adults (Carrasco et al., 2022, 2023). Future longitudinal research could clarify the link between
the development of this horizontal sensitivity advantage and the saccadic horizontal bias reported here. Moreover,
we could show that visual exploration develops in a protracted manner: Throughout the first twenty years, visual
exploration increases in a linear fashion before it slowly decreases until age 60. Surprisingly, at the same time we
found that from childhood until young adulthood gaze behaviour becomes more canonical. Thus, while individuals
appear to focus on more aspects of their visual environment as they grow older, they become more similar in doing
so. What might be a reason for this? With ongoing age, we may develop a shared understanding of objects and their
informative features. In infancy, there may be an initial visual preference for a limited number of objects (or
categories). These preferences may be highly individual as they are influenced by a person's learning history, genetic
makeup, or personal environment. As we move to out-of-home care, our visual interests may shift dramatically, yet

in a collective manner, potentially resulting in less idiosyncratic gaze patterns.
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6.3. A potential neural basis for gaze biases towards object semantics

Up to this point, the discussion has mostly focused on exploring potential cognitive mechanisms that might underlie

reported semantic gaze biases. What may be a potential neural basis?

It is well known that regions in the Ventral Temporal Vortex (VTC) are selective for object categories such as faces
(Kanwisher & Yovel, 2006), bodies (Downing et al., 2001), hands (Bracci et al., 2010), and words (McCandliss et
al., 2003). These category selective patches are located close to each other and seem to compete for cortical space
(Arcaro et al., 2017; Dehaene et al., 2010; Grill-Spector & Weiner, 2014; McCandliss et al., 2003). Interestingly,
Arcaro et al. (2017) demonstrated that face-deprived macaques show a decrease in gaze behaviour towards faces and
an increase in gaze towards hands, which is accompanied by the development of cortical regions for hands, at the
expense of those for faces. This indicates a link between gaze biases towards higher-level object features,
corresponding visual experiences and the competitive dynamics of high-level cortical areas. Notably, in our first
study, we observed that SRs show a visual preference for faces, but spent less time looking at touched objects and
text. Additionally, gaze biases towards faces are negatively correlated with those towards text and touched
objects/hands, as reported by de Haas et al. (2019). Future work may investigate whether semantic fixation biases in
SRs and neurotypical individuals are rooted in the functional organization of the ventral stream, reflecting a similar
competition for cortical territory. Given that variations in face selectivity within the Fusiform Face Area have been
linked to individual differences in face recognition performance (Furl etal., 2011), future research may test a potential

mediating role of face recognition ability.

The study by Arcaro et al., (2017) points to an interesting interplay between cortical and perceptual plasticity and
visual experiences in primates. For humans, a drastic change in their visual diet occurs with the onset of reading (see
above). A recent longitudinal study by Nordt et al., (2021) demonstrates that from the beginning of reading until the
ages of 15-17, areas of the VTC that previously preferred limbs start to show a preference for text (and faces). This
suggests a prolonged process of cortical recycling, which may be related to changes in visual diet (Kubota et al.,
2023; Nordt et al., 2021). Interestingly, these findings converge with the protracted increase in fixation bias towards
text elements and the parallel decrease in gaze to touched objects/hands observed in studies 3 and 4. This suggests a
link between the development of (competing) semantic gaze biases, changes in visual diet, and cortical recycling.
Future research may test this relationship in a longitudinal design assessing whether and how these factors interact
over time following the start of school. This could involve employing experience sampling methods such as mobile
eye tracking to monitor changes in visual diet and semantic salience, combined with neuroimaging and literacy
assessments. Recent longitudinal data demonstrate that the cortical development for face and text selectivity go hand
in hand with corresponding recognition performance (Nordt et al., 2023). Therefore, it would be interesting to also

examine whether object recognition abilities evolve in relation to changes in visual diet and semantic gaze tendencies.
6.4. Overall limitations

While specific study limitations are addressed throughout this discussion, some broader methodological

shortcomings will be outlined here. It is important to mention that all findings and their interpretations presented here
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derived from analysing eye movements towards static natural scenes (refer to Figure 1 for example stimuli). Although
natural scenes tend to be more ecologically valid than highly controlled stimuli, they (1) typically constitute a
relatively small portion of our visual field, (2) evoke only a limited sense of immersion and (3) lack motion and
auditory elements, both of which can influence gaze behaviour (Coutrot & Guyader, 2014; Dorr et al., 2010; Mital
et al., 2011). Furthermore, we presented images for either 2 or 3 seconds each. Yet, fixation dynamics change as a
function of viewing time (Pannasch et al., 2011; Linka & de Haas, 2023), perhaps due to a change in experimental
pace (Linka & de Haas, 2023). The reported variations in gaze behaviour may thus alter with changing viewing
duration. Additionally, all present findings are based on free viewing data. As mentioned earlier, previous research
has demonstrated that (top-down) goal-oriented tasks affect eye movements (e.g. Castelhano, 2008; Hayhoe &
Ballard, 2005). Exploring the effects of age and enhanced face recognition abilities on goal-driven tasks like visual
search is an interesting avenue for future research. Finally, in studies 3 and 4, we examined developmental effects
through a cross-sectional approach which risks blending purely age-related differences with generational effects.
Therefore, the longitudinal studies mentioned earlier are essential for accurately monitoring and understanding

individual developmental trajectories over time.

6.5. Conclusion

This thesis begins with us imagining a friend who saw a stop sign directly ahead of us, which we failed to notice.
The outcomes of the four studies presented here provide evidence that gaze behaviour towards natural scenes may
be driven not only by bottom-up, top-down influences and generic visuo-spatial biases, but also by traits of the
observer. Specifically, we found that gaze behaviour towards high-level object attributes is highly individual across
the population and atypical within certain cohorts, covering a spectrum of semantic gaze biases. Thus, one reason for
my overlooking of a stop sign might trace back to a particular characteristic of mine — perhaps | am at the lower end
of a text salience spectrum. But why? We speculate that face recognition ability, literacy, and action understanding
may be related to fixation tendencies towards higher-level object attributes, which unfold in a protracted manner
throughout the lifespan. These developmental shifts might coincide with changes in our visual diet, ultimately
resulting in a more canonical gaze pattern. Therefore, age differences between me and my friend, as well as an
enhanced face recognition ability may lead me to focus more on faces at the expense of text. Recent
neurodevelopmental studies further suggest an extended development of high-level cortical areas, accompanied by
cortical recycling that aligns with our behavioural findings. A pressing open question, thus, is how these neural
developments connect to changes in visual diet and semantic salience reported here, and how these are mediated by

functional factors like face recognition and literacy.
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Neurotypical observers show large and reliable
individual differences in gaze behavior along several
semantic object dimensions. Individual gaze behavior
toward faces has been linked to face identity processing,
including that of neurotypical observers. Here, we
investigated potential gaze biases in Super-Recognizers
(SRs), individuals with exceptional face identity
processing skills. Ten SRs, identified with a novel
conservative diagnostic framework, and 43 controls
freely viewed 700 complex scenes depicting more than
5000 objects. First, we tested whether SRs and controls
differ in fixation biases along four semantic dimensions:
faces, text, objects being touched, and bodies. Second,
we tested potential group differences in fixation biases
toward eyes and mouths. Finally, we tested whether SRs
fixate closer to the theoretical optimal fixation point for
face identification. SRs showed a stronger gaze bias
toward faces and away from text and touched objects,
starting from the first fixation onward. Further, SRs
spent a significantly smaller proportion of first fixations
and dwell time toward faces on mouths but did not
differ in dwell time or first fixations devoted to eyes.
Face fixation of SRs also fell significantly closer to the
theoretical optimal fixation point for identification, just
below the eyes. Our findings suggest that reliable
superiority for face identity processing is accompanied
by early fixation biases toward faces and preferred
saccadic landing positions close to the theoretical
optimum for face identification. We discuss future
directions to investigate the functional basis of
individual fixation behavior and face identity processing
ability.

Institute of Psychology, Lausanne, Switzerland

X

Gaze behavior is traditionally studied via
investigations emphasizing commonalities among
observers. More recent studies, on the other hand, have
shifted toward understanding individual differences,
and they have revealed substantial reliable idiosyncratic
patterns across observers. For example, neurotypical
observers’ oculomotor behavior is characterized
by stable interindividual differences in general
oculomotor parameters (i.e., saccades, anti-saccades,
smooth pursuit) (Bargary, Bosten, Goodbourn,
Lawrance-Owen, Hogg, & Mollon, 2017), as well as
visual saliency, or fixation biases for distinct semantic
categories, such as faces or text (de Haas, Iakovidis,
Schwarzkopf, & Gegenfurtner, 2019; Kanan, Bseiso,
Ray, Hsiao, & Cottrell, 2015; Linka & de Haas, 2020).

For faces specifically, neurotypical observers also
exhibit reliable idiosyncratic fixation biases (i.e., fixation
preferences for specific parts of the face) (Arizpe,
Walsh, Yovel, & Baker, 2017; Mehoudar, Arizpe,
Baker, & Yovel, 2014; Stacchi, Liu-Shuang, Ramon, &
Caldara, 2019). Interestingly, a Bayesian foveated ideal
observer model predicts a location just below the eyes
as optimal for sampling identity information from the
face (Peterson & Eckstein, 2012), but such face-specific
sampling biases nevertheless are not generally predictive
of observers’ behavioral proficiency. Although most
observers fixate close to this optimal location (Peterson
& Eckstein, 2012), deviations from this appear to
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reflect individually optimal behavior (Peterson &
Eckstein, 2013), either reflecting retinotopic tuning
biases (de Haas, Schwarzkopf, Alvarez, Lawson,
Henriksson, Kriegeskorte, & Rees, 2016; de Haas,
Sereno, & Schwarzkopf, 2021; Poltoratski, Kay, Finzi,
& Grill-Spector, 2021) or prioritized processing of the
facial information that is most diagnostic for a given
observer (Stacchi et al., 2019).

Investigations of gaze behavior in special
populations, on the other hand, are often characterized
by more heterogeneous findings. For example,
individuals with autism have been reported to exhibit
an abnormally low tendency to fixate faces (Amestoy,
Guillaud, Bouvard, & Cazalets, 2015; Constantino et
al., 2017), or specific facial features (Tanaka & Sung,
2016). However, developmental changes have also
been reported (Fedor, Lynn, Foran, DiCicco-Bloom,
Luna, & O’Hearn, 2018), and, more generally, “a large
inconsistency in findings” (Tang, Falkmer, Horlin,
Tan, Vaz, & Falkmer, 2015, in response to Weigelt,
Koldewyn, & Kanwisher, 2012) may be observed. At
the same time, investigating the traits of extreme groups
can offer significant power advantages over random
samples of comparable sizes (de Haas, 2018), and
studies of rare neuropsychological cohorts continue to
advance our understanding of brain functioning (e.g.,
Avidan & Behrmann, 2021; Geskin & Behrmann, 2018;
Ramon, 2018; Rossion, 2014). A finding of particular
interest for the present study is that deviations from
the theoretically optimal fixation location on faces do
not appear to reflect individually optimal behavior in
observers suffering from developmental prosopagnosia
(Peterson, Zaun, Hoke, Jiahui, Duchaine, & Kanwisher,
2019). Specifically, a tendency to fixate lower on the
face may be detrimental to face perception in these
participants.

The present study investigated visual saliency in
a unique observer cohort: Super-Recognizers (SRs),
individuals with superior skills for processing facial
identity information (Ramon, 2021; Ramon et al., 2019;
Russell, Bobak, & White, 2009). To date, only one study
has compared the gaze behavior of SRs to that of
controls and reported reduced visual attention toward
bodies and an increased dwell time on inner facial
features, especially the nose (Bobak, Parris, Gregory,
Bennetts, & Bate, 2016). At the same time, this study
reported no significant difference in the overall salience
of faces, suggesting that SRs may differ in the way they
look at faces rather than their tendency to do so overall.
We surmised that at present visual saliency in SRs had
not been sufficiently addressed for two methodological
reasons at least.

First, in the study by Bobak et al. (2016), observers’
gaze patterns were determined based on free viewing
of only 20 images of social scenes. Recent findings
suggest that a minimum of 40 to 100 images are
required to establish reliable estimates of individual
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observers’ fixation biases (Linka & de Haas, 2020).
Therefore, the study by Bobak et al. (2016) may

have lacked the sensitivity necessary to identify

stable idiosyncratic fixation biases. Furthermore,
previous results have shown a correlation between face
recognition performance and the specific tendency of
the first fixation (the immediate saccade after image
onset) to land on faces (de Haas et al., 2019), a measure
that was not investigated in the study by Bobak and is
particularly dependent on an adequate number of trials
(Linka & de Haas, 2020).

Second, the individuals reported by Bobak et
al. (2016) were identified as SRs based on their
performance of a well-established measure of face
recognition (i.e., the ability to locate experimentally
learned among novel identities). That is, establishing
their SR status did not include formal and isolated
assessment of potentially superior face perception (i.e.,
simultaneous matching of face images portraying the
same vs. discrimination from other identities). This may
have reduced the sensitivity to find differences compared
with controls for the following reason: Superiority
in face recognition could reflect (domain-specific or
-general) mnemonic capacities that need not necessarily
coincide with superior perceptual skills. Therefore, it
remains to be determined whether SRs that present
with superiority in face perception, or face perception
and recognition, exhibit atypical biases in visual salience
toward faces.

In this study, we investigated natural information
sampling in a group of SRs recently identified using a
novel and conservative diagnostic framework (Ramon,
2021). Contrary to previous studies that identified
SRs based on a performance on a single test of
face (re)cognition (e.g., Bobak et al., 2016; Phillips
et al., 2018), the cases reported by Ramon (2021)
excelled across a number of highly challenging tests
of face identity processing (assessing perception and
recognition). Recent findings suggest that SRs identified
in this manner utilize the same bandwidth of spatial
frequency information for identity matching as typical
observers but do so more consistently (Nador, Zoia,
Pachai, & Ramon, 2021). Moreover, they encode novel
facial identities in a viewpoint-invariant manner that
facilitates later (surreptitiously solicited) recognition in
a more consistent manner (Nador, Vomland, Thielgen,
& Ramon, 2022), and regardless of face memorability
(Nador, Alsheimer, Gay, & Ramon, 2021).

The present study sought to answer three main
questions. First, we aimed to determine whether SRs
show enhanced visual preference for faces compared
to other observers. To this end, we compared the
gaze behavior of SRs and controls exhibited during
free-viewing of 700 complex scenes (with detailed
metadata for visual object categories) (Xu, Jiang, Wang,
Kankanhalli, & Zhao, 2014) using a paradigm that
provides highly reliable estimates of individual saliency
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biases for various semantic dimensions including
faces (de Haas et al., 2019). Second, we specifically
investigated potential fixation differences for first
fixations after image onset (i.e., landing position of the
first saccade), which are thought to be dominated by
bottom-up processing and more difficult to suppress
than immediate saccades directed toward other stimulus
categories (Crouzet, Kirchner, & Thorpe, 2010; de
Haas et al., 2019). Third, and finally, using enhanced
annotations for facial features in the stimuli (Broda &
de Haas, 2022), we investigated observers’ face fixations
in greater detail to compare the way in which SRs and
controls fixate faces. Specifically, we compared groups
regarding their distance between (first) face fixations
and the face region just below the eye, which is optimal
for face identity processing according to a foveated
Bayesian ideal observer model (cf. Peterson et al., 2019).
To preview our findings, SRs showed a significantly
stronger tendency to fixate faces and significantly
reduced fixation tendencies for text and objects being
touched. These biases were already present for first
fixations. Furthermore, SRs showed a tendency to
fixate faces differently than controls, as they devoted a
significantly smaller proportion of their face fixations
toward mouths and fixated closer to the theoretically
optimal landing point just below the eyes.

Observers

In total, 53 healthy observers with normal or
corrected-to-normal vision took part in this study. All

Demographics

Linka et al.

Face perception

observers provided written informed consent, and all
research procedures were approved by the respective
local ethics committees (approval nos. 473 and 486,
University of Fribourg; approval no. 2018-0051,
University of Giessen) and adhered to the tenets of the
Declaration of Helsinki.

SRs (n = 10; Mg = 36.10 years; SD = 7.28; one
left-handed; five females) (Table 1) were recruited from
a larger, recently assembled cohort of SR individuals
(Ramon, 2021) and received no reimbursement for
participation. SR status was ascertained according to
the criteria and cut-offs defined recently by Ramon
(2021). In brief, the superior face identity processing
abilities of SRs were determined via achievement of
high scores in at least two of three demanding tests
probing processing of facial identity: the 40-item long
form of the Yearbook Test (YBT) (Bruck, Cavanagh,
& Ceci, 1991; Fysh, Stacchi, & Ramon, 2020; Stacchi
et al., 2020) and the Facial Image Card Sorting Test
(FICST) (Fysh et al., 2020; Jenkins, White, Van
Montfort & Burton, 2011; Stacchi et al., 2020) as
measures of face perception (i.e., matching), and the
102-item version of the Cambridge Face Memory Test
(CFMT+) (Russell, Duchaine, & Nakayama, 2009)
as a measure of face recognition (i.e., learning and
memory).

The control sample (n = 43; My, = 23.37 years; SD
= 4.19; three left-handed; 33 females) was comprised
of observers who were recruited at Justus-Liebig
University Giessen (Germany) and were compensated
with course credit or received payment (7€/hr) for
participation. Control observers were recruited as pairs
of friends and completed several other questionnaires
and tasks that were unrelated to the present study (for
which the pairing was also irrelevant).

Face fixation bias

FICST score Face recognition
(piles + errors —2) YBT long raw score CFMT+ raw score Dwell First
Code Gender Age (y) Handedness (Max: 0) (Max: 35) (Max: 102) time (%) fixations (%)
uc1 M 42 R 0 20 92 30 37
FW1 M 32 R 1 22 97 30 44
NC1 F 41 R 7 17 92 42 35
PT1 F 33 R 0 17 78 50 52
MB2 F 45 L 0 18 96 32 42
AM1 F 31 R 0 17 99 36 46
Vz1 M 24 R 6 21 90 32 36
MB1 M 34 R 0 20 97 38 43
GP1 M 47 R 7 15 99 32 40
CB1 F 32 R 2 20 87 31 42

Table 1. Demographics and performance of recruited Super-Recognizers. The table provides information on demographics (gender,
age, and handedness) and scores for three tests of face cognition, as well as fixation biases toward faces. SRs were recruited based on
the diagnostic framework proposed by Ramon (2021).
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Figure 1. Example stimuli with pixel masks. Example stimuli with overlaid pixel masks for objects of the semantic categories: Faces
(red), Eyes (blue), Mouths (green), Bodies (violet), Touched (cyan), and Text (yellow). All images were presented without pixel masks.

Apparatus

The free-viewing task was created and implemented
with Psychtoolbox 3.0.12 (Kleiner, Brainard, Pelli,
Ingling, Murray, & Broussard, 2007; Pelli, 1997)
in MATLAB R2019a (MathWorks, Natick, MA).
Controls saw the stimuli presented on an ultra-
high-definition monitor (3840 x 2160 resolution;

LG Corporation, Seoul, South Korea) and SRs on

a SyncMaster 2233RZ 3D liquid-crystal display
monitor (1680 x 1050 resolution; Samsung Electronics,
Suwon-si, South Korea). Eye tracking data from the
left eye were measured with a tower-mounted EyeLink
1000 (SR Research, Kanata, Ontario, Canada) at a
frequency of 1 kHz.

Stimuli and procedure

The free-viewing task included 700 images of
everyday scenes, each showing multiple potentially
dominant objects (Xu et al., 2014). Most of the scenes
contained objects of multiple semantic dimensions. The
images were displayed at a resolution of 1200 x 900
pixels and 31.5 x 23.6 degrees of visual angle (DVA),
with a viewing distance of 62 cm (SR sample), and at a
resolution of 2400 x 1800 pixels and 34.3 x 25.7 DVA,
with a viewing distance of 55 cm (control sample).
Semantic metadata for the full stimulus set included
binary pixel masks for 5551 objects and corresponding
labels for 12 semantic dimensions (OSIE dataset) (Xu
et al., 2014), as well as the additional 6365 masks
and labels for 10 semantic labels that came with the
OSIEpeson dataset (Broda & de Haas, 2022) (see Figure
1 for example pixel masks). To reduce overlap between
labels, the Smell 1abel was removed from all objects
with the label 7ext, the labels Operable and Gazed were
removed from all objects with the Touched label, and
the Watchable 1abel was removed from all objects with
the label Text (cf. de Haas et al., 2019; Linka & de Haas,
2020).

After completing a nine-point calibration and
validation procedure, participants were instructed to

freely view seven blocks of 100 images each. Each
image was presented for 2 seconds before a self-paced
fixation cross appeared. The appearance of the next
image could then be initiated by the participant by
pressing the spacebar. The order of image presentation
was identical across groups and participants.

Analysis

Data processing

Statistical analyses were performed with MATLAB
R2019a. To ensure that only object-specific fixations
were included, all onset fixations and fixations
that could not be assigned to an object label were
disregarded. Following de Haas et al. (2019) and Linka
& de Haas (2020), fixations that fell within ~0.5 DVA
from a labeled object were assigned the respective
attribute label. When a fixation fell within ~0.5 DVA
between two or more labeled objects, we assigned all
respective object labels. Fixations were defined using the
standard settings of the EyeLink parser, and fixations
with a duration below 100 ms were removed (following
the manufacturer’s recommendations). Data and code
allowing the reproduction of all presented results and
figures can be downloaded from the Open Science
Framework (https://osf.io/bdafk/).

Bootstrapping

To test group differences between SRs and the control
group, we applied a nonparametric bootstrapping
approach. This method maximizes statistical power and
controls the risk of type 1 errors for unequal group sizes.
In each iteration, we pooled individual fixation data
across all 53 observers and drew a random subsample of
n = 10 from the pooled sample. After this, we calculated
the statistic of interest from the given fixation data.
This procedure was repeated 10,000 times, resulting in
a sampling distribution consisting of 10,000 bootstrap
estimates. Under the null hypothesis (no systematic
difference between SRs and controls), the SR sample
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characteristic is not expected to be extreme relative to
this bootstrapped null distribution. Therefore, the p
value for the observed statistic of interest for the SR
group was calculated as the proportion of random
draws from the pooled groups that lay below or above
that value.

Visual saliency across four semantic dimensions

We investigated group differences in visual saliency
along four semantic dimensions: Faces to test the
hypothesis of altered face saliency in SRs; 7Text and
Touched, because they have previously shown a strong
anti-correlation with individual face saliency (de
Haas et al., 2019); and Bodies, for which Bobak et
al. (2016) reported reduced fixation behavior in SRs.
Note that most scenes included objects of multiple
semantic categories; hence, fixations toward specific
dimensions can lead to fewer fixations toward objects
of competing semantic categories. Nevertheless, some
dimensions of semantic salience have been found to
correlate positively with each other for these images
(de Haas et al., 2019). We first computed individual
cumulative fixation times across fixations toward all
labeled objects. The proportion of time spent on a
given semantic attribute (cumulative dwell time ratio)
was then determined for each subject. Additionally,
we computed the proportion of first fixations toward
objects of a given semantic dimension after image
onset for each individual (first fixation ratio). To
test group differences, we then pooled participants
across groups and bootstrapped a null distribution
of mean fixation ratios, against which we compared
the observed value for SRs (see above). This was
repeated for each dimension, and the corresponding
p values were adjusted for the four semantic
attributes using the Holm-Bonferroni correction
(Holm, 1979).

Differences in fixation behavior toward inner
face regions

Tendency to fixate eyes and mouths

To test whether SRs and control participants
differed in their tendency to fixate Eyes and Mouths
(Bobak et al., 2016), we first excluded all faces with an
eye-to-mouth distance below 2.5 DVA. This was done
to avoid inconclusive assignments of fixations to both
eyes and mouths (due to the margin of tolerance), as
well as false positives due to calibration inaccuracy.
After that we calculated the cumulative fixation time
on faces for each participant to then determine the
individual proportion of this face fixation time spent
on Eyes and Mouths. Further, we computed the
individual proportions of fixations toward Eyes and
Mouths among the first fixations landing on a given
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face (note that here we analyzed first fixations toward
each observed face in a scene). Again, group differences
were tested for statistical significance by bootstrapping
the group mean for random samples drawn from all
participants and comparing the observed mean for
SRs against this null distribution (see above). Again, p
values for Eye and Mouth fixations were adjusted using
the Holm—Bonferroni correction (Holm, 1979).

Deviation from optimal fixation location for face identity
processing

To investigate whether SRs tend to fixate closer
to the ideal fixation location for identification just
below the eyes, as predicted by a foveated Baysian ideal
observer model (cf. Peterson & Eckstein, 2012), we
first again removed all fixations with an eye to mouth
distance of below 2.5 DVA. We then calculated the
approximate optimal fixation point for each fixated
face by calculating the point that lay at a height of
70% along the direct line connecting the centroids of
mouth and eyes (Peterson & Eckstein, 2012, figure
5B). Finally, we projected each face fixation of each
observer onto this connecting line and calculated its
distance from the optimal location along this line
normalized as percentages from the distance from the
respective mouth centroid to the ideal fixation point. We
then compared the resulting mean distances for each
observer across groups, again bootstrapping the group
mean for random samples drawn from all participants,
and we compared the observed mean for SRs against
this null distribution. We applied the Holm—Bonferroni
correction (Holm, 1979) to adjust p values for first
fixations and all fixations.

Salience differences across object categories

First, we tested whether SRs would show higher
cumulative dwell time and first fixation ratios for
Faces than controls and reduced dwell time and first
fixation ratios toward Text, Touched objects, and
Bodies. Figure 2 shows individual gaze tendencies for
each SR (red lines), superimposed on raincloud plots
(Allen, Poggiali, Whitaker, Marshall, van Langen, &
Kievit, 2019) of the distribution for controls. Figure 3
shows the bootstrapped null distributions of random
sample means drawn from all participants (pooled
across groups), with the observed mean of the SRs
superimposed as a red line.

Bootstrap analyses confirmed that SRs spent more
time fixating Faces than did the controls (pgyr < 0.01).
Further, SRs showed lower cumulative dwell-time ratios
for the dimension Text (prwe < 0.05) and Touched
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Figure 2. Individual gaze tendencies toward four semantic dimensions. (A-D) Right-hand leaves show the distributions of the control
group for percent first fixations (green) and percent cumulative dwell time (gray) along each semantic dimension. Dots depicted in
the left-hand raincloud plots indicate the corresponding individual data for each control subject. Superimposed red lines refer to the

fixation ratios for each SR.

(rwe < 0.01) compared with the control group.
Further, SRs and controls did not differ in dwell time
proportion toward Bodies (prwe = 0.27). Similar results
were found for analyses testing group differences in the
proportion of first fixations; SRs spent a significantly
larger proportion of first fixations on Faces than did the
control group (prwr < 0.01). Further, SRs directed a
smaller proportion of first fixations toward Text (prwe
< 0.01) and Touched objects (prwe < 0.01) compared
with the control group. SRs did not differ from controls
in the proportion of first fixations toward Bodies
(prwe = 0.42).

Correlations between face cognition performance and
visual saliency

Previous research has shown a correlation between
the tendency to direct first fixations toward faces
and CFMT performance in controls (de Haas et al.,
2019). To test whether variance in face saliency is also
associated with enhanced face cognition performance

within the group of SRs, we computed two Pearson’s
correlations: (1) between observers’ face cognition
performance composite scores (across CFMT+, YBT
long, and FICST) (cf. Nador et al., 2022) and percent
dwell time toward faces, and (2) between their composite
score and percent first fixations toward faces. The results
show no significant correlation between face cognition
performance and percent dwell time (if anything a
negative trend; » = —0.63, pryr = 0.10) or percent first
fixation (r = —0.07, ppwe = 0.85). Note, that the limited
sample size of SRs (n = 10) and the reduced variance
in this group implied an extremely limited sensitivity of
our design for this exploratory analysis.

Differences in the tendency to fixate eyes and
mouths

Given that SRs exhibited a stronger tendency to
fixate faces compared with controls, we next probed
whether SRs and control participants differed in how
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Figure 3. Group difference in gaze tendency across four semantic dimensions. (A—D) Bootstrapped null distributions of 10,000 random
sample means drawn from all participants (pooled across groups) for percent first fixations (green) and percent of cumulative dwell
time (gray). The superimposed red lines refer to the observed mean percent first fixations and mean percent cumulative dwell time of
SRs for each given semantic dimension. *p < 0.05, **p < 0.01, ***p < 0.001 (Holm—Bonferroni corrected; see Methods).

they fixated faces. We first tested group differences in
the proportion of cumulative fixation time spent on
faces that was directed toward Eyes and Mouths. Figure
4 shows bootstrapped mean distributions and the
respective observed mean values from SRs for mean
cumulative dwell-time ratios and first fixation ratios
toward Eyes and Mouths. SRs spent significantly less
time fixating Mouths when looking at a face than
did controlse (pryr < 0.05). This was also true when
considering the proportion of first fixations toward
faces (prwe < 0.01). SRs and controls did not differ
in percent dwell time (pgyr = 0.30) and percent first
fixation (ppwr = 0.33) spent on Eyes.

Differences in face fixations toward the
theoretical optimal fixation point

To test whether SRs compared with controls fixate
closer to the optimal fixation point for identification, as

predicted by an ideal Bayesian foveated observer model
(Peterson & Eckstein, 2012), we computed the mean
distance between (first) face fixations and the respective
estimated optimal landing point for each observer.
Compared with controls, SRs fixated significantly
closer to the estimated optimal fixation point (prpr <
0.01). This also held for first fixations toward a given
face (prwe < 0.01). Figure 5 shows the distribution of
first fixations and all fixations toward faces for SRs and
control subjects, as well as the average distance from the
ideal fixation point for SRs and controls.

Previous studies revealed that neurotypical observers
exhibit reliable idiosyncratic gaze biases toward
specific semantic stimulus categories and that their
tendency to immediately fixate a face within a scene is
correlated with face recognition ability (de Haas et al.,
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Figure 4. Fixations toward eyes and mouths. (A, B) Left-hand sides show the distributions of the control group for percent first
fixations (green) and percent cumulative dwell time (gray) for fixations toward (A) eyes and (B) mouths relative to the amount of time
spent looking at faces. Dots depicted in the left-hand raincloud plots indicate the corresponding individual data for each control
subject and red lines indicate the fixation ratios for each SR. Right-hand sides show bootstrapped null distributions of 10,000 random
sample means drawn from all participants (pooled across groups) for percent first fixations (green) and percent of cumulative dwell
time (gray), respectively, for fixations toward (A) eyes and (B) mouths. The superimposed red lines refer to the corresponding
observed mean of SRs. *p < 0.05, **p < 0.01, ***p < 0.001 (Holm—Bonferroni corrected; see Methods).

2019). Extending this work, here we examined visual
saliency in Super-Recognizers (SRs), individuals with
exceptional face identity processing skills (Ramon,
2021; Ramon et al., 2019; Russell et al., 2009). To this
end we registered oculomotor behavior of 10 SRs
and 43 controls. Observers freely viewed 700 unique
naturalistic scenes, depicting over 5000 objects, which
were individually annotated by manually created pixel
masks (Xu et al., 2014).

First, we tested whether SRs show enhanced dwell
time proportions toward faces relative to objects of
other semantic categories. Our findings show that
SRs spend a significantly larger proportion of their
dwell time fixating faces and a significantly smaller
proportion of time fixating touched objects and text

compared with controls. SRs and controls did not differ
in proportion of dwell time spent on bodies.

We sought to further scrutinize these observations
through a targeted analysis focusing on the proportion
of first fixations executed after image onset. This
revealed that, compared with controls, SRs showed
a significantly stronger tendency to fixate faces
immediately after image onset and directed a
significantly lower proportion of initial fixations toward
touched objects and text. In line with the findings for
overall dwell time, again there was no group difference
in fixations toward bodies.

Moreover, we did not find a significant correlation
between the SRs’ face cognition performance and their
tendency to (first) fixate faces; if anything, the opposite
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Figure 5. Results for the stimulus category Faces. (A) Heatmaps showing the distribution of first fixations (top row) and all fixations
(bottom row) on all observed faces with an eye-to-mouth distance > 2.5 DVA superimposed over an example image (selected from
one stimulus used in the free-viewing task). The heatmap was horizontally compressed to match the example face. Heatmaps on the
left-hand side show fixation data from controls, maps on the right-hand side show fixations from SRs. All face fixation coordinates
were normalized to the horizontal (X) and vertical (Y) extent of the respective observed face. Warmer colors indicate higher density of
fixations. (B) Average of relative distances from ideal fixation point for first fixations (top row) and all fixations (bottom row) toward
faces with an eye to mouth distance >2.5 DVA for each observer. Distances from the ideal fixation point just below the eyes (Peterson
& Eckstein, 2012) were calculated for each face and fixation, normalized as percentages from the distance from the respective mouth
centroid to the ideal fixation point and then averaged for each observer. The resulting mean distances for controls are shown on the
left-hand side, those for SRs on the right-hand side. See Methods for further details.

trend for dwell time was observed. Importantly,
however, these results must be interpreted with caution.
We acquired data on face processing abilities only from
SRs, and the small size of this group (n = 10) together
with reduced variance within this group implies a lack
of statistical power and a high probability of type 2
errors. Thus, although our data provide strong evidence
for heightened face salience in SRs compared with
controls, it cannot provide reliable evidence regarding
the question of associations between face salience and
recognition performance within this group. Together,
our results indicate that SRs show characteristic fixation
biases that differ from those shown by neurotypical
controls.

Atypical saliency in relation to previously
reported fixation behavior in SRs

Our findings differ from and extend the results from
the only previous study on natural scene viewing in
SRs in several important ways. Most strikingly, we

found a significantly enhanced gaze tendency toward
faces in SRs than control subjects, whereas no such
effect was reported in the previous work (Bobak et al.,
2016). These seemingly contradictory findings may be
explained by procedural differences between studies.

First, the present study involved a more sensitive
measurement (700 vs. 20 images in Bobak et al.,
2016); recent findings suggest that a minimum of
40 to 100 images are necessary to reliably capture
salience biases toward complex scenes (Linka & de
Haas, 2020). Additionally, the SR individuals tested
here were identified using a more stringent diagnostic
framework (Ramon, 2021), which involves the use of
a combination of the most challenging tests of face
perception and recognition (vs. a single recognition test,
as in Bobak et al., 2016).

Further, we analyzed overall dwell time, as well as
first fixations. We report increased proportions of first
fixations toward faces in SRs versus controls. These
findings match recent evidence reported by de Haas
et al. (2019) showing that individual differences in the
proportion of first fixations toward faces correlate
with face recognition performance in typical observers,
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pointing to potential differences in bottom—up salience
processing.

Finally, Bobak et al. (2016) found that SRs spent a
significantly lower proportion of dwell time fixating
bodies. We investigated further types of objects known
to be highly salient and found no group difference for
bodies but a significant tendency for SRs to fixate
text and touched objects less. This is in line with the
anti-correlation between individual saliency for faces,
on the one hand, and text and objects being touched,
on the other, which has been described for controls (de
Haas et al., 2019). The general nature of this push—pull
mechanism may point to SRs being at the extreme
end of a general and continuous space of individual
saliency, rather than showing a gaze behavior that is
qualitatively different from controls.

SRs and the continuous spectrum of face
salience

Together with previous work, the present findings
draw a heterogenous picture of visual salience biases in
the population. Across neurotypical observers, there
seems to be large variability in the tendency to attend
faces (de Haas et al., 2019). Certain cohorts, such as
patients with autism spectrum disorder (ASD) (Wang,
Jiang, Duchesne, Laugeson, Kennedy, Adolphs, &
Zhao, 2015) or developmental prosopagnosia (DP)
(Bobak et al., 2016), show reduced visual salience
toward social stimuli such as faces, already in infancy
(Constantino et al., 2017), as well as large deficits in face
identity processing (Bowles et al., 2009; Griffin, Bauer,
& Scherf, 2021). Notably, although most patients with
ASD or DP show atypical gaze behavior toward faces,
the extent can vary idiosyncratically across individuals
(Pantelis & Kennedy, 2017). Here, we show that the
superior face identity processing skills of SRs (Ramon,
2021; Ramon et al., 2019; Russell et al., 2009) can go
along with enhanced salience for faces. However, we
also observe large individual differences in gaze biases
among SRs. Moreover, our preliminary findings show
no significant association between fixations tendency
toward faces and face processing ability within the
group of SRs. This suggests that enhanced face
salience is a common but most likely neither necessary
nor sufficient ingredient for superior face identity
processing skills. Taken together, on a population
level, individual face salience seems to fall on a wide
spectrum, with specific groups showing a tendency to
cluster at either end rather than differing qualitatively
from controls. This resembles the large individual
differences reported for face identity processing skills
(e.g., Bobak, Jones, Hilker, Mestry, Bate, & Hancock,
2022; Fysh & Bindemann, 2018; Fysh & Ramon, 2022;
Fysh et al., 2020; Stacchi et al., 2020; Stanti¢ et al.,
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2021; Stanti¢, Ichijo, Catmur, & Bird, 2022; Wilmer,
2017).

Functional implications of atypical saliency in
SRs

Given the higher face saliency in SRs versus controls
reported here, it is tempting to speculate about a
potential causal relationship between individual face
salience and (superior) face identity processing.

Do inherent visual face biases affect face identity
processing skills, or vice versa? As mentioned above, the
contingency between the two is not perfect, as not all
SRs show enhanced face salience and not all individuals
with high face salience are SRs. Nevertheless, increased
(early) face salience may promote social interaction via
mutual reinforcement leading to advanced processing
of facial information. This idea is partly consistent
with data showing an association between extraversion
and individual differences in face identity processing
(Li, Tian, Fang, Xu, Li, & Liu, 2010). It also matches
theories on learning style that explain difficulties in face
processing in autism (Qian & Lipkin, 2011). Future
research may investigate whether early tendencies to
attend faces develop into corresponding levels of face
identity processing abilities.

Recent twin studies in infants and children have
shown strong heritability for individual face fixation
biases (Constantino et al., 2017; Kennedy, D’OnofTrio,
Quinn, Bolte, Lichtenstein, & Falck-Ytter, 2017).

On the other hand, further twin studies have shown
that face identity processing abilities are heritable,

as well (Wilmer et al., 2010; Zhu et al., 2010). Some
studies provide evidence that face identity processing
performance, as well as its genetic component, increases
from preschool until adolescence (Germine, Duchaine,
& Nakayama, 2011; Zhu et al., 2010). Together with
the evidence for heritable gaze biases in infants, this
suggests that individual salience biases may be innate
and contribute to the later development of face identity
processing abilities.

Retinotopic feature-location biases in SR face
fixation behavior

To probe the fixation behavior of SRs within the
semantic category of faces, we compared the proportion
of dwell time and first fixations toward eyes and mouths
between SRs and controls. We found that when fixating
a face, compared with controls SRs fixated mouths
significantly less and did not differ in the tendency to
fixate eyes. The same pattern of results emerged when
only the first fixation toward faces was considered.
Moreover, we found that SRs fixated faces closer to
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a region just below the eyes, which, according to a
Bayesian ideal foveated observer model, is optimal for
face identification (Peterson & Eckstein, 2012). This
converges with the report by Bobak et al. (2016) of an
increased fixation tendency toward noses in SRs versus
typical observers (cf. Bennetts, Mole, & Bate, 2017).
Interestingly, individual variance around this theoretical
optimum has previously been shown to be individually
optimal (Peterson & Eckstein, 2013), except for some
observers suffering from developmental prosopagnosia
(Peterson et al., 2019).

It is tempting to speculate that SRs may have
face templates or visual field layouts aligning their
individually optimal (and preferred) fixation locations
more closely with the theoretical optimum than is
the case for neurotypical controls. Further studies
using forced fixation paradigms (Peterson & Eckstein,
2013) and more accurate, face-specific Bayesian model
predictions of optimal fixation locations are required to
test this. Furthermore, the stereotypical gaze behavior
of SRs seems aligned with visual field tuning for the
recognition of isolated facial features (de Haas &
Schwarzkopf, 2018; de Haas et al., 2016) as well as their
neural processing (de Haas et al., 2016; de Haas et al.,
2021). Future studies should also test whether such
feature-location effects are more pronounced in SRs
than controls.

It is currently unclear why the individually optimal
fixation point of some observers is shifted from the
theoretical (and most common empirical) optimal
fixation location just below the eyes. One possible
explanation is that individual observers may deviate
from model assumptions such as symmetric foveation.
This could lead to overall detrimental effects on face
identity processing performance which could partially
be compensated for by altered fixation behavior.
Although this remains speculative at present, it is
noteworthy that our current results suggest that the
fixation behavior of SRs is more tightly clustered
around the theoretical optimum predicted by a foveated
ideal observer than that of controls. This behavior could
reflect increased spatial coverage potentially due to
larger population receptive fields enabling more efficient
spatial integration of information in face selective areas
(Witthoft et al., 2016), or entorhinal cortex (Avidan &
Behrmann, 2021).

Limitations and further considerations

One limitation of the present study is that we have
no information about face identity processing ability
in the control sample. This limits our power to test
associations between visual salience and face cognition
abilities, because we can only do so in a categorical
(rather than graded) manner. Furthermore, to date
there is no reliable estimate regarding the prevalence
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of SRs in the general population. However, note that
in a recent study, Nador et al. (2022) reported that five
of the final sample of 114 police professionals, whose
data were subject to analysis (and six of the original 146
who completed the lab tests) met the SR criteria used
here and elsewhere (Ramon, 2021; Nador et al., 2021).
Therefore, although we cannot exclude the possibility
that our control sample included individuals meeting SR
criteria, we would expect their number to be very low.

Although here we show a significant difference in
visual salience between SRs and controls, there is
considerable overlap between both groups (see Figure
2). This overlap could potentially be driven by control
observers located at the upper end of the face identity
processing spectrum. Future research may additionally
test face identity processing abilities and use regression
approaches to exploit individual variance across the
whole spectrum.

One could reasonably argue that the present findings
could have been impacted by an implicit factor related
to the experimental design: SRs who volunteered to
participate in the present study were aware of their
superior face identity processing skills. Therefore, they
may have focused toward faces more often and/or
longer, purely because they expected the experiment to
address questions related to face cognition.

However, compared with controls, SRs showed
stronger differences in their tendency to first fixate
faces versus non-face objects than in their allocation of
overall dwell time. Previous studies have shown very low
latencies for first saccades after image onset directed
toward faces. Specifically, observers have a hard time
suppressing such face-directed fixations (Crouzet et
al., 2010). Thus, it seems unlikely that these effects are
significantly impacted by top—down expectancy effects.

Here, we investigated individual differences in
fixation behavior during free viewing of complex static
scenes containing people and other objects. Such
individual differences have been shown to be highly
stable over time (de Haas et al., 2019). Furthermore,
individual differences in fixation behavior within faces
has been shown to be extremely stable across lab-based
identification tasks and real world free-viewing
(Peterson, Lin, Zaun,& Kanwisher, 2016). Nevertheless,
at the group level, face fixation behavior varies with task
(Buchan, Paré, & Munhall, 2007) and between static
and dynamic stimuli (V0, Smith, Mital, & Henderson,
2012). Future studies will have to determine whether
and how individual and group differences vary with
task and stimulus modality.

In sum, we find that SRs compared with controls
exhibit significantly enhanced gaze biases toward
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faces and significantly diminished tendencies to fixate
touched objects and text when freely viewing complex
scenes. These differences are evident from the first
fixation onward, suggesting a substantial bottom-up
component in salience processing. However, the
distributions of the fixation tendencies of SRs and
control observers are overlapping, and the push—pull
relationship between different fixation tendencies

is seen in both groups. This suggests a continuous
space of individual salience in which SRs cluster
toward the high face salience end (rather than inhabit
a qualitatively different space). Finally, within the
category of faces, SRs show a more stereotypical
fixation pattern, exhibiting a stronger tendency than
controls to preferentially fixate near the theoretical
optimum just below the eyes. Further research is needed
to probe the developmental and causal relationships
between individual gaze behavior and face identity
processing skills.
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perception and recognition, visual salience, eye
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Recent findings revealed consistent individual
differences in fixation tendencies among observers
free-viewing complex scenes. The present study aimed
at (1) replicating these differences, and (2) testing
whether they can be estimated using a shorter test. In
total, 103 participants completed two eye-tracking
sessions. The first session was a direct replication of the
original study, but the second session used a smaller
subset of images, optimized to capture individual
differences efficiently. The first session replicated the
large and consistent individual differences along five
semantic dimensions observed in the original study. The
second session showed that these differences can be
estimated using about 40 to 100 images (depending on
the tested dimension). Additional analyses revealed that
only the first 2 seconds of viewing duration seem to be
informative regarding these differences. Taken together,
our findings suggest that reliable individual differences
in semantic salience can be estimated with a test
totaling less than 2 minutes of viewing

duration.

In order to make sense of our visual environment,
we constantly move our eyes. This allows us to observe
fixed and moving objects with high foveal resolution
and to inspect regions of interest while ignoring many
others (Gegenfurtner, 2016). To explain this selection
process, models of attentional guidance have tried
to predict gaze behavior based on, for example, task
relevance (Fecteau & Munoz, 2006); low-level image
features, such as local contrast for color, intensity, and
orientation (Harel, Koch, & Perona, 2006; Itti & Koch,
2000); and high-level, semantic features, such as faces
or text (Xu, Jiang, Wang, Kankanhalli, & Zhao, 2014).
What these models all have in common is that they
try to predict a typical observer and treat individual
differences as noise.

Giessen, Germany M

More recent findings, however, show stable, trait-like
differences in eye movements; for example, oculomotor
measures such as mean saccade amplitude, smooth
pursuit duration, or mean fixation duration vary
reliably among people (Bargary, Bosten, Goodbourn,
Lawrance-Owen, Hogg, & Mollon, 2017; Castelhano &
Henderson, 2008; Henderson & Luke, 2014). Moreover,
recent twin studies have provided evidence for a strong
genetic component in individual gaze (Constantino
et al., 2017; Kennedy, D’Onofrio, Quinn, Bolte,
Lichtenstein, & Falck-Ytter, 2017).

Most relevant to the current study, observers freely
viewing hundreds of complex scenes showed large
individual differences in the number of fixated objects
and in fixation tendencies toward objects from six
semantic categories (de Haas, lakovidis, Schwarzkopf, &
Gegenfurtner, 2019). These differences were consistent
across images and time and extended to first fixations
after image onset, suggesting a bottom—up component.

Such semantic salience biases may be useful in the
study of neurobiological mechanisms of attentional
gaze control (de Haas et al., 2019) and form a crucial
baseline for evaluating the diagnostic potential of gaze
behavior for neurodevelomental and clinical conditions.
In fact, research investigating eye movements in autism
spectrum disorder (ASD) has demonstrated reduced
social visual engagement in infants and adults with
ASD compared to healthy controls (Constantino
et al., 2017; Jones & Klin, 2013; Wang, Jiang,
Duchesne, Laugeson, Kennedy, Adolphs, & Zhao,
2015). Others have found evidence for abnormal
eye movements in patients with major depression
(Armstrong & Olatunji, 2012). Further, patients
with schizophrenia show a reduced number and
spatial dispersion of fixations (Benson, Beedie,
Shephard, Giegling, Rujescu, & St. Clair, 2012).
However, the free viewing paradigm in de Haas
et al. (2019) used the full stimulus set of the Object and
Semantic Images and Eye-tracking (OSIE) dataset,
comprised of 700 images (Xu et al., 2014). For practical
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purposes, it would be desirable to estimate individual
gaze biases with a more economical test.

The present study had two main objectives. The
first was to replicate the findings of stable individual
gaze differences along semantic dimensions found in
de Haas et al. (2019). Therefore, we tested whether the
proportion of cumulative fixation times for objects of
the categories Text and Faces, objects with implied
Motion, objects with a characteristic Taste, or Touched
objects vary reliably between observers. Further, we
tested whether the proportion of first fixations varies
reliably for objects of the categories 7ext, Faces, and
Touched. We chose and preregistered these object
dimensions, because they yielded large and consistent
individual gaze differences (r > 0.6) in the original
study by de Haas et al. (2019). Note, we combined
neutral and emotional Faces, given the high covariance
in fixation tendencies toward both. Moreover, we tried
to replicate the findings of stable individual differences
in visual exploration, as indicated by the number
of objects an observer fixated. Second, we tested
whether a smaller stimulus set can reliably estimate
these differences. For this purpose, we selected subsets
of OSIE images (OSIE40, OSIEl()(), and OSIEz()()),
which a search algorithm predicted would yield high
congruence with individual differences observed for the
full set.

Two eye-tracking sessions were completed by 103
participants on separate days; one day they free-viewed
the full OSIE set (700 images), and another day they
free-viewed the smaller subsets. We then computed
the correlation among individual fixation tendencies
between the full and smaller sets to determine the
minimum set size required for reliable estimates.
Additionally, we repeated these analyses for gaze data
truncated to the first 1 and 2 seconds of each trial (from
a total of 3 seconds). Results showed that the most
prominent individual fixation biases could be estimated
reliably from just 40 images shown for 2 seconds
each.

Subjects

A total of 103 healthy participants with normal or
corrected-to-normal vision were recruited at Leibniz
Institute of Psychology Information (ZPID) using their
PsychLab offline service (M, = 25.17; SD = 5.50;
seven left-handed; 72 females). The sample size was
based on an a priori power analysis (de Haas, 2019).
All participants took part in two sessions, with the
second appointment following the first after an average
of 16 days. The study was approved by the local ethics
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committee, and all participants gave written informed
consent before participating.

Apparatus

Stimuli were displayed on a BenQ X1.2430T
monitor (BenQ Corporation, Taipei, Taiwan) using
Psychtoolbox 3.0.12 (Kleiner, Brainard, Pelli, Ingling,
Murray, & Broussard, 2007; Pelli, 1997) in MATLAB
R2019a (MathWorks, Natick, MA). Participants
viewed the stimuli at a resolution of 1920 x 1080 pixels
and at 29.0 x 22.2 degrees visual angle. Eye gaze from
the left eye was measured using a desktop-mounted
EyeLink 1000 Plus eye tracker (SR Research, Ottawa,
Canada) at a frequency of 1 kHz.

Stimuli and procedure

Participants completed free-viewing tasks that
included a set of 700 images (day 1) and 200 images
(day 2) with natural everyday scenes, each of which
contained multiple objects. Semantic metadata for the
full stimulus set consisted of binary pixel masks for
5551 objects and corresponding labels for 12 semantic
dimensions as provided in the OSIE dataset (Xu et al.,
2014). The provided labels were modified in order to
minimize overlap between them, as in de Haas et al.
(2019). Specifically, the Smell label was removed from
all objects with the 7ext label, the Operable and Gazed
labels were removed from all objects with the Touched
label, and the Watchable label was removed from all
objects with the Text label.

The design and procedure for both testing days
were adopted from de Haas et al. (2019). After
calibration, participants freely viewed seven blocks of
100 images each while sitting at a distance of ~64 cm
from the computer screen. Each trial started with the
presentation of a central fixation disk followed by a
3-second presentation of the image that was initiated by
a button press by the participant. All images appeared
in the same order across participants. During the
second appointment, this procedure was repeated with
only two blocks (200 images).

The order of images presented during the first two
blocks of the first day was determined a priori, based on
the dataset by de Haas et al. (2019). An iterative search
algorithm aimed at selecting images in an order that
maximized the predictive validity for the full set at each
step (i.e., for each number of images between 10 and
200, incrementing by one image). The order of images
on the second day was pseudo-randomized relative to
the first two blocks of the first day to minimize possible
effects of order expectation. The order of images
was randomized separately for images 1 to 40, 41 to
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100, and 101 to 200 of the first day, but this division had
no further relevance for the analyses performed here.

Analysis

All statistical analyses were performed in
MATLAB R2019a (MathWorks). Data processing
closely followed the procedures in de Haas et al. (2019)
and was preregistered (de Haas, 2019). To limit our
dataset to object-directed fixations after stimulus
onset, we excluded central onset fixations (onset time
< 100 ms), fixations with duration below 100 ms
(following standard settings from the eye tracker
manufacturer), and fixations that could not be assigned
a label. Fixations that fell on or within a distance of
~0.5 degrees visual angle from a labeled object were
assigned the corresponding label. To assess individual
fixation tendencies, for each observer we computed the
proportion of first fixations (after image onset) and of
cumulative dwell time falling onto objects of a given
label.

Consistency and retest correlations

We used the data from the first testing day to
replicate the study by de Haas et al. (2019), testing the
split-half consistency of individual fixation proportions
for each semantic dimension. This was repeated across
1000 random splits of images. We calculated two-sided
p values for the median correlations across these splits,
which were Bonferroni adjusted for the number of
tested dimensions: Faces, Text, Touched, Taste, and
Motion for cumulative dwell times and Faces, Text,
and Touched for the proportion of first fixations,
as preregistered (de Haas et al., 2019). Finally, we
calculated the minimum/maximum ratios of individual
fixations between observers and for each dimension.
This was done by dividing the minimum percent
cumulative dwell time and percent first fixation for a
given dimension by the corresponding maximum across
all observers.

To test the validity of estimates from smaller stimulus
sets, we calculated fixation proportions as above, but
for 190 subsets (from 10 to 200 images in steps of
one). Next, we determined the correlation of individual
differences for a given dimension and subset from day
2 with those observed for the full set on day 1. Note
that only the preregistered set sizes of 40, 100, and
200 images contained identical images, because of the
pseudo-randomized order between days (see above). We
also probed the consistency of individual differences
in the number of objects fixated, an indicator of the
individual tendency for visual exploration. This part
of the analyses was not preregistered but replicated
de Haas et al. (2019).
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Further, we explored the effects of shorter trial
durations (also not preregistered). First, we probed the
consistency of individual differences when truncating
viewing data from day 1 to the first » milliseconds
of each trial. For this analysis, we computed the
proportion of cumulative dwell times for each semantic
dimension considered and individual dwell times for
different steps of truncation, from 100 ms to 3 seconds
in steps of 100 ms. We then correlated these proportions
with those observed for the full trial duration. Second,
we computed split-half correlations between cumulative
dwell time proportions across odd- and even-numbered
images for each step of truncation. Third, we repeated
all consistency analyses for smaller stimulus sets with
gaze data trimmed to the first 1 and 2 seconds of each
trial (data truncated for both day 1 and day 2).

To determine whether a subset of images (presented
on day 2) yielded a valid estimate of individual
differences along a given dimension, we tested its
correlation with individual differences along the
same dimension observed for the full set (on day
1). For this analysis, we applied a preregistered
correlation threshold of r = 0.7. This criterion was very
conservative, given the noise ceiling of full sets shown
on separate days. Test-retest correlations for the full
set ranged from r = 0.68 (Motion) to r = 0.84 (Text) in
de Haas et al. (2019). We therefore additionally report
the proportion of explainable variance explained by a
given subset, relative to this estimate of the noise ceiling.

Prevalence of image features across subsets

Moreover, to explore possible differences in the
prevalence of image features that may lead to different
consistency estimates across subsets, we additionally
determined the relative and absolute number of
occurrences for each semantic image feature for each
subset.

Data availability and preregistration

All anonymized data and code to reproduce
the presented results, as well as the stimulus
sets, are available at https://osf.io/ekvj4/. A
preregistered study protocol is available at
http://dx.doi.org/10.23668/psycharchives.2454.

First, we replicated the large and consistent
individual differences found by de Haas et al. (2019).
Proportions of cumulative fixation time varied strongly
among observers, with maximum/minimum ratios
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Figure 1. Consistency of fixation ratios. (A—E) Scatterplots show the split-half correlation between odd- versus even-numbered images
for percent cumulative fixation time (gray) for the dimensions Text, Faces, Motion, Taste, and Touched and percent first fixations
(green) for the dimensions Text, Faces, and Touched. These dimensions were preregistered and included based on the large and
reliable individual differences along them (r > 0.6) reported by de Haas et al. (2019). Black inset numbers give the respective
Pearson’s correlation coefficient. For each dimension, one example is given showing the fixations from a participant with a strong
tendency to fixate objects of the given dimension (orange frames) and one participant with a weaker tendency (blue frame). The
green circles represent the first fixation after image onset, and purple circles represent any subsequent fixations. The orange and blue
data points in the scatterplots correspond to the respective example participants and image frame color. Black bars in the images
were added for display purposes only and were not seen during the free-viewing task. (F) Distribution of bootstrapped split-half
correlations for each of the five included the semantic dimensions Faces, Text, Touched, Taste, and Motion (x-axis). The gray left-hand
leaves show the distribution of split-half correlations for cumulative fixation time between image sets for 1000 random half-splits of
images. The green right-hand leaves show the corresponding distributions for first fixations. Dots inside the distributions refer to the
median correlation for each histogram and semantic dimension. Desaturated green scatterplots (A—D) and right-hand leaves (F) for
the dimensions Motion and Taste are shown for completeness and were not preregistered (de Haas et al., 2019).

ranging from 1.37 (Motion) to 2.47 (Text). These
differences were highly reliable across image splits for
each semantic dimension (from r = 0.74, p < 0.001 for
Touched to r =0.96, p < 0.001 for Faces). Similar results

r=0.74, p < 0.001 for Touched to r = 0.93, p < 0.001
for Faces (Figure 1). Similarly, the number of distinct
objects fixated consistently varied across observers,
with a maximum/minimum ratio of 1.95 (r = 0.97,

were observed for the proportion of first fixations,
with maximum/minimum ratios ranging from 2.40 for
Faces to 3.47 for Touched and consistency ranging from

p < 0.001). Table 1 provides an overview of the results
and gives the ranges of fixation proportions across
observers.
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Cumulative fixation time First fixations
r P Range (%) Max/min r P Range (%) Max/min
Faces 0.96 <0.001 28-53 1.90 0.93 <0.001 26—-63 2.40
Text 0.90 <0.001 8-21 2.50 0.79 <0.001 4-16 3.54
Touched 0.74 <0.001 9-16 1.73 0.76 <0.001 5-17 3.47
Taste 0.75 <0.001 10-17 1.71 0.61 <0.001 8-17 2.09
Motion 0.78 <0.001 26-36 1.37 0.62 <0.001 28-40 1.42

Table 1. Median consistency and corresponding range of individual differences in fixation toward objects of five semantic dimensions.
The left-hand side of the table shows results referring to individual differences in the proportion of cumulative dwell time toward
objects of the five semantic attributes included in the study; the right-hand side displays results based on the proportion of first
fixations landing on an object with a given attribute after image onset. Pearson correlations (r) indicate the median split-half
correlation of individual differences measured over 1000 random image splits, and the corresponding p values are Bonferroni
adjusted for the five semantic attributes. The range across observers is presented in percent cumulative fixation time and percent first
fixation and the maximum/minimum ratio (max/min) indicates the maximum relative difference in individual gaze difference between
observers.
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Figure 2. Consistency of fixation ratios based on smaller stimulus sets. Line plots depicting Pearson consistency correlations of
individual differences in percent cumulative fixation time (A), percent first fixations (B), and visual exploration (number of distinct
objects fixated) (C) between the full image set (day 1) and a given subset (10 to 200 images from day 2; x-axis). Dashed gray lines
mark stimulus sets of 40 and 100 images. Dashed red lines indicate the consistency threshold of r = 0.7. Colors in (A) and (B) indicate
semantic dimensions as shown in the inset.

Estimating individual differences with a smaller individual differences along the dimensions 7ext and
stimulus set Faces. We found that 100 and 200 images reliably
captured Text, Faces, and Motion, with the dimensions
Next’ we probed whether these differences can be Taste and Touched being just below this threshold
tested with a smaller set of images. Figure 2 shows for the set of 200 images (r = 0.67, p < 0.001 for
the consistency (Pearson’s r) of estimates for smaller Taste and r = 0.69, p < 0.001 for Touched). For
stimulus sets from day 2 compared with those for first fixations, a set of 100 images captured reliable
the full dataset from day 1 as a function of set size, inter-individual differences (r > 0.7, p < 0.001 with
both for cumulative dwell time (Figure 2A) and first the full set) for Text and Faces. Touched came close
fixations (Figure 2B). Figure 2C shows the same to this threshold (r = 0.65, p < 0.001). Individual
analysis for visual exploration. For cumulative dwell differences in visual exploration could reliably be
times, a stimulus set of just 40 images yielded reliable estimated with a set size of 40 images (r = 0.78,

estimates (r > 0.7, p < 0.001 with the full set) for p < 0.001).
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observed for the full trial duration with the corresponding values for different steps of truncation (starting from 1000 ms to 3000 ms
in steps of 100 ms as shown on the x-axis; all data from day 1). (B) Line plot on the right-hand side presents split-half correlations
across odd and even images for different steps of truncation. Dashed gray lines mark free viewing durations of 1000 ms and 2000 ms.

Semantic dimensions are indicated by color as shown in the insets.

Estimating individual differences with shorter
trial durations

We further explored the effects of (virtually)
shortened trial durations by trimming the data from
each trial. Figure 3A considers estimated individual
differences in cumulative dwell time from day 1 and
shows the consistency correlation between these
estimates based on the whole trial duration of
3 seconds versus the same estimates for trimmed
durations. Figure 3B shows split-half reliabilities of
estimates between odd and even images as a function
of trimmed trial times. Across all tested dimensions,
estimates based on the first 2 seconds of trials are
highly consistent with those for the full trial duration
(all » > 0.91, p < 0.001) and yield split-half reliabilities
approaching or exceeding those seen for 3 seconds
(ranging from r = 0.66, p < 0.001 for Motion to
r=0.95, p < 0.001 for Faces).

Combining small stimulus sets with shorter trial
durations

Next, we considered the effects of trimmed

trial durations on smaller stimulus sets. Figure 3C
and Figures 4A and 4B show the number of images
necessary to estimate reliable individual differences
(r = 0.7) in cumulative dwell time as a function of
(trimmed) trial duration. Faces and Text reached
this criterion with fewer than 40 images for all trial
durations. Motion could reliably be estimated with
fewer than 100 images when using at least the first

second of trial data. Interestingly, Touched and Taste
crossed the threshold with fewer than 100 images

for the first second of trial duration (Figure 4A)

but required more than 100 (7ouched) or even

200 (Taste) images for trial durations of 2 seconds and
3 seconds. Figure 4C shows the consistency of individual
visual exploration (numbers of objects fixated) with
day 1 as a function of trial duration and considered set
size from day 2. At 40 images, the data are above the
consistency threshold for both 1-second and 2-second
trial durations. Supplementary Table S1 provides

an overview of results and compares consistency
correlations to the proportion of explainable variance
(as indicated by test-retest reliabilities for the full set
reported by de Haas et al., 2019).

Prevalence of image features

In a final step we determined the prevalence of
image features for the image sets OSIE4y, OSIE |y,
OSIE;y, and OSIE7yy. Figure 5 shows the (logl0)
absolute frequency (Figure 5A) and the relative
frequency (Figure 5B) of these features across stimulus
sets. Results show that the relative distribution of
features was stable across image sets (Figure 5B). The
proportion of Faces was most similarly distributed
across image sets and ranged from 47.31 (OSIEy)
to 48.74 (OSIE7gy). The proportion of Text was
least stable and ranged from 18.88 (OSIEq) to 22.1
(OSIE4). However, the absolute number of all feature
occurrences (unsurprisingly) was heavily reduced for
the shorter sets (Figure 5A).
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The results of the present study allow two
conclusions. First, they corroborate the finding of
reliable individual differences in gaze behavior reported
by de Haas et al. (2019). Individual differences in visual
exploration and systematic fixation biases toward a set
of semantic features were replicated for both dwell time
and first fixations. Second, the present results show how
to test these differences efficiently.

Based on our results, we propose the OSIE,4 subset
with a presentation time of 2 seconds per image as

an attractive option for estimating individual gaze
behavior efficiently. When using the re—test reliabilities
for the full image set reported by de Haas et al.
(2019) as an estimate of the noise ceiling, this test
captures more than 80% of the explainable variance
in visual exploration and dwell time for three out

of five dimensions (Face, Text, and Motion) and
69% of explainable dwell-time variance for Touched.
The remaining fifth dimension of 7aste was not well
captured by any of the short tests, which perhaps is
unsurprising given its relatively low internal consistency,
as reported by de Haas et al. (2019) and replicated
here.
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Researchers interested in individual differences in
first fixations can achieve acceptable results using
the OSIE;o but can expect considerable gains from
using the full stimulus set. All subsets of stimuli
can be retrieved from Supplementary Table S2
and downloaded with the online data and code at
https://osf.io/ekvijd/.

Exploratory analyses showed that the relative
prevalence of image features was similarly distributed
across dimensions for the different image subsets
(Figure 5B). Nevertheless, it is possible that the lower
absolute number of features in the image subsets
caused floor effects for consistency estimates of less
salient dimensions (i.e., Touched and Taste) (de Haas
et al., 2019; Xu et al., 2014), which also appear less
frequently in the images. The ability to estimate
individual differences in fixation tendencies along a
given dimension depends on sufficient data. If the
number of relevant fixations in the dataset is too low,
it will lack the necessary granularity to capture smaller
but relevant inter-individual differences. It seems likely
that the relatively low saliency for Taste and Touched
(de Haas et al., 2019; Xu et al., 2014) in the smaller
image sets is compounded by a low absolute number of
occurrences of these features, yielding such floor effects.

Individual differences in gaze behavior are gaining
interest in vision and computer science (Li &

Chen, 2018; Yu & Clark, 2017), as well as clinical
psychology (Armstrong & Olatunji, 2012). Especially in
developmental studies and clinical settings, free-viewing
experiments using natural images are ideal because

of their minimum task requirements. Fixation
measurements also come with minimal technical
requirements and could soon be bedside compatible.
At the same time, applied settings and clinical research
often come with severe time limits and prohibit

the use of extensive testing batteries. We hope our
current results contribute to closing this gap and will
provide a useful standard for researchers aiming to
explore individual fixation tendencies in a time-efficient
manner.

The explorative analyses of truncating trial durations
suggested that individual differences can reliably be
estimated based on trials of just 1 or 2 seconds rather
than 3 seconds. Notably, we observed slightly higher
validity correlations for 1 second versus 2 and 3 seconds
for the dimensions Touched and Taste (Figures 3A, 3B).
Although these consistency differences between
truncated datasets were small, they were constant across
subsets. A possible reason for this is that individual
fixations tendencies toward Touched objects or objects
with Taste are only stable insofar as they are guided
by bottom—up processes and have a higher degree of
intra-subject variability as soon as later, top—down
processes come into play. For example, earlier fixations
toward objects with Taste may be driven by relatively
stable individual levels of saliency for low-level features,
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such as the high color contrast of these objects. Later,
top—down-directed fixations may in turn more heavily
depend on the variable states of the observer, such as
hunger or satiety.

Further, these analyses were based on trimming
the viewing data rather than the actual viewing
duration during the experiment. We cannot exclude
the possibility that shortening trial times during
testing would have different and maybe unexpected
consequences due to the altered pace of the experiment.
Pilot data from our lab suggest that experiments with a
2-second viewing duration yield individual differences
with excellent internal consistency; however, this
comes with an intercept shift across the given semantic
dimensions. Future research could aim for an in-depth
comparison of 2-second and 3-second trial durations in
the same sample.

In the present study fixation differences were
assessed with a free-viewing task. Past research has
demonstrated that low-level properties of gaze behavior
and the low-level features of fixated regions vary
between tasks and can also interact with individual
differences (Kardan, Berman, Yourganov, Schmidt, &
Henderson, 2015; Kardan, Henderson, Yourganov,

& Bergmann, 2016). However, these studies did not
consider individual differences in semantic saliency.
Future research should test whether saliency along
these dimensions is modulated by task and in particular
whether such modulations are limited to intercept
shifts on the group level or interact with individual
differences.

In sum, we have replicated consistent individual
differences in gaze behavior and documented that
they can be estimated using less than 2 minutes of
free-viewing data.

Keywords: eye movements, individual differences,
free-viewing, saliency
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Supplementary materials
Table S1

Consistency correlations for small stimulus sets and truncated trial durations. Rows show
consistency correlations for each semantic dimension and visual exploration for the OSIEao,
100 and 200 sets. Columns show Pearson consistency correlations (r) between the estimated
proportion of individual dwell time (or first fixations rightmost columns) on the respective
objects for the full set seen on day 1 and the respective subset on day 2. Dwell time estimates
from day 2 were either based on the full trial duration (3s) or trials truncated to 1 or 2s, as
indicated by the column headings. % expl. indicates which proportion of explainable variance
a given consistency correlation corresponds to. This was estimated based on the test-retest
reliabilities for the full stimulus set (700 images) reported by de Haas et al. (2019), which
served as an independent estimate of the noise-ceiling.

Cumulative fixation time First fixations

Trial dur. (1s)  Trial dur. (2s)  Trial dur. (3s)

r % exp. r %exp. r  %exp. r % exp.

OSIE4o

Faces 81 103 .79 98 74 86 .67 61

Text .78 86 A7 84 12 73 .60 46

Motion .59 75 .65 91 .65 91

Touched .61 76 .58 69 .59 71 .58 55

Taste 51 43 .53 46 51 43

Vis. exploration 73 83 .79 98 .78 95 - -
OSIE100

Faces .84 110 .83 108 81 103 .80 86

Text 81 93 .79 88 12 73 12 65

Motion .70 106 13 115 71 109

Touched 12 106 .65 86 .63 81 .65 69

Taste 12 85 .67 74 .65 69

Vis. exploration .82 105 .84 110 .82 105 - -

OSIE2q0
Faces .82 105 .83 108 .82 105 .83 93
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Text .85 102 .80 91 .75 80 81 79
Motion A5 122 12 112 13 115
Touched 12 106 .70 100 .69 97 .67 74
Taste .69 78 .66 72 .67 74
Vis. exploration .85 113 .86 116 .85 113 - -

15
16 Table S2

17 Images included in the three tested stimulus subsets OSIE4, OSIE100 and OSIE2q0

Image number

OSIE4 OSIEi00 OSIE200

1608
1226
1233
1335
1472
1391
1479
1277
1590
1118
1296
1094
1178
1460
1101
1620
1576
1287

1608
1226
1233
1335
1472
1391
1479
1277
1590
1118
1296
1094
1178
1460
1101
1620
1576
1287

1608
1226
1233
1335
1472
1391
1479
1277
1590
1118
1296
1094
1178
1460
1101
1620
1576
1287
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1265 1265 1265
1566 1566 1566
1573 1573 1573
1420 1420 1420
1188 1188 1188
1227 1227 1227
1433 1433 1433
1112 1112 1112
1614 1614 1614
1001 1001 1001
1606 1606 1606
1643 1643 1643
1567 1567 1567
1522 1522 1522
1526 1526 1526
1480 1480 1480
1543 1543 1543
1544 1544 1544
1491 1491 1491
1006 1006 1006
1132 1132 1132
1481 1481 1481

1247 1247
1586 1586
1187 1187
1550 1550
1441 1441

1395 1395
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1468 1468
1254 1254
1182 1182
1579 1579
1246 1246
1009 1009
1286 1286
1527 1527
1035 1035
1138 1138
1148 1148
1425 1425
1096 1096
1694 1694
1637 1637
1268 1268
1663 1663
1456 1456
1162 1162
1301 1301
1349 1349
1621 1621
1628 1628
1011 1011
1416 1416
1022 1022
1484 1484

1128 1128
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1474 1474
1229 1229
1580 1580
1023 1023
1353 1353
1565 1565
1308 1308
1103 1103
1169 1169
1015 1015
1578 1578
1539 1539
1452 1452
1236 1236
1018 1018
1531 1531
1583 1583
1327 1327
1209 1209
1197 1197
1248 1248
1044 1044
1385 1385
1602 1602
1465 1465
1352 1352

1208

1570
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1386
1431
1325
1204
1547
1382
1445
1106
1568
1309
1406
1670
1288
1478
1366
1077
1683
1363
1303
1401
1657
1358
1508
1430
1540
1377
1372
1210
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1111
1113
1562
1455
1059
1279
1130
1109
1512
1646
1313
1356
1273
1461
1556
1002
1675
1075
1680
1381
1088
1376
1393
1219
1462
1206
1292
1257
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1284
1241
1412
1440
1156
1196
1518
1215
1624
1592
1351
1302
1281
1150
1609
1650
1483
1528
1551
1546
1146
1244
1216
1272
1371
1079
1147
1258



18
19
20

21
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1548
1131
1183
1238
1700
1192
1555
1201
1501
1593
1502
1119
1340
1610
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Free viewing biases for complex
scenes in preschoolers and adults

Marcel Linka'*, Ozlem Sensoy?, Harun Karimpur?, Gudrun Schwarzer? & Benjamin de Haas*

Adult gaze behaviour towards naturalistic scenes is highly biased towards semantic object classes.
Little is known about the ontological development of these biases, nor about group-level differences
in gaze behaviour between adults and preschoolers. Here, we let preschoolers (n=34, age 5 years)

and adults (n=42, age 18-59 years) freely view 40 complex scenes containing objects with different
semantic attributes to compare their fixation behaviour. Results show that preschool children allocate
a significantly smaller proportion of dwell time and first fixations on Text and instead fixate Faces,
Touched objects, Hands and Bodies more. A predictive model of object fixations controlling for a range
of potential confounds suggests that most of these differences can be explained by drastically reduced
text salience in pre-schoolers and that this effect is independent of low-level salience. These findings
are in line with a developmental attentional antagonism between text and body parts (touched
objects and hands in particular), which resonates with recent findings regarding ‘cortical recycling’. We
discuss this and other potential mechanisms driving salience differences between children and adults.

To process visual information at high resolution, we constantly have to move our eyes. The periphery of the
visual field suffers from crowding and lack of acuity, implying the need to prioritise certain areas in a scene over
others'2. How does the oculomotor system decide these priorities? Does it learn them over time? And if so, how
do they change across the lifespan?

Adult gaze behavior. The past 25 years have seen extensive attempts to predict adult gaze behaviour based
on the content of a visual scene. Two types of scene features have emerged as particularly relevant, namely
low-level features such as the local contrast in orientation, intensity and color®* and high-level objects such
as faces and text®. Objects® and their semantic features® have been found to be substantially more predictive
of gaze behaviour than classic low-level salience. For instance, objects®’ and in particular those that are faces,
text, touched objects and objects with implied motion>® hold large weights in predicting adult gaze behaviour,
outweighing low-and mid-level features in complex scenes™. These attentional biases towards certain semantic
features are shared between individuals, but their degree differs substantially and reliably'®!!. Moreover, some
gaze biases seem to be particularly pronounced among observers with specific perceptual abilities or challenges.
For instance, patients with autism spectrum disorder (ASD) spend less time fixating faces and social features
compared to controls'>"®. Super-recognizers—people with exceptional abilities for processing facial identity
information—spend more time fixating faces and less time focusing on touched objects and text'*.

The development of gaze behavior. While visual preferences for semantic features have been studied
extensively for adults, much less is known about their development. A notable exception are faces. Infants show
a visual preference for face-like dot patterns over inverted patterns very early on'>!°. In fact, recent evidence
points to increased behavioural responses to such face-like stimuli by human foetuses even during the third
trimester of pregnancy'’ (but note that this conclusion has been questioned on methodological grounds'®!).
These findings contribute to a long-standing debate on the question whether human attentional biases towards
faces are driven by innate mechanisms'®*. In the course of infancy, this attentional bias develops into a more
differentiated preference for faces over mere face-like stimuli*! and non-face objects in complex scenes? .
Aside from faces, infants show gaze biases towards other socially relevant stimuli. For example, Frank et al. let
children from 3- to 30-months of age freely view videos of complex social scenes depicting children perform-
ing everyday actions (mostly playing with toys). They found that infants spent a larger proportion of their dwell
time fixating hands when a depicted scene turned socially complex, that is, when agents in the videos used their
hands for more complex actions®. This effect was positively correlated with age, suggesting that throughout
infancy and early childhood, gaze allocation becomes increasingly tuned to socially relevant visual information.

!Department of Experimental Psychology, Justus Liebig University Giessen, 35394 Giessen, Germany. 2Department
of Developmental Psychology, Justus Liebig University Giessen, 35394 Giessen, Germany. *email: marcellinka54@
gmail.com
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This bias for social information might go hand in hand with an early visual sensitivity for biological motion in
(new-born) infants®®. More recent work shows that a visual preference for implied motion in static stimuli might
emerge already at around 5 months of age?”*%. As with adults'®?, the degree of attentional biases towards social
information varies reliably in childhood and is highly heritable!>*. Visual attention in infants is however not
only dependent on the object’s semantics or the individuals’ gaze biases. Work using head camera recordings of
infants and their parents playing in naturalistic scenes has shown that prior parental attention towards objects
results in extended visual selection for a given object®'. Interestingly, infant attention and even more so, joint
attention towards objects during word learning predicted later vocabulary size in infants®”. Fewer studies have
investigated the development of attentional biases beyond three years of age.

Agik et al. have looked at free-viewing behaviour towards complex scenes across three age groups (7-9-year-
old children, 19-27-year-old adults, and > 72-year-olds) and showed that the effect of low-level saliency on gaze
drops with age®. Further, Helo et al. compared free-viewing behaviour of adults with those of children between
2 and 10 years and found that saccadic amplitudes increased and fixation duration decreased as a function of
age®*. Krishna et al. found that the center bias in image viewing decreases with age®. These studies suggest that
gaze behaviour towards complex scenes changes from preschool/school age to adulthood, shifting from fixat-
ing more local, low-level features like luminance contrasts and orientation, to more global, explorative viewing
behavior. However, more recent work predicting gaze behaviour in children (age 6-14) and adults showed that
a face-based model outperformed (low-level) saliency models in predicting gaze towards complex scenes even
in the youngest age group. The face-based model however was more predictive for gaze behaviour of adults than
children®. This suggests that gaze behavior is more attracted to faces than low-level features and that this face
preference increases with age.

Taken together, we know of distinct semantic information that guides viewing behaviour in adults and infants.
Gaze behaviour in older children seems to differ significantly from adults in terms of enhanced low-level sali-
ence, center-bias, fixation durations and lower saccadic amplitudes®>**. However, just as for adults, the gaze
behaviour of children is better predicted by high-level semantic information compared to low-level features>°.
Although we know of qualitative differences in the effect of semantic information on fixation behavior in adults
and infants, it is unclear whether and how gaze behaviour towards semantic information differs between pre-
school children and adults.

Besides Faces and Touched objects, Bodies and Hands adults also show high (but individually variable) salience
for Text>!°. To date, it is unclear how these biases for Text develop, whether they exist before reading acquisition
and how they interact with other semantic gaze biases. Here, we probe this question by comparing free viewing
biases for Text, Faces, Touched objects, as well as Bodies and Hands between preschool children and adults free-
viewing complex scenes.

Understanding whether and how gaze behaviour in children is drawn towards semantic content can have
important implications. Atypical gaze behaviour towards faces has been found in infants and children with
ASD*8, Insights on semantic gaze biases in healthy children may help establishing a baseline to test the diag-
nostic potential of gaze behaviour for neurodevelopmental disorders. Moreover, given the increasing exposure
of children to screen-based education, understanding their attentional biases may help in the design of efficient
learning material. Investigating visual attention in preschoolers is particularly relevant, because this age repre-
sents a time of remarkable psychological growth; For example, selective attention develops significantly during
later childhood, especially between 4 and 7 years of age*. Further, during the preschool years, children have an
innate ‘theory drive) that is they ask many questions and actively seek causal explanations in order to interpret
and understand things in their environment***!. This and a highly dynamic neural development (also in the
visual cortices*>**) make preschoolers a particularly relevant age group for studying visual attention towards
complex scenes as insights may inform theories on neural and cognitive functioning.

The present study. In the present study we investigated gaze behaviour towards 40 complex scenes in
5-year-old preschoolers and adults. In particular, we tested whether and to what extent children compared to
adults differ in their proportions of (1) cumulative dwell time and (2) first fixations towards objects of multiple
semantic categories depicted in these scenes, namely Faces, Text and Touched objects. First fixations have been
described as driven by automatic or bottom-up processes>***¢. Differences in first fixation allocation may thus
reflect observer traits which are less malleable than those reflected in total dwell time.

Here, proportion of cumulative dwell time refers to the summed duration of all fixations falling on a given
feature, divided by the summed duration of fixations falling on any object. First fixation proportions refer to the
proportion of first fixations landing on any object, which landed on objects of a given category. First fixations
refer to the first fixation initiated at least 100 ms after image onset (i.e. following the first saccade after image
onset). Note that these proportions do not necessarily add up to 1. Any object-directed fixation can be labelled
with none or multiple of the features analysed here. For example, a plate of pasta may bear none of the features
analysed here, while text can be touched, too.

We chose these dimensions because of their importance for predicting adult gaze behaviour. Moreover, we
have previously found that individual gaze tendencies along these dimensions can be tested reliably with this
small stimulus set>®!!. The recent publication of additional pixel masks and meta data for this stimulus set*’
further allows the quantification of fixation biases towards Bodies and Hands depicted in the scenes. Adult gaze
behavior is also predicted by objects with implied Motion. However, the moving objects in our stimulus set
were almost exclusively person-related features (Bodies, Hands or Faces), rendering it ill-suited to estimate an
independent contribution of this dimension. We did not consider Motion for our main analyses, but include a
corresponding analysis in the Supplementary Material.
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Results

Simple descriptive and inferential statistics. First, we investigated whether children vs. adults show
differences in gaze behaviour towards semantic information on a simple descriptive and inferential level. We
analysed group differences in the proportion of cumulative dwell time and first fixations on Text, Faces and
Touched objects. Figure 1 shows example heatmaps of cumulative dwell time for both groups as well as overlaid
pixel masks. Figure 2 shows the distributions of cumulative dwell time proportions for children and adults
respectively for each of the three semantic dimensions. See Table 1 for the mean pixel coverage of each semantic
category.

Dwell time differences towards semantic categories. Results showed that the proportion of cumulative dwell
time children spent on Text was reduced fivefold compared to adults, fobs=-14.59, p <0.001. Further, children
spent a significantly larger proportion of their dwell time on Faces, tobs=2.02, p=0.02. and Touched objects,
tobs=4.28, p<0.001 than adults.

First fixations towards semantic categories. In a further descriptive analysis, we tested whether children and
adults differ in their proportion of first fixations towards Text, Faces and Touched objects, that is the proportion
of immediate saccades after image onset landing on objects from these categories. Figure 3 shows the distribu-
tions of first fixation proportions for children and adults. Findings show that children directed a significantly
smaller proportion of first fixations towards Text, tobs=—5.76, p<0.001 and Faces, tobs=—-3.02, p=0.002 and a
significantly larger proportion of first fixations towards Touched objects, tobs=4.28, p <0.001.

Gaze behaviour towards hands and bodies. Given enhanced fixation tendencies towards Faces and Touched
objects in children and recent findings on fixation tendencies in adults*’, we additionally tested whether similar
effects would emerge for Hands and Bodies (with the latter excluding hands). Figure 4 shows the distributions
of cumulative dwell time (a, b) and first fixation (c, d) proportions spent on Hands and Bodies for children and
adults. Children did not significantly differ from adults in the proportion of dwell time spent on Bodies (although
there was a trend for children to fixate more towards Bodies, tobs=1.5, p=0.07), but spent a significantly larger
proportion of dwell time on Hands (tobs=2.78, p=0.01). Moreover, children directed a larger proportion of
first saccades towards Hands and Bodies compared to adults (Hands: tobs=2.83, p=0.007, Bodies: tobs =2.58,
p=0.007).

Note, for these analyses, we focussed on group differences in object-directed dwell time and first fixations.
Although children and adults both spent the vast majority of their dwell time and first fixations on objects
(rather than the background), we found that children did so significantly less (dwell time on objects for children
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Figure 1. Pixel masks and heat maps showing group-wise fixations for two example images. Example stimuli
on the left-hand side depict overlaid pixel masks for objects of the semantic dimensions: Text (green), Faces
(red), Touched (violet), Hands (blue) and Bodies (cyan). Heat maps in the middle show corresponding duration
weighted fixation data from children, maps on the right-hand side show fixations from adults. The transparent
white scatters show all first fixations towards the image by all subjects of the respective group. Please note the
increased gaze towards touched objects/hands and moving objects in the heatmaps for children, as well as the
lower levels of text fixations compared to those of adults. Heatmaps and pixel mask overlays were created using
MATLAB R2019B (MathWorks).
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Figure 2. Differences in gaze behaviour along three semantic dimensions. Density plots showing the
probability distribution of cumulative dwell time proportion towards objects of the dimensions Face (a), Text
(b), and Touched (c) respectively for children (blue) and adults (red). Data points below the distributions
indicate the individual dwell time proportion. Box plots depict the summary statistics for each dimension and
group. For a respective box plot, the vertical line indicates the mean cumulative dwell time proportion. The left
side of the box indicates the 25th percentile and the right side the 75th percentile. The whiskers represent the
minimum and maximum values. *p <0.05, **p <0.01, ***p <0.001 (Holm-Bonferroni corrected; see Methods).

Pixel masks Text Faces Touched Bodies Hands Total
Coverage (mean %) 2.83 494 521 14.51 1.53 27.36
SD (across images) 2.3 5.09 5.45 13.8 1.8 17.11

Table 1. Mean % coverage of pixel masks per included semantic category Mean % of coverage represents the
mean % of pixels covered in an image by objects of a given semantic dimension across all images depicting
objects of a given dimension. SD gives the standard deviation of relative pixel coverage per semantic dimension
across images depicting objects of a given dimension. Total includes the mean % and standard deviation (SD)
of pixel masks of all 5 analysed dimensions across images.

and adults: M =88% and 90%, respectively; tobs=—1.98, p=0.02; first fixations M =86% and 92%, tobs=—-5.47,
p<0.001). Nevertheless, including background fixations in our analyses did not change the pattern of results.
Results of the corresponding control analyses are reported in the supplementary materials.

(G)LMM analyses. Adults may spend less time fixating Faces, Touched objects and Hands because of their
higher propensity to fixate Text, or an inherently lower tendency to fixate these other dimensions. To juxtapose
these hypotheses and control for explicit lower-level salience features*®*, we fitted a Linear Mixed Effect Model
(LMM) using fitlme() from the Statistics and Machine Learning Toolbox in MATLAB R2019b. This model
predicted the cumulative dwell time towards an object given its high-level semantic features as well as size,
image eccentricity, and graph-based visual salience (GBVS)?, for which previous work has shown age-dependent
differences®->%,

Moreover, we fitted a binomial Generalized Linear Mixed Model (GLMM) using the function fitglme() from
the Statistics and Machine Learning Toolbox in MATLAB R2019b to estimate the probability that a given object
was fixated immediately after image onset (first fixation), again, as a function of high-level semantic features,
size, image eccentricity, and graph-based visual salience (GBVS)>. To show the influence of the group difference
in Text fixations on gaze differences towards any other semantic category, we have additionally fitted trimmed
(G)LMMs, excluding Text (see supplementary materials for results).

Model coefficients, standard errors, and corresponding t-values and p-values for results are reported in
Tables 2 and 3 respectively. Figure 5 shows the estimates for each included interaction for the (a) linear and (b)
binomial model.

The LMM’s intercept holds no specific significance in this context, as it indicates the estimated average
value (log-transformed and standardized) of object-directed dwell time when all predictors, including semantic
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Figure 3. Differences between children and adults in first fixation proportion for three semantic dimensions.
Density plots show the probability distribution of first fixation proportion towards Faces (a), Text (b) and
Touched objects (c) respectively for children (blue) and adults (red). Box plots below show an overview of the
summary statistics for each group and semantic dimension; the vertical line within a respective box represents
the mean value. The left side of a box indicates the 25th percentile and the right side the 75th percentile. The
whiskers represent the minimum and maximum values. Data points represent the individual corresponding first
fixation proportions. *p <0.05, **p <0.01, ***p <0.001 (Holm-Bonferroni corrected; see Methods).

variables are equal to zero. When referring to z-standardized continuous predictors, the value of zero corresponds
to the average value of the predictor. The significant effect for Age Group, (b=0.21, t=4.17, p <0.001), indicates
that children spent more dwell time towards a selected object than adults. Note, this does not contradict the
earlier finding that children spent less time fixating objects overall compared to adults (see simple descriptive
and inferential statistics), because here we look at the average dwell time for a given object (children tend to
look at fewer objects overall and therefore spent more time engaging with them). We also found a significant
interaction between Age Group and Text, b=-0.84, t=-10.16, p <0.001, indicating longer dwell time towards
Text for adults compared to children. Further, we found a small but significant interaction between Age Group
and Faces, b=-0.12, t=-2.05, p=0.04, also indicating somewhat higher dwell time on faces for adults compared
to children. No significant interactions were found between Age Group and Touched, b=0.04, t=0.71, p=0.48,
Age Group and Hands, b=-0.06, t=—0.87. p=0.39, and Age Group and Bodies, b=-0.08, t=-1.31, p=0.19,
indicating no significant dwell time differences between children and adults for objects of these categories when
controlling for the other dimensions.

Regarding lower level features, we found a significant interaction between Age Group and Eccentricity,
b=-0.11, t=-6.33, p<0.001, indicating a stronger center-bias for children vs. adults. Finally, we found a sig-
nificant object Size x Age Group interaction, b=-0.07, t=-4.10, p<0.001, indicating a smaller effect of object
Size on the dwell time of children compared to adults. No significant interaction was found between Age Group
and GBVS, b=0.02, t=1.04, p=0.30.

We also estimated the probability that a given object attracted the first fixation after image onset. Again, the
intercept bears no relevant information as it represents the probability of first fixating on an object that lacks
any of the incorporated semantic labels, while exhibiting average values across all other continuous variables.
The non-significant effect for Age Group (b= —0.08, t=-0.60, p<0.55) indicates a similar probability to first
fixate an object across age groups. The probability that Text attracted the first fixation was smaller for children
vs. adults, b=—1.35, t=—4.83, p<0.001 and the same was true for Faces, b=—0.46, t=—2.91, p=0.004. Further, a
significant interaction was found between Age Group and Touched objects, b=0.65, t=2.99, p=0.003, indicating
a larger probability for Touched objects to attract the first fixation in children compared to adults. No significant
interactions were found between Age Group and Hands, b=0.16, t=0.75, p=0.45, and Age Group and Bodies,
b=0.31 t=1.84, p=0.07. Regarding lower level features, larger objects had a higher probability to attract first
fixations in adults compared to children (Age Group x Size interaction; b=—0.17, t=—2.48, p=0.01, and children
showed a stronger center-bias for first fixations (negative effect of object eccentricity) b=-0.18, t=-2.68, p=0.01.
Finally, no group difference was shown for object-based low-level salience (GBVS), b=0.04, t=0.60, p=0.55.

Discussion

Adult gaze behaviour towards complex scenes is strongly biased towards semantic object categories® and indi-
vidual observers show large and reliable differences in the magnitude of these biases'’. Many of these biases
appear early on: Infants already show looking preferences for faces'?, hands®® and (implied) motion?*-%. At the
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Figure 4. Group differences in gaze behavior towards hands and bodies. Density plots showing the
probability distributions of cumulative dwell time (a, b) and first fixation proportion (c, d) towards objects

of the dimensions Hands (a, ¢) and Bodies (b, d) for children (blue) and adults (red). Data points depicted
below indicate the individual dwell time and first fixation proportion towards the respective dimension.
Corresponding box plots above the data points show an overview of the summary statistics for each group and
semantic category; the vertical line within a box represents the mean value. The left side of a box indicates the
25th percentile and the right side the 75th percentile. The whiskers represent the minimum and maximum
values. *p <0.05, **p <0.01, **p<0.001 (Holm-Bonferroni corrected; see Methods).

same time, the fixations of adults free-viewing complex scenes are highly drawn to text elements, which pre-
literate children may attend less. Here, we investigated the gaze behavior of preschool children towards complex
scenes and tested their biases for Text, Faces, Hands, Touched objects and Bodies.

In our simple inferential statistics, we show substantial differences in attentional biases between children and
adults. Compared to adults, children spent a larger proportion of dwell time on Faces, Touched objects, Hands
and (albeit only trending) Bodies when freely viewing complex scenes. Most significantly, children spent a lot less
time fixating Text. Moreover, we found that children compared to adults placed significantly fewer first fixations
on Faces and Text, but more on objects being Touched, Hands and Bodies. To control for the interdependence
of gaze biases - in particularly the strong bias differences for Text, as well as potential differences regarding
the effect of lower-level features (object size, eccentricity and visual salience), we applied follow-up (G)LMM
analyses. For the fully specified model predicting dwell time, we saw a substantial reduction in the dwell time
attraction of Text and a slight reduction in the attraction of Faces in children vs. adults. When predicting the
probability of first fixating an object of a given category after image onset, we found a reduced attraction of Text
and Faces in children compared to adults, which was accompanied by an enhanced attraction towards Touched
objects in children. Further, our findings indicate that children tend to spend less time looking at larger objects
and are less likely to fixate on them first compared to adults. On the other hand, children have a stronger center
bias, both in terms of their dwell time towards objects and their initial fixation than adults. Excluding the Text
dimension from the models, however, resulted in enhanced weights for almost all person-related features in
children than adults, except Faces (see supplementary results). This is in line with the idea that many descriptive
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Fixed effects Description B SE t P

Intercept - -0.28 | 0.05 -5.42 <0.001

Age group Children-adults | 0.21 | 0.05 4.17 <0.001

Text Main effect 0.15 | 0.09 1.65 0.10

Age group:text Children-adults | —0.84 | 0.08 -10.16 <0.001

Faces Main effect 0.52 | 0.07 7.38 <0.001

Age group:faces Children-adults | -0.12 | 0.06 -2.05 0.04

Touched Main effect 0.23 | 0.08 2.78 0.01

Age group:touched Children-adults | 0.04 |0.06 0.71 0.48

Hands Main effect 0.06 | 0.08 0.70 0.49

Age group:hands Children-adults | -0.06 | 0.07 -0.87 0.39

Bodies Main effect -0.04 |0.07 -0.52 0.60

Age group:bodies Children-adults | —0.08 | 0.06 -131 0.19

Eccentricity Main effect -0.04 |0.03 -1.60 0.11

Age group:eccentricity | Children-adults | —0.11 | 0.02 -6.33 <0.001

Size Main effect 0.26 | 0.02 11.00 <0.001

Age group:size Children-adults | -0.07 |0.02 -4.10 <0.001

GBVS Main effect 0.09 |0.03 3.21 0.001

Age group:GBVS Children-adults | 0.02 | 0.02 1.04 0.30

Random effects

Groups Name SD r

Subjects Intercept 0.18 Intercept
Text 0.18 -0.03 Text
Faces 0.16 0.01 -0.19 Faces
Touched 0.14 -0.25 0.30 -0.59 Touched
Hands 0.17 0.04 0.29 -0.30 0.90 Hands
Bodies 0.16 -0.27 0.47 0.03 0.76 0.86 Bodies

Objects Intercept 0.41 0.41

Scenes Intercept 0.07 0.07

Table 2. Results of linear mixed-effects model predicting object dwell time. Differences between groups

were tested by including the relevant interaction terms. A beta estimate for a given interaction represents the
estimated difference between children and adults. See methods for information regarding the applied coding
scheme. Main effects represent the average estimates across both age groups. Significant effects are reported in
bold.

gaze differences between children and adults can be explained by the drastically reduced tendency to fixate text
in children. Children appear to allocate the fixations adults spent on text on person features and specifically on
objects close to the hands.

For the main analyses, we did not include the semantic category Motion because there was an almost perfect
overlap between body features (Hands, Faces and Bodies) and implied motion. An additional analysis suggests
that children devote a significantly larger proportion of their dwell time towards objects with implied Motion
(see supplementary materials). Future research should aim to test this motion bias in children in a stimulus set
that allows to disentangle it from gaze biases towards body features.

We also found an enhanced center-bias in preschoolers, which matches recent evidence showing an enhanced
center-bias in younger vs. older children®. Finally, we found no group difference in graph-based visual salience
(GBVS) when predicting object-directed gaze behaviour. This contrasts previous reports of decreasing effects of
visual salience with age*’. One possible reason for this may be that the apparent group difference in the effects
of visual salience may be better explained by semantic features, though this cannot be settled without targeted
experiments explicitly disentangling the two (cf.”). Future research could test this explicitly.

Together, these findings contribute to our understanding of how human attention changes across the lifespan.
Already very early in life our gaze becomes increasingly drawn towards distinct semantic social information®.
This semantic information still seems to hold weight for preschoolers as well as adults. At the same time, our
findings show that semantic gaze tendencies change between preschool childhood and adulthood, to include
text, at the expense of attention towards body-related features like hands, bodies and objects being touched.
This suggests differences in how adults and children perceive the same complex scenes, which in turn seem
tied to the acquisition of reading. Interestingly, most of these changes in semantic attention extend to the first
saccade after image onset. One exception are faces—more first fixations land on faces for adults compared to
children. Whether this change of gaze biases appears as soon as literacy begins to evolve or gradually changes
with reading experience is still an open question and represents an interesting subject for future research. Gaze
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Fixed effects Description B SE t P

Intercept - -4.92 |0.21 —-23.46 <0.001

Age group Children-adults | —0.08 |0.14 -0.60 0.55

Text Main effect 0.18 0.37 0.48 0.63

Age group:text Children-adults | -1.35 | 0.28 —-4.83 <0.001

Faces Main effect 2.38 |0.28 8.35 <0.001

Age group:faces Children-adults | -0.46 | 0.16 -291 0.004

Touched Main effect 0.62 0.34 1.80 0.07

Age group:touched Children-adults | 0.65 | 0.22 2.99 0.003

Hands Main effect 0.56 | 0.34 1.67 0.09

Age group:hands Children-adults 0.16 |0.21 0.75 0.45

Bodies Main effect 024 |0.29 0.83 0.41

Age group:bodies Children-adults 0.31 0.17 1.84 0.07

Eccentricity Main effect -1.28 |0.13 -10.03 <0.001

Age group:eccentricty | Children-adults | —0.18 | 0.07 —-2.68 0.01

Size Main effect 1.66 |0.12 13.36 <0.001

Age group: size Children-adults | -0.17 | 0.07 —-2.48 0.01

GBVS Main effect 0.78 0.13 6.05 <0.001

Age group:GBVS Children-adults | 0.04 | 0.06 0.60 0.55

Random effects

Groups Name SD r

Subjects Intercept 0.18 Intercept
Text 0.18 -0.79 Text
Faces 0.16 0.72 -0.23 Faces
Touched 0.14 -0.57 0.06 -0.98 Touched
Hands 0.17 0.84 0.35 -0.81 0.73 Hands
Bodies 0.16 -0797 0.27 0.77 0.70 0.99 Bodies

Objects Intercept 1.56 -

Scenes Intercept 0.0002 | 0.07

Table 3. Results of binomial generalized linear mixed-effects model predicting first fixations towards objects.
Differences between groups were examined by including the relevant interaction terms. A beta estimate for a
given interaction represents the estimated difference between children and adults. See methods for information
regarding the applied coding scheme. Main effects represent the average estimates across both age groups.
Significant effects are reported in bold.

behavior towards semantic features appears to be the result of an interaction between image content, individual
differences and experience.

This may explain why heritability estimates for gaze behaviour towards social scenes are substantially higher
for infants'? compared to older children (9-14 years®). Individual differences at the beginning of life seem
dominated by genes, but may be modulated substantially by later experience, such as the acquisition of reading.

We hypothesize that reduced gaze behaviour towards text in children is due to limited literacy. Our preschool
sample had not yet acquired formal education in reading and text features consequentially are uninformative
to them. With age and improving reading ability, gaze behaviour may increasingly be tuned towards text at the
expense of other semantic information. However, we did not assess reading ability so cannot exclude the pos-
sibility that at least some children already acquired reading skills before entering school.

As mentioned above, our basic inferential statistics further suggest that children spent a somewhat higher
fraction of their dwell time on faces, but a lower fraction of their first fixations. This adds to previous works show-
ing that face-based models are more successful in predicting gaze behaviour in adults compared to children®,
but that children showed enhanced proportions of first fixations towards social information when memoris-
ing a scene®. Our LMM control analyses, which excluded text as an explanatory variable, did not indicate any
significant difference in the dwell time attraction of faces between children and adults. This suggests that any
observed preference for faces in children may be attributable to corresponding object features such as eccentricity,
size, and GBVS. However, when we controlled for text, our model did show a significantly lower preference for
faces in children compared to adults. The finding that children directed a Jower fraction of first fixations towards
faces extended to the GLMM controlling for all other factors and may point to two separate visual processes
with dissociable developmental trajectories driving face salience during the earlier and later stages of viewing a
scene: one, indicated by first fixation distributions, that is largely bottom-up, guiding attention immediately after
stimulus onset and showing a stronger, possibly more matured bias towards faces in adults. This may reflect more
accurate and faster face processing abilities in adults*é, enabling them to saccade towards faces in the periphery
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Figure 5. Group differences in predicting object-directed dwell time and first fixations. Bar plots depicting

the beta estimates of a given object feature x Age Group interaction, which describe the difference in estimates
between children and adults for a given object property. Panel a shows the interaction estimates for the LMM
predicting object-directed dwell time and panel b depicts the binomial GLMM predicting first fixations towards
objects after image onset across the included predictors Text, Faces, Touched, Hands and Bodies as well as Object-
image centroid eccentricity (Ecc), (Object-) Size and graph-based visual salience (GBVS). Asterisks indicate

the significance of a given group x predictor interaction. Results of (G)LMMs that did not take into account the
effect of Text can be found in the supplementary materials. Error bars represent the 95% confidence intervals.
*p<0.05, *p<0.01, **p<0.001.

very rapidly*®. And a second one indicated by dwell time distributions, that may be under more top-down control
and reflect the stronger competition of text with other semantic categories in adults for our stimuli.

Touched objects attracted a higher fraction of dwell time and first fixations in children compared to adults.
The latter effect persisted in a GLMM controlling for all other modelled high- and low-level features. In a recent
study, Nordt et al. showed that from young childhood to teen age, expanding word selective regions in ventral
temporal cortex are directly linked to decreases in limb selectivity*’. These findings are interpreted as evidence
of cortical recycling of limb-selective areas for the visual word form area, emerging during reading acquisition.
It is tempting to speculate that such effects of cortical recycling may be linked to the matching changes in visual
preferences we see here—particularly for first fixations, that is, a shift in visual attention from limbs to text in
adults compared to children.

Another candidate hypothesis for why children overall spent more of their dwell-time on touched objects
and hands than adults is a possible immaturity of action understanding and social processing abilities. Critical
social skills like reasoning about other people’s thoughts (theory of mind; ToM) likely continue to develop beyond
5 years of age®'~>*. Children may compensate for limited action understanding and social processing abilities by
allocating more dwell time towards hands and touched objects to extract the information necessary for making
sense of goals and behaviours of people depicted in the scenes. This may be particularly pronounced for briefly
presented complex scenes including multiple objects, people and their interactions. This is underscored by our
model-based results which suggests that early visual preference for touched objects is increased in children, even
when controlling for the lower visual preference for Text.

Further, there is evidence that children are embodied learners, that is, they seem to build their knowledge
more strongly on sensorimotor experiences compared to adults®. It is possible, that gaze preferences in children
for hands and objects being touched reflect such tuning towards physical and motor experiences.

Finally, children’s enhanced gaze biases towards touched objects and hands may be related to their distinct
drive to explore why and how things in the world interact as they do. Children seem to have a strong preference
for understanding the causal structures surrounding them. For instance, when exposed to events that are incon-
sistent with their prior knowledge, preschool children seek causal explanations®. Moreover, preschoolers most
frequently asked questions about functions and causal properties when they encountered novel objects®**’. This
preference for causal information seems to be particular pronounced in preschoolers®. Children’s gaze biases
towards objects being touched and hands could be a consequence of this early drive to understand cause and
effect and the functionality of objects.
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Future studies could test this hypothesized relationship between causal inference and corresponding eye
movements in preschool children in controlled experiments, juxtaposing stimuli with well-known and novel
functions for children. Further, one could compare gaze behaviour towards semantic information in preschoolers
and children who have already experienced formal education to test the effect of literacy on attention and spe-
cifically whether it is gradual or sudden. Given recent evidence for cortical recycling during childhood®, future
research could also examine whether a shift from cortical selectivity for limbs towards enhanced selectivity for
words co-occurs with corresponding gaze biases. Finally, future research could probe gaze behaviour towards
semantic dimensions in preschool children using more naturalistic stimuli, like videos of everyday scenes. This
could reveal whether present gaze differences—possibly including implied motion—also hold for dynamic scenes.

Taken together, we report several differences in gaze biases between preschool children and adults. Children
spent a far smaller proportion of dwell time on Text and more on Faces, Touched objects, Hands and a correspond-
ing trend for Bodies. For the dimensions Text, Touched and Hands, these biases already show for first fixations
after image onset, while children directed fewer first fixations on Faces. Further analyses controlling for Text and
other salience factors (GLMM analyses) suggest that most body-related attentional biases in children are due to
the lack of competition with Text seen in adults. One exception is the higher propensity of Touched objects to
attract first fixations in children, which persisted even when controlling for Text salience.

These findings show that fixation behaviour towards semantic features changes over the lifespan. Children and
adults may perceive the same visual environment in different ways, which in turn may be related to the acquisition
of reading ability, socio-cognitive development and cortical recycling. Future research examining the relationship
between these factors and gaze behavior can inform theories on the development of human visual attention.

Methods

Subjects. In total n=47 children and n=46 adults with normal or corrected vision took part in the study.
We only included subjects with at least one fixation for more than 80% of the trials (34 trials). Applying this
criterion, we removed 17 subjects from the original sample (13 children and 4 adults). This resulted in a final
sample of #=34 children and n=42 adults.

Of the remaining sample, children on average showed 2.9% and adults 1.1% missing trials.

All subjects provided written informed consent before participation. For children, parents gave written
informed consent. The study was approved by the local ethics committee of Justus-Liebig-University Giessen
and adhered to the declaration of Helsinki.

Children (n=34; M,g.=5,7; range=5.1-5.9; SD=0.17; 19 females) were recruited as part of a larger study
based on a local data base of parents, who indicated their interest in child development studies. No child in the
sample attended school at the time of the study. All children completed another task which was not related to
the present study. Subjects received no financial reimbursement for participation. Children were rewarded with
a certificate of participation and a small gift.

Adults (n=42; M,,.=24.4; range=18-59; SD=7.05; 31 females) were recruited as part of a larger study and
completed other tasks which were unrelated to the present study. Adult participants were compensated with
money (7€/hr) or course credit for participation.

Apparatus. The free viewing task was created and implemented using Psychopy 2020.1.2*® in Python version
3.6.10%. Stimuli were shown on a Lenovo ThinkPad X230 laptop with a screen resolution of 1366 x 768 pixels.
The stimuli were presented with a size of 1000 x 750 pixels, roughly corresponding to 21 x 16 degrees visual angle
(d.v.a.). Eye movements were recorded from both eyes using a head-free Tobii 4c Eye Tracker (Tobii AB, Dan-
deryd, Sweden) operating in remote mode at 90 Hz and a distance of 50-90 cm. No official information has been
released stating the accuracy or precision of the Tobii 4c Eye Tracker. Work evaluating the predecessor model
Tobii EyeX has reported an accuracy of < 0.6° and precision of < 0.25°%.

Stimuli and procedure. We used the OSIE40>!! dataset, which includes 40 complex everyday scenes and
corresponding pixel masks for 364 objects with binary labels for 12 semantic object dimensions. Additionally,
we used pixel masks for bodies and hands recently published by Broda and de Haas*. We recently found that
individual gaze tendencies towards semantic features could be estimated reliably with 40 images'!. As in previ-
ous analyses'!, the 12 labels for the semantic dimensions were modified in order to reduce overlap between them
in the following way: The Face label was removed from all object fixations with the Emotion label; the Smell label
was removed from all object fixations with a Taste label; and the Operable and Gazed label were removed from
object fixations with a Touched label. Objects were labelled as Touched, when they were touched by a human or
animal in the scene. The Watchable label was removed from all object fixations with the label Text.

The experiment took place at a laboratory with only the participant and experimenter present. All participants
were placed at a distance of 50-60 cm from the screen/eye tracker (the recommended user distance of the eye
tracker is between 50 and 90 cm) and reminded to sit as still as possible during the session. To assure an appropri-
ate position, a custom position guide interfaced with the eye tracker and gave online feedback about whether or
not a participant was placed within the trackable range. On average, subjects sat at a distance of ~54.5 cm from
the screen (children=57 cm, adults =52 cm). All viewing angles were calculated based on the average position
distance of the respective group.

After completing a child-friendly 5-point calibration and validation procedure, subjects were instructed to
freely view 40 images. Each image was presented centrally on the screen for 3 s, with a fixation cross in between
trials presented centrally on the screen. A trial could only be initiated if a subject’s gaze did not deviate 2 d.v.a.
from the fixation cross for 1 s. Images were presented in the same order across subjects.
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To test eye tracker accuracy across trials, we calculated the deviation of trial onset fixations from the nomi-
nal center for each individual and group (i.e. the median distance in d. v. a. between the fixation cross shown
between trials and the onset fixation). Results indicate that this deviation was minimal for both groups (M =0.37,
SD =0.14 for children and M =0.46, SD =0.23 for adults). The slightly larger error for adults was not statistically
significantly different from that for children, tobs=1.08, p=0.07. To test the estimated drift across the task, we
compared the deviation from the nominal center between the first and last trial for each observer and group
(again in d.v.a.). We found that for children, there was no significant difference in drift between the first and last
trials (M =0.1, SD =1.44, tobs=—0.38, p=0.34). For adults, there was a significant difference showing larger drift
(M=0.29, SD=0.81, tobs=2.38, p<0.001). Finally, we tested the difference in drift between groups and found
no significant differences (tobs=-0.74, p=0.07).

Data processing. All pre-processing steps and statistical analyses were computed using MATLAB R2019B
(MathWorks). Gaze data from both eyes were averaged. Fixations were extracted from raw eye tracking data by
applying an inter-sample saccade velocity threshold of 30 d.v.a/s and a spatial inter-sample distance threshold
of 2 d.v.a. Thus, samples were successively marked as fixations if both the corresponding inter-sample velocity
was below 30 d.v.a/s and the spatial inter-sample distance was below 2 d.v.a. The latter criterion was applied to
account for possible intermittent sample loss. Further, we used the median x and y position of samples deemed
to be part of a fixation to determine the respective fixation location. Fixations with a duration < 100 ms were not
considered. We further removed all fixations with an onset time (after trial onset) of < 100 ms to exclude fixations
and saccades initiated before image onset. Saccade onsets and offsets were detected by applying an inter-sample
velocity threshold of 30 d.v.a./s. Only saccades with amplitudes > 2 d.v.a. were considered.

A given fixation can be assigned multiple semantic features. This is because we took the extent of the fovea
and accuracy limits of the eyetracker into account by applying a tolerance margin when assigning semantic labels
to fixations. Each fixation was assigned the labels of all objects falling within a radius of ~ 0.5 d.v.a. surrounding
the pixel coordinates of the fixation. The margin size was selected based on the tested accuracy of the Tobii 4c
eyetracker and its previous model. For more information on the eye tracker’s accuracy, please refer to the infor-
mation provided above. Additionally, for further discussion on best practices, please refer to Holmqyvist et al.!
and Orquin et al.®%. Figure 6 gives an overview of label overlap among all included fixations.

Fixation tendencies across semantic dimensions.  First, we tested differences in fixation tendencies
along three semantic dimensions (Faces, Text and Touched) between children and adults. We chose these three
dimensions, because adult gaze behaviour has been shown to reliably vary along them for the stimuli used in the
present study (OSIE40)". We calculated the proportion of individual cumulative dwell time falling on each of
the aforementioned categories, which we previously found to be the best predictors of individual and group-level
gaze behaviour. For this, the sum of respective fixation durations was divided by the sum of fixation durations
on any object labelled in the OSIE40 or the Body and Hand masks which we derived from Broda & de Haas.
We further determined the proportion of all object directed first fixations (following the first saccade after image
onset) which landed on Text, Faces, Touched objects for each participant (first fixation proportion. Given that
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Figure 6. Label overlap across semantic categories. Heatmap showing the percentage of mutual label
assignments. Each row shows the shared labels for all fixations bearing a given label. For example, the bottom
row shows which percentage of Bodies fixations were also labelled as Face, Text, Touched and so on. Note, here
we have calculated the proportion of fixations of a given category that is also labelled another category either (1)
because the objects have several labels or (2) the fixation fell on several objects of different labels. The heatmap
was created using MATLAB R2019B (MathWorks).
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some variables of interest were not normally distributed we tested group differences by applying non-parametric
permutation tests. For this approach, in each iteration, we first pooled individual fixation data across all included
76 observers and then drew two random subsamples of respectively n=34 and n =42 without replacement from
the pooled sample. After this, we calculated the mean difference between both samples for a given metric. This
was repeated 10,000 times, resulting in a null distribution consisting of 10,000 permutated estimates. The p-value
was determined as the proportion of permutated estimates that were more extreme than the true mean differ-
ence. Finally, we calculated the t-test statistic between the observed scores of both groups for a given metric (here
referred to as tobs). P-values were Holm-Bonferroni for the number of included dimensions in each model. All
group comparisons (Figs. 2, 3, 4) are visualized using Raincloud Plots®.

Explaining object-directed fixations via (G)LMMs. Finally, we used (G)LMMs to explain the likeli-
hood and cumulative duration of fixations as a function of object and observer properties. This allowed us to
test age group differences in the predictive weights of semantic features, object size, eccentricity, and low-level
salience. Our analysis followed the approach by Nuthmann et al., which employed a comparable model-based
methodology while also accounting for center bias, object size, and visual salience*®*. Cumulative fixation dura-
tion towards objects was modeled as a continuous dependent variable of a LMM (estimated via Restricted Maxi-
mum Likelihood; REML). Here, cumulative fixation duration is defined as the total dwell time spent on a given
object. Further, we only included objects that were fixated at least once. First object-directed fixation probability
after image onset was modelled by fitting a binomial GLMM (using Laplace approximation) aiming to explain
a binary response variable indicating whether an object was first fixated (1) or not (0) after image onset. Both
models included the following fixed-effects terms: object-image Eccentricity, expressed as the distance between
an object centroid and the image center in d.v.a.; object Size as the pixel coverage of an object in % of the corre-
sponding image; the mean of graph-based visual salience (GBVS) across pixels of the object; and binary dummy
coded variables indicating whether the object was labelled as Text, Face, Touched, Hands or Body. Finally, we
included the predictor Age Group, using effect coding (—0.5/0.5) with adults as the reference group. This has the
advantage of retrieving main effects (average estimates across both age groups) for each given predictor variable
instead of simple effects. Note that our interest here was limited to group comparisons and estimates have to be
interpreted as relative to other types of objects (and differ from pixel-wise salience models in that regard). The
continuous variables Eccentricity, object Size, GBVS, and fixation duration were z-standardized across all objects
in the dataset. Moreover, we log-transformed object Size and cumulative fixation time, because both distribu-
tions were positively skewed. To test age group differences, we further included interaction terms between Age
Group and each remaining predictor.

In our present study design the random factor Subject is nested under Age Group. Moreover, the random
factor Object is nested under the random factor Scene. We therefore included Subject as random intercept as well
as by-subject random slopes for all semantic feature predictors (Text, Faces, Touched, Hands and Bodies). Finally,
we included Object and Scene (i.e. image) as random intercepts.

The formula for the model-based analyses for both the binomial as well as the linear model was:

Response variable ~ 1 + Age Group + Text + Age Group:Text + Faces + Age Group:Faces + Touched + Age
Group:Touched + Hands + Age Group:Hands + Bodies + Age Group: Bodies + ObjSize + Age
Group:ObjSize + Ecc + Age Group:Ecc + GBVS + Age Group:GBVS + (1 + Text + Faces + Touched + Hands + Bodies
|Subject) + (1|Object) + (1|Scene).

Data availability

Anonymized data and code to reproduce the presented findings and figures are available at osf.io/78aqf/.
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Supplementary Materials
Methods

Group differences in basic oculomotor metrics

To test whether children and adults differ in their gaze behaviour along basic
oculomotor measures, we computed the mean fixation duration, saccadic amplitude, fixation
duration of first fixations, saccadic amplitude of first saccades and first saccade latency
respectively for each individual and group. After this, we applied two sampled t-test for group
comparisons. The corresponding p-values were Holm-Bonferroni corrected for all 5 tests. We
recommend interpreting these results with caution, given the limited temporal resolution of

the eyetracker we used (90 Hz).

Group differences in gaze behaviour towards semantic dimensions

Our main analyses excluded background fixations. To control for possible effects of
this, we ran a control analysis testing group differences in the proportion of overall dwell time
and first fixations towards Text, Faces, Touched objects, Hands and Bodies. All group
differences were tested for statistical significance via permutation tests. P-values were Holm-

Bonferroni corrected for the dimensions included in a given model.

(G)LMM analyses not controlling for text

To illustrate the influence of the group difference in Text fixations on gaze differences
towards any other semantic dimension, we have additionally fitted trimmed (G)LMMs. These
models predicted object-directed dwell time (LMM) and the probability of first object-
directed fixation (binomial GLMM) based on all previously added predictors excluding Text.
Group difference in dwell time towards objects with implied motion

Finally, we tested group differences in cumulative dwell time towards objects with
implied Motion. We did not include Motion in our main analyses, because it almost perfectly

overlaps with Bodies, Hands, and Faces. Here we nevertheless explored the proportion of



object-directed cumulative dwell time for Motion between children and adults and tested the

group difference via a permutation test.

Results

Group differences in basic oculomotor metrics

Table S1 provides an overview of the mean values and standard deviations regarding

all five included metrics for children and adults as well as test statistics and p-values for each

group comparison. We found no significant group differences between children and adults for

the variables mean fixation duration, mean saccadic amplitude, mean first fixation duration

and first saccade latency. However, we found that children exhibited significantly larger first

saccades compared to adults.

Table S.1. Group differences in basic oculomotor metrics

Adults Children
M SE M SE t df p

Fix. duration (ms) 302.6 11.18 318.41 9.48 -0.05 74 0.63
Sacc. ampl (DVA) 5.87 0.12 5.68 0.11 -1.11 74 0.27
First fix. duration (ms) 297.57 18.12 300.14 11.23 -0.11 74 0.91
First sacc. amplitude 3.96 0.08 4.46 0.16 291 74 0.004
(DVA)

First sacc. latency 357.7 25.5 377.12 11.77 -0.64 74 0.52

Group differences in gaze behaviour towards semantic dimensions including

background fixations



Fig. S1 shows the distributions and mean values of dwell time (a) and first fixation
proportions (b) for each semantic dimension and group when including background fixations
in the analysis. The pattern of results was highly similar to that observed when excluding

background fixations (cf. Fig. 3 and 4, main text).
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Figure S1. Group differences in attentional biases towards semantic dimensions. Bar plots
indicate mean values for the proportion of overall dwell time (a) and proportion of overall first
fixations (b) respectively for children (blue) and adults (red). Data points indicate the individual
mean values for a given dimension and group. Error bars represent the SEM. *p < 0.05, **p <
0.01, ***p < 0.001 (Holm-Bonferroni corrected; see Methods)

Our findings show that children spent a larger proportion of their overall dwell time
towards Touched objects, tobs = 3.76, p < 0.001, Faces (only trending; tobs = 1.37, p = 0.08)
and Hands (tobs = 2.25, p = 0.03). Further, children spent a lot less time fixating Text objects
compared to adults, tobs = -14.36, p < 0.001. No significant group difference was found for the
dimension Bodies, tobs = 1.1, p = 0.14. Considering group differences in first fixation
proportions, we found that adults compared to children devoted a significantly larger
proportion of their first fixations towards Faces, tobs = -4.22, p < 0.001 and Text, tobs = -5.98,
p < 0.001. Further, children directed a significantly larger proportion of first fixations towards
Touched objects, tobs = 3.92, p < 0.001. Finally, children showed a larger proportion of first

fixation on Hands, tobs = 2.03, p = 0.047 and Bodies, tobs = 1.53, p = 0.06 (only trending).

(G)LMM analyses not controlling for text



Model coefficients, standard errors, t-values and p-values for results are reported in
Tables S2 and S3 respectively. Fig S2 shows the estimates of each included Age group X

object feature interaction for both models.

Table S2. Results of Linear Mixed-Effects Model predicting object dwell time without Text.
Differences between groups were tested by including the relevant interaction terms. A beta estimate
for a given interaction represents the estimated difference between children and adults. Main effects
represent the average standardized estimates across both age groups Significant effects are reported in
bold.

Fixed Effects Description B SE t P
Intercept Main effect -0.20 0.05 -4.18 <0.001
Age Group Children-Adults 0.04 0.05 0.68 0.49
Faces Main effect 043 0.07 6.30 <0.001
Age Group: Faces Children-Adults 007 006 121 0.23
Touched Main effect 0.14 0.08 1.76 0.08
Age Group: Touched Children-Adults 022 0.06 3.87 <0.001
Hands Main effect -0.04 008 -050 0.61
Age Group: Hands Children-Adults 0.15 0.07 229 0.02
Bodies Main effect -0.13 0.07 -1.86 0.06
Age Group: Bodies Children-Adults  0.07 0.06 1.33 0.18
Eccentricity Main effect -0.05 0.03 -1.77 0.08

Age Group: Eccentricity Children-Adults  -0.10 0.02 -594  <0.001

Size Main effect 0.25 002 1056 <0.001
Age Group: Size Children-Adults -0.03 0.02 -1.80 0.07
GBVS Main effect 0.08 0.03 3.05 0.002
Age Group: GBVS Children-Adults 0.02 002 1.04 0.30

Random effects

Groups Name SD r

Subjects Intercept 0.19 Intercept



Faces

Touched

Hands

Bodies
Objects Intercept
Scenes Intercept

Table S3. Results of binomial Generalized Linear Mixed-Effects Model predicting first fixations
towards objects without text. Differences between groups were examined by including the relevant
interaction terms. A beta estimate for a given interaction represents the estimated difference between
children and adults. Main effects represent the average standardized estimates across both age groups

0.19 -0.20
0.13 -0.32
0.16 -0.03
0.15 -0.30
042 -
0.06 -

Significant effects are reported in bold.

Faces
-0.37
-0.14
0.14

Touched

0.90 Hands
0.77 0.88

Bodies

Fixed Effects Description B SE t P
Intercept Main effect -4.83 021  -22.94 <0.001
Age Group Children-Adults -0.48 0.12 -4.09 <0.001
Faces Main effect 2.27 0.26  8.73 <0.001
Age Group:Faces Children-Adults  -0.10 0.14 -0.70 0.48
Touched Main effect 0.53 033 162 0.11
Age Group:Touched Children-Adults 0.98 021 479 <0.001
Hands Main effect 0.49 032 153 0.12
Age Group:Hands Children-Adults 0.54 020 275 0.01
Bodies Main effect 0.07 027 0.25 0.80
Age Group:Bodies Children-Adults  0.59 0.16  3.82 <0.001
Eccentricity Main effect -1.34 0.13  -10.49 <0.001
Age Group:Eccentricity  Children-Adults -0.20 0.07 -3.10  0.002
Size Main effect 1.78 0.13 1340 <0.001
Age Group:Size Children-Adults  -0.09 007 -139 0.16
GBVS Main effect 0.78 0.13 599 <0.001



Age Group:GBVS Children-Adults  0.05 0.06 0.86 0.39

Random effects

Groups Name SD r

Subjects Intercept 0.04 Intercept
Faces 0.29 0.88 Faces
Touched 0.55 -0.80 -0.99 Touched
Hands 041 -0.99 -0.82 0.73 Hands

Bodies 0.35 -0.98 -0.77 068 1 Bodies
Objects Intercept 1.44 -
Scenes Intercept 0.67 -
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Figure S2. Group differences in predicting object-directed fixations and dwell time without Text.
Bar plots depicting the beta estimates of a given object feature x Age interaction, which describe the
difference in estimates between children and adults for a given object property. Panel a shows the
interaction estimates for the LMM predicting object-directed dwell time and panel b depicts the
binomial GLMM predicting first fixations towards objects after image onset across the included
predictors Text, Faces, Touched, Hands and Bodies as well as Object-image centroid eccentricity (Ecc),
(Object-) Size and graph-based visual salience (GBVS). Asterisks indicate the significance of a given
group x predictor interaction. Results of model-based analyses that did not take into account the effect
of text can be found in the supplementary materials. Error bars represent the 95% confidence intervals.
*p < 0.05, **p < 0.01, ***p < 0.001.



In the analysis predicting object-directed dwell time, significant interactions were
found between Age and Touched and Age and Hands, indicating that when not controlled for
Text, children devoted more dwell time towards Touched objects, b =0.22, t = 3.87, p < 0.001
and Hands, b = 0.15, t = 2.29, p = 0.02, compared to adults. Furthermore, a significant
interaction between Age and Eccentricity showed a stronger central bias for children than
adults, b =-0.10, t = -5.94, p < 0.001. No significant differences in estimates were found for
Faces, b =0.07,t = 1.21, p = 0.23. Finally, we found no significant interactions between Age
and object Size and Age and GBVS, indicating no significant differences between children and
adults for the predictors Size, b =-0.03,t=1.80, p =0.07, and GBVS, b =0.02,t=1.04, p =
0.30.

When predicting whether an object was fixated immediately after image onset (first
fixation), results showed significant interactions of Touched, Hands, and Body with Age.
These interactions indicate that the probability of an object being fixated immediately after
image onset was higher for Touched, b = 0.98, t = 4.79, p < 0.001, Hands, b = 0.54,t=2.75, p
=0.01 and Body, b =0.59, t = 3.82, p < 0.001, in children compared to adults. Further, a
significant interaction between Age and Eccentricity, b =-0.20, t = -3.10, p = 0.002 indicated
a stronger center bias for first fixations in children relative to adults. Finally, we found no
significant interactions between Age and Face, b =-0.10, t =-0.70, p = 0.48, object Size, b = -
0.09,t=1.39, p=0.16, and GBVS, b =0.05,t =0.86, p < 0.39.

These findings are in line with the stronger tendency to fixate Touched objects, Hands
and Bodies observed for children (see simple inference statistics, Fig. 3 & 4, main text). At
the same time, they suggest that these differences are mostly driven by the drastically reduced
gaze bias towards Text in children. Non-significant interactions between Age and Faces when
predicting object-directed dwell time and first fixations are not line with our earlier findings
and hence might be explained by the additional control predictors included here, e.g. the

stronger center bias in children. Also note, that the GLMM controlling for Text showed a



stronger attraction of Faces for first fixations in adults, indicating that this effect is robust to
low-level salience differences when controlling for the competing attraction to Text in adults.

Group difference in gaze towards objects with implied motion

Here we tested group differences in cumulative dwell time proportion towards objects
with implied Motion using a permutation test. Fig S4 shows the distributions of cumulative

dwell time proportion spent on objects with implied Motion.

Motion
15
Fkk Children
Adults
o 10
]
3
e
2 5
T
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U
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Dwell time proportion

Figure S3. Group differences in gaze behaviour towards objects with implied Motion. Density
plot showing the probability distributions of cumulative dwell time towards objects of the dimension
Motion for children (red) and adults (blue). Data points depicted below indicate the individual dwell
time proportion for Motion. Corresponding box plots above the data points show an overview of the
summary statistics for each group and semantic category; the vertical line within a box represents the
mean value. The left side of a box indicates the 25" percentile and the right side the 75" percentile.
The whiskers represent the minimum and maximum values. *p < 0.05, **p < 0.01, ***p < 0.001
(Holm-Bonferroni corrected; see Methods)

The findings showed that children devoted a significantly larger amount of their dwell
time towards objects with implied Motion compared to adults, tobs = 8.01, p < 0.001. Note, for
this analysis we calculated the dwell time proportion of fixations towards all objects, which
are labelled Motion. As 92% of objects with implied Motion are also labelled Hands, Bodies
or Faces, enhanced attentional biases towards objects of these dimensions in children may

explain group differences shown for Motion.
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Abstract
How does natural gaze behaviour develop? Here, we present data from > 6,500 subjects from
5-72 years of age, freely viewing 40 natural scenes. We find that the development of scene
viewing is surprisingly protracted. Semantic salience for social features continuously changes
until late adolescence and text salience increases until the third decade of life. Basic
oculomotor biases towards the image centre and along the horizontal meridian develop until
early adulthood, matching developmental changes in visual sensitivity and cortex. Finally,
while the tendency for visual exploration continuously increases, fixation patterns become
less idiosyncratic and more canonical throughout adolescence. These findings show that
fundamental aspects of adult gaze take decades of continuous development and push
individuals towards more canonical viewing patterns. We suggest that development is key to

understanding the general mechanisms of active vision.
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Introduction

Visual attention towards natural scenes is drawn to low-level features like luminance,
colour, and orientation contrast'?, as well as to higher-level features like objects® and their
meaning*. When predicting natural gaze behaviour, higher-level features, like Faces, Text,
Touched objects and Taste®>® carry more weight than their lower-level counterparts®®. At the
same time, the attraction to specific semantic features varies across observers’® and is
influenced by genetic factors®°. Adult active vision is further marked by spatial biases, like a
tendency to fixate central image regions'*** and a predominance of horizontal saccades'**®,
along with a corresponding horizontal (and lower visual field) advantage in visual
sensitivity6-20,

A central question in visual perception is whether and how oculomotor biases and
attentional preferences develop. Although gaze preferences for faces and social information
are present in infants?'~2° and early childhood?, it remains poorly understood how they evolve
throughout the subsequent stages of development. Some semantic gaze preferences differ
between preschoolers and adults, with an increase of text salience, at the expense of attention
towards hands and objects being touched?’. This shift in attention matches a competition for
cortical resources between text and limb preferring patches in the ventral stream, which starts
with the onset of reading and lasts into adolescence?’?°. More basic patterns of oculomotor
behaviour also seem to develop. Saccade amplitudes are higher and fixation durations are
shorter at later stages of childhood compared to age 2°° and the tendency to fixate on central
image regions is weaker at age 8 than 431, The horizontal bias seems to be present in infants,
albeit likely to a lesser extent than in adults®?. Overall, the understanding of gaze development
is severely limited by a scarcity of data, with most studies comparing to two or three age
groups and rarely covering adolescence.

At the same time, recent studies have demonstrated that visual field asymmetries

typical for adults are comparatively diminished in both, children and adolescents.
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Specifically, adults show a stronger enhancement of visual performance along the horizontal
compared to the vertical meridian and for the lower compared to the upper vertical
meridian®***. The diminished lower visual field advantage in adolescents goes along with a
more balanced V1 representation of the lower and upper vertical meridian in terms of surface
area®. Moreover, recent work has shown that the success of salience model predictions for
free-viewing can hinge on the age of participants®. Together, these studies suggest that basic
aspects of visual processing continue to evolve beyond early childhood, and raise the
possibility that this extends to oculomotor biases and attentional preferences. Recent findings
on interindividual variability in adult gaze”® further pose the question whether individual
differences develop from a more canonical starting point, or vice versa diminish with age.
Here, we aimed to trace the developmental trajectories of semantic salience and basic
oculomotor biases continuously and across a wide age range. In collaboration with a local
science museum, we gathered gaze data from over 10,000 participants ranging from 5 to 72
years of age. Participants sat in an eyetracking booth and freely viewed 40 everyday scenes,
which were carefully selected to maximise sensitivity for individual gaze biases® and
contained hundreds of semantically annotated objects. To probe the development of semantic
salience, we calculated the proportion of dwell time and of first fixations after image onset
towards several semantic features, individually for age bins ranging from 5-6 to 71-72 years.
We then fitted polynomial developmental trajectories to the resulting curves. Our dataset is
particularly sensitive to developmental trends between 6-56 years, a period covered by over
100 observers per age bin (cf. Methods, Figure 5). Similarly, we traced the developmental
trajectories of the central and horizontal bias, of visual exploration, fixation frequency, and of
inter-observer similarities. We find strong evidence that the development of attentional
preferences and basic oculomotor biases is protracted into adulthood and that viewing patterns

become more canonical with age. The size of our dataset further allowed us to probe a
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potential relationship between text salience and the horizontal bias independently of age,
which turned out to be negligible.
Results

Protracted development of semantic salience

To trace the development of semantic salience, we calculated the proportion of dwell
time and of first fixations towards four types of targets for each age bin: Text, Faces, Touched
objects, and Bodies. Next, we applied polynomial curve fitting and the Akaike Information
Criterion (AIC) to determine the best-fitting developmental trajectories. To differentiate
periods of broad linear change from stability we further applied a sliding window to
continuously assess the evidence for linear slopes across 5 contiguous age bins. Figure 1
shows the developmental trajectories of semantic salience for dwell time (A) and for first

fixations (B), as well as pixel masks and the fixations of two age groups for an example image

(C).
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Figure 1. Protracted development of semantic salience. Line plots display the mean proportion
of dwell time (A) and first fixations (B) directed towards four semantic features across age bins.
Semantic categories are indicated by colours, as shown in the inset. Error shades indicate +/- 1
standard error of the mean (SEM). Dotted lines show the corresponding best fitting polynomials.
The lines above the x-axes indicate the level of evidence for a given bin to be part of broad linear
change via shades of grey, as shown in the inset (sliding window analysis, cf. main text and
methods). The left-hand side of panel (C) displays object pixel masks for an example image, with
colors corresponding to categories in A and B (cf. inset, objects outside these categories shown in
light gray). The middle and right-hand images display alpha-blended fixation overlays for the same
image, showing all fixations (middle) or only first fixations after image onset (right-hand side) for
two age groups. Fixation overlays shown in blue and red correspond to ages 5-6 and 19-20,
respectively. These age groups are marked correspondingly with blue and red rhombuses above the
x-axes in Panels (A) and (B).



118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

Text salience steeply and continuously increased, with dwell time and first fixation
proportions on text more than doubling between ages 5-6 and ages 15-16 (from about 7-17%
for dwell time and 4-12% for first fixations). This was followed by a shallower increase
before finally stabilising in the twenties. The sliding-widow analysis yielded AAIC >5 for a
positive slope until age 25-26 for dwell time and until age 21-22 for first fixations. The
corresponding developmental trajectories were best described by 9% and 6™ degree
polynomials, respectively. These findings proved robust across images with different types of
text elements and across participants who indicated German or English as their preferred
language, suggesting they are largely independent of language proficiency (see supplementary
materials).

Face salience showed a differentiated developmental pattern, with dwell time
proportions continuously dropping between ages 5-6 and 15-16 (from 42% to 37%; AAIC for
decrease >5), whereas the proportion of first fixations on faces increased between ages 5-6
and 17-18 (from 44% to 52%; AAIC for increase >5). The corresponding developmental
trajectories were best fitted by 8" and 2 degree polynomials, respectively.

The salience of Touched objects continuously decreased with dwell times dropping
between ages 5-6 and 19-20 (from 23% to 21%; AAIC for decrease >5) and the proportion of
first fixations dropping between ages 5-6 and 17-18 (from 20% to 16%; AAIC for decrease
>15). Both developmental trajectories were best described by 71" degree polynomials.

The salience of Bodies showed no clear developmental changes. and no significant
periods of change in the sliding window analyses. Overall, the developmental trajectory of
dwell time proportions was best fit by a linear model with a slight negative slope, while that
of first fixations was bet fit by an intercept model.

Protracted development of the horizontal bias

Adults make far more saccades along the horizontal than the vertical'**°, which

matches anisotropies in sensitivity across the visual field'®"20, Age-specific polar histograms
7
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(Fig. 2A) and the developmental trajectory of the proportion of horizontal saccades (< 45
degrees from the horizontal meridian; Fig. 2B) revealed a strong and prolonged increase in the
horizontal bias. The proportion of horizontal saccades increased from 57% to 62% from ages
5-6 to 15-16 (AAIC > 15) and the best fitting developmental trajectory (3" degree

polynomial) reached a plateau from about age 29-30.
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Figure 2. Protracted development of the horizontal bias. Panels A and B show polar saccade plots
across 36 direction bins for ages 5-6 to 15-16. Age is indicated by color as shown in the inset. Panel
C shows the average proportion of horizontal fixations across age bins +/- 1 SEM (solid line and
error shade, respectively). The dotted line shows the best fitting polynomial. The lines above the x-
axes indicate the level of evidence for a given bin to be part of broad linear change via shades of
grey, as shown in the inset (sliding window analysis, cf. main text and methods).
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150 The parallel protracted development of the horizontal bias and text salience raises the
151  possibility of a causal connection between the two. Reading requires mostly horizontal

152  saccades and this acquired behaviour may generalize to scene viewing. We first tested that the
153  developmental pattern we observed for the horizontal bias generalizes to images without text
154  elements, which could be confirmed (supplementary results). We then tested the partial

155  correlation of individual differences in the horizontal bias and text salience when controlling
156  for age, which was statistically significant but negligible (r(6734) = .07, p < .001, 95% CI
157  [.05, .1]). Given that the normality assumption was met for the horizontal bias and text

158  salience, but not for age, we conducted an additional control analysis testing the same partial
159  correlation with log-transformed age. This confirmed a negligible correlation between the
160  horizontal bias and text salience when controlling for age (r(6734) = .04, p =.002, 95% ClI
161  [.01,.06]). This is counter to the hypothesis of a strong causal relationship between the

162  horizontal bias and individual text salience.

163 Protracted development of the center bias and of visual exploration

164 Next, we examined developmental changes in the center-bias, as indicated by the

165  mean eccentricity of fixations from the image centroid (Figure 3A), as well as changes in

166  visual exploration, as indicated by fixation frequency (Figure 3B) and the absolute number of
167  objects fixated (Figure 3C).

168
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Figure 3. Protracted development of visual exploration. Line plots illustrate the mean distance

to the image centroid (in pixels; A), the average number of objects fixated (B), and average fixation

frequency (Hz; C) for age bins ranging from ages 5-6 to 71-72 (x-axis). Error shades indicate +/- 1
standard error of the mean (SEM). Dotted lines show the best fitting polynomials. The lines above

the x-axes indicate the level of evidence for a given bin to be part of broad linear change via shades
of grey, as shown in the inset (sliding window analysis, cf. main text and methods).

169 The development of average fixation eccentricity from the image center was best fitted

170 by abroadly U-shaped 7th degree polynomial. Average eccentricity increased between ages

10
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5-6 and 19-20 average (from 212 to 246 pixels; AAIC >15) and slowly decreased from about
age 49-50. The number of fixated objects across all images increased between ages 5-6 and
21-22 (from 94 to 119; AAIC > 5), while fixation frequency increased between ages 5-6 and
19-20 (from 1.77 to 1.92 Hz; AAIC > 5). Both indicators of visual exploration slowly
decreased from the late thirties or early forties and followed developmental trajectories best
fitted by broadly U-shaped 6th degree polynomials.

The sliding window analyses using a window size of five age bins yielded strong
evidence for the increase in all indicators of visual exploration over the first two decades of
life, but not for the later decline. However, a supplemental analysis using a larger window
size of 10 bins confirmed significant change for both periods (supplemental results). This
reflects the more protracted and gradual decline of visual exploration with older age,
compared to the steeper increase early in life.

Protracted development of entropy and inter-observer similarity

Finally, we traced the development of fixation entropy and individual differences in
gaze behavior. Adults show systematic individual differences in gaze behaviour towards
complex natural scenes”®. Here, we first computed the Shannon entropy of smoothed fixation
maps for each image and age group. This group-level entropy showed a steep early increase,
peaked at age 11-12, after which it decreased until age 25-26, followed by a second, more
prolonged decrease from age 47-48. At age 71-72, group-level entropy was at its lowest, 34%
below its peak. This developmental trajectory was best described by a 5th-degree polynomial.
(Fig. 4 A, see markers above the x-axis for periods of significant linear change in the sliding-

window analysis).

11
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Figure 4. Protracted development of inter-observer similarity. Panel A shows the average
entropy of group-level fixation maps across age bins. Panel B shows fixation data from observers
aged 5-22 overlaid as colored circles on one example image. Colors correspond to age groups as
indicated by the colorbar. Note the lower dispersion of hotter colors, indicating less dispersion on
the group level for adult participants. Panel C shows the average entropy of observer-specific
fixation maps across age bins. Panel D shows the mean observer similarity for each age bin, as
indicated by the average pairwise correlation of observer-specific dwell-time distributions across
objects. All error shades indicate +/- 1 standard error of the mean (SEM) and the dotted lines the
best fitting polynomial. The lines above the x-axes indicate the level of evidence for a given bin to
be part of broad linear change via shades of grey, as shown in the inset (sliding window analysis,

cf. main text and methods).

Group-level entropy reflects both, intraindividual fixation dispersion and
interindividual differences. To disentangle the two, we first computed the intraindividual
entropy of individual fixation maps and averaged it for each age group (Fig. 4 C). Echoing
our findings on visual exploration, intraindividual entropy first increased until age 37-38,
before the best fitting 6™-degree polynomial steadily declined again. Strong evidence of linear

change in the sliding window analysis (AAIC > 5) was limited to the steepest phase of the
12
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initial rise between ages 5-6 and 23-24, but extended to the steady decline when using a larger
window size of 10 bins (supplemental results). Just as the other indicators of individual visual
exploration, this reflects the more protracted and gradual decline in older age, compared to the
steep increase early in life (see above).

Finally, to pinpoint the development of interindividual similarity specifically, we
directly compared pairs of observers regarding their individual distributions of dwell time
across objects in the images. Specifically, we quantified the average pair-wise correlation of
object fixation patterns for each age bin. As shown in Fig 4 D, pair-wise observer similarities
slightly decreased from r = .38 to r = .35 between ages 5-6 and 13-14, before steeply
increasing to r =.45 at age 23-24 (AAIC > 25) onwards. This developmental trajectory was
best described by a 9™ degree polynomial.

Taken together, visual exploration and intraindividual fixation dispersion steeply
increased over the first two decades of life. This increase of individual exploration went along
with a small initial drop and subsequent rise of observer similarity during adolescence. That
is, from age 13-14, the distribution of gaze became both, more dispersed on the individual
level and more canonical across observers.

Discussion

To probe the developmental trajectory of free-viewing behaviour towards natural
scenes, we analysed the gaze of thousands of individuals from 5 to 72 years of age. We found
surprisingly protracted development for the semantic salience of text, faces, and touched
objects, as well as for visual exploration and basic oculomotor biases, such as the central and
horizontal bias, all of which continuously developed into adulthood. This suggests that typical
adult gaze behaviour takes decades to unfold and may require prolonged visual experience. At
the same time, the inter-individual similarity of gaze patterns steeply rises during adolescence
and reaches its maximum at age 22-23 onwards. This suggests that the protracted

development of gaze ultimately results in more canonical ways of exploring our surroundings.
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Protracted development of semantic salience

We found a continuous increase in the proportions of dwell time and first fixations
directed towards text, which only plateaued in the third decade of life. This matches previous
results showing drastically enhanced text salience in adults compared to pre-schoolers?” and
reveals that the development of text salience extends far beyond reading acquisition. Control
analyses of a subsample indicating English as preferred language or using an image subset
with text elements common in German suggest that this effect is unrelated to language
proficiency (see supplementary materials). Adult text salience appears to unfold across most
of the educational history and may be mediated by levels of literacy and reading experience.
An increasing share of text in the foveal diet may have a self-reinforcing effect on text
salience. Future work could test this hypothesis directly, using literacy tests and mobile eye-
tracking to estimate changes in the visual diet and in gaze behaviour longitudinally. Similarly,
longitudinal studies combining functional neuroimaging and eyetracking could probe a
potential bidirectional relationship between the development of text salience and word-
preferring patches of cortex in the ventral stream”?”2°, Cross-sectional and longitudinal
studies have shown that word-preferring ventral regions develop from reading acquisition
until at least the age of 17283738,

The salience of objects being touched continuously decreased until early adulthood.
We speculate that this may be related to an increasing understanding of (inter-)actions among
people and objects. Accumulated experience with scenes and actions (e.g., two people playing
basketball) may enable adults to categorise a given action from scene gist*® whereas children
and adolescents may have a greater need to foveate hands and the things they touch for action
understanding c.f.4%. This hypothesis could be tested in future studies comparing action
understanding from scene gist across different age groups and levels of expertise.
Interestingly, a recent longitudinal study revealed that after reading onset, limb-preferring

cortical regions shift their preference towards text (and faces). This shift lasted until ages 15-
14
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17, suggesting a prolonged process of cortical recycling®2°, which may be related to
corresponding changes in visual diet. The longitudinal neuroimaging studies suggested above
could track the push-pull relationship between preferences for hands and text in both, gaze
behaviour and cortical tuning to test whether they happen in tandem or one is preceding the
other.

Face salience continuously developed over the first two decades of life, a relevant
finding for a longstanding debate focussing on its potentially innate nature and very early
development*>*3, Interestingly, face salience showed a differential developmental pattern,
with a protracted decrease of dwell time on faces and a parallel increase of first fixations
directed towards faces. This finding is consistent with previous work comparing pre-schoolers
and adults?’. While the individual proportions of first fixations and dwell time on faces were
highly correlated with each other in all age groups, their opposing developmental trajectories
may point to dissociable contributing mechanisms. The tendency to saccade towards faces
immediately after image onset appears stronger and more mature in adults and may primarily
be driven bottom-up. A second, top-down mechanism may guide dwell time towards faces
and suffer stronger competition with text salience and visual exploration in adults. Notably,
the proportion of adult dwell time on text is considerably higher than the proportion of first
fixations on text (~20% and ~12%, respectively), indicating the stronger competition of text
for dwell time than for first saccades. As mentioned above, recent developmental studies
suggest that ventral cortical territory selective for limbs may be recycled for both, text and
face preferences?®?°, Future longitudinal research could track and test a relationship between
the development of face salience and ‘ultrarapid’ saccades towards faces**¢, which
presumably present bottom-up mechanisms. Future studies may also test whether the neural
signature of immediate and short latency saccades towards faces is different from that of later

and more prolonged fixations towards faces.
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For body salience (beyond faces and hands), we found a very subtle negative trend for
dwell time across the whole age range tested, but no strong developmental changes. This
matches studies finding no changes in cortical activation for bodies along the ventral stream
throughout adolescence and young adulthood?®4’, underscoring the dissociable and special
nature of faces and hands for the visual system and its development.

Protracted development of visual exploration and saccadic anisotropies

Previous research has indicated a more pronounced central bias in infants and children
aged 4-8% compared to adults, as well as a less prominent horizontal bias in infants®. Here,
we found that visuo-spatial biases continuously develop until adulthood. Specifically, we
observed a continuous reduction of the central bias until age 20-21 and an increase in the
horizontal bias until age 15-16. Given that reading is characterized by horizontal saccades, we
explored a potential link between text salience and the horizontal bias, which could not be
confirmed when controlling for age. This suggests that the visual processes underlying
enhanced text salience and the horizontal bias develop in parallel but may be distinct from
each other. The protracted changes in saccadic anisotropies match recent findings, showing
that children and adolescents have a lower sensitivity advantage for the horizontal meridian
compared to adults****, Again, future longitudinal studies could disentangle the relationship
between the protracted development of this horizontal sensitivity advantage and of the
saccadic horizontal bias. Furthermore, the development of visual exploration and the
horizontal bias may be due to the prolonged formation of spatial priors for typical scene
layouts*. Additionally, the visual field distribution of informative features may vary with age.
Small children probably encounter relevant stimuli in their upper visual field more often than
adults®,

Protracted development of inter-observer similarity

Intraindividual fixation dispersion consistently increased until at least age 21-22.

Initially, this was accompanied by a slight increase of individual differences, both in terms of
16
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object directed dwell time distributions and group-level entropy. However, from age 13-14
this trend reversed and inter-individual similarity steeply increased. Visual exploration
became increasingly canonical, despite an ongoing trend for enhanced intra-individual
fixation dispersion. It is remarkable that children show larger inter-individual differences
despite their lower tendency for exploration stronger central bias. This suggests children
explore fewer parts of a scene, but which parts they select is highly individual. Adult gaze is
more widely dispersed, but in a comparatively canonical way. This more canonical nature of
adult gaze may reflect a slow accumulation of expertise for everyday scenes, which may in
turn reflect increasingly similar visual experience. Individual visual diets may become less
idiosyncratic and richer from the onset of out-of-home care, including a larger number of
faces and places encountered*®. Future studies could use mobile eyetracking to test whether
the intraindividual variance of visual diets increases with age, while the inter-individual
variance decreases.

Taken together, the data of thousands of individuals from ages 5-72 show that sematic
salience, visual exploration and spatial saccadic biases unfold over at least the first two
decades of life. The data further suggest that a crucial result of this protracted development is
increased interobserver similarity of viewing patterns. Many of the underlying biological and
environmental causes are unclear. Studying them appears key for understanding the general
mechanisms of gaze.

Methods

Subjects

From February 2022 to November 2023 a total of 13984 datasets were collected at the
German science museum Mathematikum, Giessen. 10632 of these stemmed from individual
participants, of whom 10624 proceeded to the free viewing task (cf. Figure 6 B). 10.7% of
these were excluded due to incomplete data for more than half of the 40 presented images and

a further 28% because their average calibration error was above 1 degree visual angle. This
17
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resulted in a final sample of 6843 subjects, of which 6736 subjects were 5 to 72 years of age
(M =25.78, SD = 18.30; See Fig. 5). 55.43% of this included sample identified as male,
41.09% as female, and 3.48% as having diverse gender identities. The study was approved by
the Justus Liebig Universitat Fb06 Local Ethics Committee (lokale Ethik-Kommission des
Fachbereichs 06 der Justus Liebig Universitat Giessen) and participants provided informed
consent vis a touchscreen.

900
800

~

o

o
T

fo

S

S
T

l

Number of observers

10 20 30 40 50 60 70
Age

Figure 5. Age distribution of analysed free viewing data. Histogram displaying the distribution of
ages of included observers using a bin width of two.

Apparatus

The free viewing task was programmed with Psychopy version 2020.1.2%° in Python
3.6.10%. Stimuli were displayed on a liyama ProLite T1931SR-B5 touchscreen with a
1280 x 1024 pixel screen resolution and at a size of 1000 x 750 pixels, which approximately
corresponds to a visual angle of 37 x 28 degrees (d.v.a.). Eye movements were recorded from
both eyes using a head-free Tobii 4c Eye Tracker (Tobii AB, Danderyd, Sweden) operating in
remote mode at a distance of 50-90 cm and with a sampling rate of 90 Hz. Previous research
assessing the predecessor model, Tobii EyeX, reported an accuracy of <0.6 d.v.a. and a
precision of <0.25 d.v.a. Practice trials confirmed comparable performance for the 4c Eye
Tracker and the median validation accuracy for the present study was 0.6 d.v.a. (SD = 2.88).
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Procedure

Mathematikum visitors took part in in our study from February 2022 to November
2023. The software interface was designed to enable participants to navigate the menu
without external assistance. Panel A in Figure 6 displays an image of the setup, panel B
displays the order of events during the experimental procedure. For a more detailed

description, please refer to Supplementary Figure S1.

User-guide

alibration/Validation

Figure 6. Eyetracking booth and procedure. Panel A shows an image of the eyetracking booth
exhibited at the museum Mathematikum. Panel B provides an overview of the experimental
procedure. For a more detailed description of the software, please refer to Supplementary Figure
S1.

Participants seated themselves in front of a touchscreen and initiated the process by
selecting their preferred language (German or English). Subsequently, they provided informed
consent, indicated their age, gender, prior participation (y/n), and whether they wore glasses
(y/n). Following this, participants underwent a 5-point calibration and validation procedure. If
the average validation error was above 0.7 degrees visual angle (d.v.a.), the procedure was
repeated once more. To ensure correct positioning, a customized position guide interfaced
with the eye tracker and provided real-time feedback on whether the participant was within

the trackable range. On average, participants sat at a distance of 59 cm from the screen. All
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viewing angles for event detections and error margins for AOI analyses (see below) were
computed based on the individual average distance.

Subsequently, participants viewed an instructional video in which they were
welcomed to the exhibit and instructed to ‘look at the images in any way they want’. Then, 40
images were displayed at the center of the screen for 3 seconds each, with a fixation cross
displayed centrally between trials. A trial could only commence if a participant's gaze did not
deviate by more than 2 d.v.a. from the fixation cross for 1 second. The presentation order of
images was constant for all participants.

Stimuli

We used the OSIE408 dataset, which includes 40 everyday scenes and corresponding
pixel masks for 364 objects with binary labels for 12 semantic object features. Additionally,
we used pixel masks for bodies recently published by®!. Individual gaze tendencies for several
semantic features can be estimated reliably with this stimulus set®.

Data Analyses

Data processing. All pre-processing steps and statistical analyses were performed
using MATLAB R2019B (MathWorks). Raw eye tracking data were converted to fixation and
saccadic events using the event detection algorithm NH2010 by Nystrém and Holmgqvist®?.
The NH2010 was specified to identify fixations using a threshold on minimum fixation
duration of 100 ms and a maximum velocity criterion of 1,000°sec as well as a minimum
saccade duration of 11.11 ms (please refer to Figure S4 for example trace plots of (raw) eye
tracking data). For a given trial, we removed fixations below 100 ms onset time to exclude
intertrial fixations and saccades initiated before trial onset.

Statistical approach

To examine the developmental trajectory of a given measure across age groups, we
fitted polynomials from 0-10 degrees to each curve. Among these candidate models, we then

computed the AIC differences as Ai=AICi—AICmin, where AICi stands for the AIC of the i th
20
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model, and AICmin represents the minimum AIC among all models. Subsequently, we
selected the least complex model with Ai < 4 as the best-fitting choice. This approach helped
us to trace broad developmental trends. To pinpoint periods of developmental change more
specifically, we additionally used a sliding window approach. Here, we computed the AIC
difference (AAIC) between first- and zero-degree polynomials, that is the evidence for linear
change over a constant for each window of 5 consecutive age bins. We then computed the
mean evidence for change for all windows containing a given age bin and projected the value
onto this bin. This way we evaluated the evidence for continuous linear change in a specific
but smooth fashion. To capture broader and less steep developmental changes, we report the
results of the same analysis using a window size of 10 consecutive age bins in the supplement.

Semantic salience. To quantify semantic salience, we used two metrics of gaze
towards objects with a given semantic feature: (1) the proportion of dwell time and (2) the
proportion of first fixations after image onset among all fixations landing on labelled objects’.
These were computed for each individual and then averaged for each age bin.

Oculomotor behavior across development. To examine oculomotor behavior across
age groups, we calculated the following metrics for each observer: (1) Mean fixation
eccentricity from the image centroid (in pixels); (2) visual exploration, indicated as the mean
number of objects fixated and (3) the mean fixation frequency in Hz. Additionally, (4) we
investigated the distribution of saccades across 60 directional bins and the proportion of
saccades within +45° of the horizontal meridian. Again, we averaged these metrics separately
for each age bin to trace developmental trajectories.

Inter-observer similarity. To test intra-individual fixation entropy, we computed the
mean Shannon entropy of observer- and image-specific fixation maps and averaged the
resulting values for each age bin. Similarly, we computed the group-level entropy based on
the Shannon-entropy of joint fixation maps for all members of a given age group (averaged

across images). Finally, to determine (dis-)similarities in object-directed gaze, we first
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compiled the cumulative dwell time devoted to each labelled object across all scenes for every
observer (a vector with 366 entries per observer). We then computed all pairwise Pearson
correlations between these individual gaze patterns in a given age bin and used the average of
these correlations to determine typical pairwise similarity within the age bin.

Data Availability

Anonymized data are freely available at osf.io/ycrav.

Code Availability

Code to reproduce the presented findings are freely available at osf.io/ycrav.
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Supplementary Materials

Supplementary Methods

Procedure

Figure S1 gives an overview of all phases of the experimental procedure. Participants
took their seats in front of a touchscreen panel and selected their preferred language (either
German or English). Following this, they provided informed consent and indicated their age,
gender, whether they had participated before (yes or no), and whether they wore glasses (yes
or no). To ensure accurate positioning, a customized position guide offered real-time feedback
to confirm that the participant was within the trackable range. Subsequently, participants
completed a 5-point calibration and validation procedure. If the average validation accuracy
was less than 0.7 degrees of visual angle (d.v.a.), the procedure was repeated once more. After
this, participants watched an instructional video welcoming them to the exhibit and instructing
them to ‘look at the images in any way they want’. Following these instructions, 41 images
were displayed sequentially, each presented at the center of the screen for 3 seconds, with a
central fixation cross displayed between trials. The image set consisted of the OSIE40?, which
was the basis for all analyses and an additional image of the museum which was used for gaze
illustration later (see below). A trial would not commence before the participant's gaze was
within 2 d.v.a. from the fixation cross for 1 second. The presentation order of images
remained the same for all participants. Upon completion of the free viewing task, participants
saw a heatmap of their personal gaze on the image of the museum and information about how
their average fixation duration compared to that of others. Finally, they saw a display with a
certificate of participation. After that they could chose to engage in another ’eyetracking

game’ or end participation.



Language Informed consent Demographics Participation Glasses

Phase 1: ~ 1 min

Attention User-guide  Calibration/Validation  Instructions

Phase 2: ~ 1.5 min Phase 3: 1.4 min

oW

Free-viewing task

Phase 4: ~ 3 min

User feedback

Eyetracking

Phase 5: 1 min

Figure S1. Phases of experimental procedure. Each frame shows a screenshot from a different phase
of the experiment. Red bars indicate phases during which eye-tracking data was recorded. Feedback
screens were based on online analyses of data and participant-specific.

Protracted development of text salience independent of English proficiency

To test whether the protracted development of text salience in our mostly German-
speaking sample hinges on (lacking) English language proficiency, we conducted two
additional analyses. First, we selected the subsample of participants who chose English as
their preferred language (n = 412) and determined their dwell time proportion towards text
across age bins. Next, we computed the dwell time proportion towards text in the full sample,
but limited it to two images that included words and numbers common in both languages. As
in the main analysis, we computed the corresponding averages for each age bin, fitted
polynomials to the resulting developmental trajectory and adopted the sliding window

approach to pinpoint periods of change (see main methods).



Protracted development of horizontal bias in images without text

To test whether the protracted development of the horizontal bias is tied to text
salience, we replicated our analyses of saccadic directions for the subset of 17 images that

contained no text elements (see main methods).

Protracted development of visual exploration using a larger window size

To probe a more gradual decline of visual exploration with age, we again used a sliding
window approach to test periods of broad linear change for the center bias, number of objects
fixated, fixation frequency and intra-individual entropy across age, however this time using a
window size of 10.

Supplementary Results

Protracted development of text salience independent of English proficiency

Figure S2 shows the developmental trajectory of dwell time on text (1) when only
including images containing text elements common in the German and English language and
(2) when testing the English-preferring subsample. Both analyses replicated strong evidence
for a strong and protracted increase of text salience until age 17-18 (AAIC >5). The
development of text salience for the two images with numbers and words common in German
was best fitted by a 4th degree polynomial. The development of text salience in participants

indicating English as their preferred language by a 2" degree polynomial.
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Figure S2. Protracted development of semantic salience. Line plots display the mean proportion
of dwell time towards text elements (y-axis) across age bins from ages 5-6 to 71-72 (x-axis) for
images containing text elements common in German and English (upper panel) and for the
English-preferring sample (lower panel). Error shades indicate +/- 1 standard error of the mean
(SEM), dotted lines best polynomial fits. The lines above the x-axes indicate the level of evidence
for a given bin to be part of broad linear change via shades of grey, as shown in the inset (sliding
window analysis, cf. main text and methods).

Protracted development of horizontal bias for images without text

Polar histograms replicated a strong increase in horizontal bias from ages 5-6 to 15-1
6 for the subset of images excluding text (Fig. S3 A). The same was true for the
developmental trajectory of the proportion of horizontal saccades, which steeply increased

from 51% to 59% between ages 5-6 and 15-16 (AAIC > 25), before increasing more



moderately to 60% at age 19-20 (AAIC > 5) and finally stabilizing (Fig. S3 B). The

corresponding developmental trajectory was best fitted by a 3rd degree polynomial.
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Figure S3. Protracted development of the horizontal bias for images excluding text. Panel A
shows polar plots of the distribution of saccades across 36 direction bins from ages 5-6 to 15-16, as
indicated by the colors shown in the inset. Panel B plots the developmental trajectory of the
average proportion of horizontal fixations across age bins (solid line). The error shade indicates +/-
1 standard error of the mean (SEM) and the dotted grey line the best fitting polynomial. The lines
above the x-axes indicate the level of evidence for a given bin to be part of broad linear change via
shades of grey, as shown in the inset (sliding window analysis, cf. main text and methods).

Protracted development of visual exploration using a larger window size



Next, we tested linear developmental changes in the center-bias, indicated by the mean
distance to the image centroid (Figure S4 A), visual exploration as indicated by fixation
frequency (Figure S4 B), the absolute number of objects fixated (Figure S4 C) and intra-
individual fixation entropy (Figure S4 D) via a sliding window approach using a window size

of 10 bins.
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Figure S4. Protracted development of visual exploration. Line plots illustrate the mean distance
to the image centroid (in pixels; A), the average number of objects fixated (B), the average fixation
frequency (Hz; C) and the average entropy of observer-specific fixation maps (C) across age bins
ranging from ages 5-6 to 71-72 (x-axis). Error shades indicate +/- 1 standard error of the mean
(SEM), dotted lines best polynomial fits. The lines above the x-axes indicate the level of evidence
for a given bin to be part of broad linear change via shades of grey, as shown in the inset (sliding
window analysis, cf. main text and methods).



The average distance of fixations from the image center increased from 212 to 252
pixels between ages 5-6 and 31-32 (AAIC >5) and decreased from 249 to 224 pixels between
ages 41-42 until 71-72 (AAIC > 5). The number of fixated objects across all images increased
from 94 to 121 between ages 5-6 and 21-22 (AAIC > 5) and decreased from 125 to 104
between ages 37-38 and 71-72 (AAIC > 5). Similarly, fixation frequency increased from 1.77
Hz to 1.93 Hz between ages 5-6 and 23-30 (AAIC > 5) and declined from 1.91 Hz to 1.81
between ages 39-40 and 59-60 (AAIC > 5). Finally, intraindividual entropy increased by 15%
between ages 5-6 to and 37-38 (AAIC > 5) and declined by 12% between ages 39-40 and 71-

72 (AAIC > 5).



Example overlay and trace plots for eye tracking data
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Figure S5. Example trace plots. The overlay plots on the left show the raw eye-tracking data as
scatter points (90Hz). Transparent disks indicate fixation events and are scaled according to the
corresponding fixation duration. Each row shows the data of an example participant from a
different age group. The plots on the right show the corresponding horizontal and vertical position
traces, with grey overlays marking periods classified as fixations. Each data point is color-coded
to represent the trial time, ranging from 0-3000 ms, as indicated by the color bar on the right.
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