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Standard looking-duration measures in eye-tracking
data provide only general quantitative indices, while
details of the spatiotemporal structuring of fixation
sequences are lost. To overcome this, various tools
have been developed to measure the dynamics of
fixations. However, these analyses are only useful
when stimuli have high perceptual similarity and they
require the previous definition of areas of interest
(AOIs). Although these methods have been widely
applied in adult studies, relatively little is known about
the temporal structuring of infant gaze-foraging
behaviors such as variability of scanning over time or
individual scanning patterns. Thus, to shed more light
on the spatiotemporal characteristics of infant fixation
sequences we apply for the first time a new
methodology for nonlinear time-series analysis—the
recurrence quantification analysis (RQA). We present
how the dynamics of infant scanning varies depending
on the scene content during a ‘‘pop-out’’ search task.
Moreover, we show how the normalization of RQA
measures with average fixation durations provides a
more detailed account of the dynamics of fixation
sequences. Finally, we link the RQA measures of
temporal dynamics of scanning with the spatial
information about the stimuli using heat maps of
recurrences without the need for defining a priori AOIs
and present how infants’ foraging strategies are driven
by the image content. We conclude from our findings
that the RQA methodology has potential applications
in the analysis of the temporal dynamics of infant

visual foraging offering advantages over existing
methods.

Introduction

As naive learners, during the first year of life, infants
face a number of challenges in building their knowledge
of the structure of the surrounding environment (Aslin,
2013). From birth, they rely on visual information
processing and limited attention biases to guide their
learning, most notably a bias towards face-like patterns
(Johnson, Dziurawiec, Ellis, & Morton, 1991; for a
review see Johnson, Senju, & Tomalski, 2015). Initially,
reflexive saccades (i.e., eye movements occurring in
response to the sudden onset of a peripheral stimulus)
dominate in the first two postnatal months (Richards,
2008) and young infants have difficulties with disen-
gaging their gaze from any stimulus (e.g., Johnson,
Posner, & Rothbart, 1991). At around two months of
age, infants begin to show smooth visual tracking,
although their eye movements still lag behind the
movement of the stimulus (Johnson & de Haan, 2015,
p. 93). Moreover, the cortical areas that control
voluntary saccade movements in the brain continue to
develop until the sixth postnatal month, which allows
infants to control attention-directed voluntary sac-
cades. As visual scanning of the environment becomes
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more elaborate throughout the first year of life, infant
looking is increasingly driven by their prior knowledge
and less by low-level salience (Frank, Vul, & Johnson,
2009). Finally, the brain pathways that control smooth
pursuit movements continue to develop until the
second year of life (Richards, 2008).

As the research on infant visual cognition investi-
gates component processes in increasing detail, the field
has moved away from the macrostructure of overall
looking times and is focused on the microstructure of
individual fixations measured with eye-tracking (Aslin,
2012). Looking-time measures were introduced by
Fantz (1963, 1964), who demonstrated that newborns
have an organized and selective looking behavior
despite poor visual acuity. However, these measures do
not allow exploring the microdynamics of visual and
cognitive processing. Therefore, a growing body of
literature is focusing on the analysis of fixation
durations (FDs) as indicators of cognitive processing,
which represents how long a fixation remains in a
particular location (Saez de Urabain, Nuthmann,
Johnson, & Smith, 2017). FDs are typically combined
in order to compare their average and the total time
spent looking between images or particular areas of
interest (AOIs) of an image (e.g., Tenenbaum, Shah,
Sobel, Malle, & Morgan, 2012; Tomalski et al., 2013).
Hence, FDs allow the calculation of global measures of
cumulative and average looking times, which have been
successfully related to a range of aspects of cognitive
development (Aslin, 2012), individual differences in
temperament and attention (Papageorgiou et al., 2014),
or efficiency of information processing (Colombo &
Mitchell, 2009). However, standard looking-time anal-
ysis typically produces only a global quantitative
description of the eye-tracking data and does not
provide information about the temporal structuring of
gaze-foraging behaviors such as within-subject vari-
ability of scanning paths over time or individual
scanning patterns.

Recently, in the adult eye-tracking research com-
munity there has been an increased interest in the
measurement of temporal dynamics of fixations to
analyze the scanpaths (i.e., trajectories of the eyes when
scanning the visual field and analyzing any kind of
visual information). In scanpath methods, images are
divided into AOIs, which can either be designated
feature regions within an image (e.g., body parts or
objects) or can be created by simply binning (i.e., the
process of combining a cluster of pixels into one single
pixel) the image into a discrete number of regular bins
(for a review, see Anderson, Anderson, Kingstone, &
Bischof, 2015). A letter is then assigned to each region,
and every eye fixation within that region is tagged with
this identifier. Methods such as string-edit distance
(e.g., Foulsham & Kingstone, 2013), linear distance
algorithm (Henderson, Brockmole, Castelhano, &

Mack, 2007), ScanMatch (Cristino, Mathôt, Theeuwes,
& Gilchrist, 2010), or the MultiMatch analysis (Dew-
hurst et al., 2012) have proved to be useful for
comparing scanpaths among participants (Anderson et
al., 2015). Scanpath analyses have shown, for instance,
that infants collect facial information more efficiently
from upright faces than from inverted ones, an ability
that gradually develops with age (Kato & Konishi,
2013), and that they scan faces of various ethnicities
differently (e.g., Xiao, Xiao, Quinn, Anzures, & Lee,
2012). However, these analyses are generally con-
strained to comparisons for closely related stimuli or
very similar layouts where particular points are easily
comparable, making it difficult to generalize the
scanpath measures over participants and stimuli (for a
further discussion, see Anderson et al., 2015).

Scanpath and the majority of FD analyses require a
prior definition of relevant AOIs, which is an important
limitation. On one hand, AOIs are needed to link FDs
with the spatial location of visual stimuli, while on the
other hand, they are needed to create the different
scanpaths. This also limits the analysis to independent
and spatially separated areas where nearby fixations
may potentially be wrongly classified into different
AOIs (Anderson et al., 2015), or spatial information
can be lost from areas that in some cases are not
considered relevant to the analysis (e.g., background).
Moreover, AOIs often differ in size and shape even if
the stimuli are similar (Hessels, Kemner, van den
Boomen, & Hooge, 2016a). This can be problematic for
several reasons. First, it complicates the comparison
between studies using similar stimuli (Hessels et al.,
2016a). Second, it complicates the analysis of the
temporal dynamics of fixations when the image is not
considered as a whole but divided into independent
areas. Finally, it requires the researcher to process the
context of the image in order to select the AOIs.

A recent study has introduced a machine-learning
approach to analyze eye-tracking data in a decontex-
tualized manner (i.e., without the definition of any
AOIs) and to overcome these limitations that the
definition of AOIs introduces (Vallee, 2015). In this
way, the eye-tracking data comprises the entire
interaction of the user with the image. This is an
important advantage over AOI-based studies because it
does not suffer from the restrictions that AOIs
introduce.

In this paper, we demonstrate that the investigation
of scan patterns in infant eye-tracking data can be
considerably enhanced by advanced methods devel-
oped for the study of dynamical properties of cognitive
systems. Specifically, we measure the spatiotemporal
properties of infant visual scanning during a face ‘‘pop-
out’’ task using a technique known as recurrence
quantification analysis (RQA; Zbilut, Giuliani, &
Webber, 1998). RQA is an increasingly popular method
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of analyzing dynamical changes of behavior in complex
systems. In psychology, it has become an attractive tool
revealing the complexity of human behavior across
multiple timescales. It has been applied to measure the
coupling of two behavioral signals from different
interacting actors (e.g., Shockley, Santana, & Fowler,
2003; Richardson & Dale, 2005; Shockley & Turvey,
2005), behavioral coupling in parent–child interactions
(López Pérez et al., 2017), including gaze coupling
(Nomikou, Leonardi, Rohlfing, & Raczaszek-Leonardi,
2016) or stereotypical motor behavior of individuals
with autism spectrum disorder (Romero, Fitzpatrick,
Schmidt, & Richardson, 2016; Großekathöfer et al.,
2017).

Several attempts have been made to apply RQA to
study the dynamics of eye-tracking data (e.g., Ri-
chardson & Dale, 2005; Cherubini, Nüssli & Dillen-
bourg, 2010). Early attempts focused on analyzing
visual scanning as a sequence of fixations on a few
AOIs and used this data in subsequent RQA analysis to
find common dynamics. However, only recently has
RQA been extended to characterize the temporal
dynamics of fixation coordinates (Anderson, Bischof,
Laidlaw, Risko, & Kingstone, 2013; Wu, Anderson,
Bischof, & Kingstone, 2014; Demiralp, Cirimele, Heer,
& Card, 2017). Anderson et al. (2013) used RQA to
study the individual differences in scan patterns under
natural (i.e., unrestricted scene-viewing task) versus
gaze-contingent (i.e., the fixation field changes de-
pending on the participant’s eye movements) viewing
conditions. Wu et al. (2014) expanded the previous
study and explored the relationship between RQA
parameters versus the complexity and clutter in visual
scenes. Both studies showed that local and global
temporal properties of fixations can be described by a
handful of parameters and that these parameters were
sensitive to the type of scene or the scene viewing
conditions. Additionally, it was shown that these
measures had a clear interpretation within the context
from which they were extracted. For instance, a higher
percentage of fixations that form repeated trajectories
of fixations (determinism; DET) and a higher percent-
age of fixations that form consecutive fixations in the
same image areas (laminarity; LAM) were found when
certain regions of the scene were explored in more
detail. Additionally, the percentage of fixations that are
part of areas previously fixated (recurrence rate; RR)
varied in relation to the image content of the scene, and
the global patterns of refixations (center of recurrence
mass; CORM) changed depending on the viewing
conditions (Anderson et al., 2013).

The advantage of RQA in comparison to standard
looking-time analysis is the possibility of disentangling
local from global gaze behavior in one go (Anderson et
al., 2013). Variations in the DET and the LAM reflect
changes in the local gaze behavior. Moreover, changes

in the RR and the CORM are related to changes in the
global gaze behavior. RQA also allows to analyze
fixation data in a decontextualized manner without the
definition of any areas of interest. This is achieved first
by extracting the RQA parameters and, second by
back-projecting these measures onto the image space
(Anderson et al., 2013). More importantly, RQA allows
the analysis of the temporal dynamics of a single
scanpath while one of the major disadvantages of
scanpath analyses is that, until recently, two scanpaths
were needed to perform any comparison (Anderson et
al., 2015). Altogether, this allows for differences in the
temporal dynamics to be captured, to provide in-depth
depiction of what drives infants’ attention, and to
explore how these processes evolve over time, which is
something that cannot be investigated with traditional
high-level measures.

To our knowledge, RQA has not been used to
analyze the temporal dynamics of infant eye-tracking
data, which is often complicated. Infants do not sit still,
their oculomotor system undergoes rapid development
and task performance can considerably vary from one
subject to another, and their attention span is shorter
than adults, which leads to lower data quality and
reduced number of valid fixations (e.g., Holmqvist,
Nyström, & Mulvey, 2012; Wass, Smith, & Johnson,
2012).

The purpose of our study was to apply for the first
time the RQA methodology to analyze infant eye
tracking (ET) data during a face pop-out task in a large
sample of 6- to 7-month-old infants. In adult studies,
the content of a visual scene (e.g., images of landscapes
vs. interiors) is related to both global (RR and CORM)
and local temporal gaze patterns (LAM and DET)
(Anderson et al., 2013). First, we assessed the
usefulness of the RQA measures in infant ET data and
tested whether the presence of a human face in a visual
scene with objects affected the global and the local
temporal gaze patterns. Second, we normalized the
RQA with average FDs for each participant to control
for individual differences in FDs, which may reflect
variability in infant vigilance or processing speed.
Third, we independently tested without the use of
predetermined AOIs, which areas in the visual image
are related to the face versus chair differences in RQA
measures by back-projecting the RQA data onto the
image. Finally, we computed the similarity between the
infants’ individual RQA maps and showed how infants’
foraging strategies are driven by the image content.

Overall, we expected that participants would fixate
on faces more often than other objects (Gliga,
Elsabbagh, Andravizou, & Johnson, 2009), showing
higher RR in visual scenes with a face than scenes
without them (i.e., chair scenes). Additionally, because
faces attract and hold attention longer in comparison
to other objects (e.g., Langton, Law, Burton, &
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Schweinberger, 2008), participants would show higher
LAM in face scenes than in chair scenes. Since faces
attract infants’ attention, there is a higher chance to
observe repeated scanning patterns from the face to
different objects and back to the face. Therefore, we
expected higher DET in the face scenes than the chair
ones, which were higher object exploration and thus,
lower DET is expected. Finally, we anticipated longer
temporal gaps between refixations in the visual scenes
with faces (i.e., higher CORM) due to the exogenous
cueing of faces, which would attract infants’ attention
more often during the trial.

Methods

Participants

The eye-tracking assessments were conducted in
community settings, in seven Sure-Start Children’s
Centres (CCs) in East London (United Kingdom),
located in two urban boroughs (Newham and Tower
Hamlets) with some of the highest levels of multiple
deprivation nationwide. Participants were recruited to
take part in Learn About Your Baby sessions, which
were part of the scheduled timetable of activities of the
CCs (for more details on the sample and the study
design, see Ballieux et al., 2016).

One hundred and eighty-three infants (N¼ 183) were
recruited to the study and family socioeconomic status
(SES) represented the population of this London area.
Nine participants out of 183 originally recruited were
subsequently excluded from the sample when re-
searchers rechecked eligibility. Participants had a wide
range of income and education levels, from very low
levels of education and income to highly educated and
affluent parents. Of the remaining 174 participants, 65
were rejected since they did not produce enough ET
data (for inclusion criteria see Eyetracking data
preprocessing section below). The final sample con-
sisted of 109 infants aged between 6 months 1 day and 7
months 30 days (M¼ 207.91 days; SD¼ 21.59), with 40
girls (36.7%) and 69 boys (63.3%). Reflecting the mixed
ethnic composition of East London, the final sample
comprised 25 (25.9%) Caucasian, 14 (11.5%) Afro-
Caribbean, 45 (34.5%) Asian-Indian, and 25 (28.2%)
mixed ethnicity infants, originating from different
countries and language groups. All participants in-
cluded in the sample were born full-term (36–42 weeks
gestational age), without older siblings with autism or
any major delivery complications or major medical
conditions (genetic, metabolic, or other chronic illness).
No mother reported using recreational drugs through-
out pregnancy, while two reported smoking and sixteen

reported low levels of alcohol consumption (weekly
level, range: 0.5–2 UK units).

The study received ethical approval from the local
university board and from Tower Hamlets local
government authority, and complied with the Decla-
ration of Helsinki. All parents gave written informed
consent and received small gifts in return for their
participation.

Face pop-out task

We used a modifed (Ballieux et al., 2016) face pop-
out task (Gliga et al., 2009), in which infants freely
viewed visual scenes of six colored objects on a white
background (Figure 1a and 1b). Ten visual scenes were
created, with each containing six objects from different
categories. Five objects, common among the 10 scenes,
consisted of examples from categories of shoes, cars,
mobiles, birds, and clocks. The remaining object was
selected from two categories of objects: faces or chairs.
Five visual scenes contained examples from the
category of chairs, while the other five from the
category of faces (four female and one male). All the
faces displayed neutral expressions and the task was
adapted for use with a diverse population including a
wider variety of ethnicities of faces (Ballieux et al.,
2016). Each scene was presented on the screen for 10 s.
There were two different pseudorandom orders of
presentation, in which the 10 scenes were presented in
two blocks, with the block order counterbalanced
between subjects.

Data acquisition

The data were acquired using a portable kit, which
contained a 17 in. eye-tracker with integrated monitor

Figure 1. Example of the stimuli presented. Five objects,

common in the 10 scenes, were varied examples from the

categories of shoes, cars, mobiles, birds, and clocks. The

remaining object was selected from two categories of objects:

faces (a) or chairs (b). The human face is an example of what the

original stimulus looks like. Written consent was given by the

first author of this publication to use the image.

Journal of Vision (2018) 18(13):5, 1–17 López Pérez et al. 4
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(T120; Tobii Technology, Inc., Reston, VA) and a
portable Ergotron MX desk mount arm (Ergotron, St.
Paul, MN) that could be clamped onto a table and
adjusted to provide consistency in the height of the
screen relative to the position of the infant. An HP
EliteBook 8440p laptop was used to control the eye-
tracker using Tobii Studio version 2.0. The distance of
the infant’s head to the screen was 60 cm and the
approximate height of the infant was 1.3 m.

Eye-tracking data preprocessing

Trials were included in the analysis if at least 50% of
the gaze samples for both eyes were valid and included
at least five fixations. Additionally, participants that
did not provide at least three valid trials for each visual
scene type were rejected from the analysis sample.
From the final sample of 109 participants, the average
number of trials with faces was 4.35 (SD¼ 0.75, range
3–5) and for trials with chairs, it was 4.10 (SD ¼ 0.86,
range 3–5).

Prior to the RQA analysis, fixation coordinates and
durations were extracted using a novel noise-robust
fixation detection algorithm that uses 2-means cluster-
ing (Hessels, Niehorster, Kemmer, & Hooge, 2016b).
This algorithm can detect fixations in noisy data, which
makes it suitable for infant research in which data
quality is generally poorer than adult studies (Hessels,
Andersson, Hooge, Nyström, & Kemner, 2015) and
especially suitable for our dataset, which was collected
in community settings (Ballieux et al., 2016). We used
most of the suggested default settings for the algorithm
(see Hessels et al., 2016b). For the Steffen interpolation,
we used a window of 100 ms and an interpolation edge
of two samples (i.e., 16.66 ms). In the k-means
clustering, we applied a sample-by-sample analysis; a
clustering window size of 200 ms; downsampling at 60,
30, and 15 Hz; and a clustering cutoff of 2 times the
standard deviation above the k-means weights. Finally,
all those fixations that had a minimum duration of 40
ms were considered valid, and we merged fixation
candidates that were less than 0.78 apart and separated
by less than 30 ms.

Recurrence quantification analysis of eye-
tracking data

We used RQA to analyze the spatiotemporal
characteristics of fixation sequences in pre-processed
(fixation-filtered) ET data, an analysis developed to
characterize the gaze patterns of single observers
(Anderson et al., 2013; Wu et al., 2014). We estimated
the RQA parameters using a Matlab Toolbox found in:
http://barlab.psych.ubc.ca/research/ (see detailed de-

scription in Anderson et al., 2013). Below, we outline
the definitions of these parameters:

� RR: Represents the percentage of recurrent fixa-
tions (i.e., number of refixations in previously
fixated image areas).
� LAM: Percentage of recurrent points that form
vertical lines (i.e., sequential fixations that consec-
utively fixate on the same location). The minimum
length of these structures that should be considered
was set to two (i.e., two consecutive fixations).
� DET: The percentage of recurrent points that fall
on diagonal lines in the RQA plot (i.e., specific
sequences of fixations or scan paths that repeat).
The minimum length of these structures that
should be considered was also set to two.
� CORM: Measures the temporal distribution of
recurrences by comparing the recurrences close to
the diagonal line in the RQA plot with those
further away from it. Small values indicate that
recurrences occur at close proximity in time, while
high values represent large temporal intervals
between recurrences.

Figure 2 shows an example of an RQA plot (Figure
2a) for the fixation-filtered data, for which the original
scanpath is plotted in Figure 2b, with individual
fixations marked by circles. A red dot is drawn in the
plot when two fixations fall within the distance radius
(e.g., 64 pixels). The number of recurrences (i.e., each
red dot) in the RQA plot increases when an area of the
image is repeatedly revisited. For instance, if a
participant explores the entire scene in detail then
recurrences will be sparser in the plot (Figure 2a). These
recurrences can be isolated as single points or occur
closer together forming different structures. For
instance, during the exploration of the scene, there can
be a particular fixation pattern that repeats (black
ellipses in Figure 2a). In this case, the particular pattern
in Fixations 7, 8, and 9 are repeated in Fixations 16, 17,
and 18, as well as in Fixations 27, 28, and 29. This type
of diagonal structures contributes to the DET measure.
Likewise, there could be an instant in which a specific,
previously fixated area is consecutively fixated, forming
vertical or horizontal lines in the plot (Fixations 18, 19,
and 20 inside the blue square in Figure 2a). These
refixations at the same location contribute to the LAM.
In this paper, fixations were recurrent if they fell within
a 64-pixel radius (Anderson et al., 2013; Wu et al.,
2014) of another fixation, which corresponds to a 3.168
of visual angle. This value also corresponds to the
approximate size of the objects within the stimuli.

Normalized RQA measures

To account for the variability in FDs in infants we
normalized the RQA measures to consider individual
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differences. This normalization process can be done by
redefining the calculation of recurrence to account for
FDs (see the redefined RQA measures appendix in
Anderson et al., 2013). We followed this procedure for
all the RQA measures.

Statistical analysis of the RQA measures

Dependent t tests were computed to test differences
between all the RQA measures of visual scenes with
faces and chairs. Order effects were tested using a 23 3
ANOVA with image type (visual scenes with faces and
chairs) and repetitions (acquisition order) as within
factors. No interaction effects were found between
image type and repetitions order in any of the RQA
analysis (all ps . 0.05).

Associations between average and total FDs and RQA
measures

We tested whether the RQA parameters are related
to the information provided by classical measures using
fixation duration data. First, we correlated these
recurrence measures with total duration of fixations per
AOI in both face and chair scenes. Thus, a single
elliptical AOI was defined to cover each object in both
types of scenes. All the fixations falling within this AOI
were used to compute the total fixation durations for
each object. Next, we separately correlated average
fixation durations for face and chair scenes with the
recurrence measures extracted from the fixation-filtered
data.

RQA heat maps

Previously calculated RQA measures were projected
back onto the image space in order to link the temporal
dynamics with the spatial information in the image.
These RQA heat maps display the complex dynamics
of visual scanning measured with RQA in relation to
the original image (Anderson et al., 2013). In this study,
we produced three kinds of maps:

� Recurrence heat map: Represents those areas of
the scene that were refixated by the infants. Thus,
all recurrences (see red dots from the RQA plot in
Figure 2a) were back-projected onto the image
space (see Figure 3a and 3b for an example of the
original scanpath and the corresponding recur-
rence heat map).
� Determinism heat map: Contains information
about areas of the image that were part of repeated
scan paths. It was obtained by back-projecting all
those recurrence points that were part of diagonal
lines in the RQA plot (see Figure 3c for an example
determinism heat map).
� Laminarity heat map: Provides the locations in the
image that are repeatedly fixated by back-project-
ing all those recurrences that were part of vertical
lines (see Figure 3d for an example laminarity heat
map).

The same radius (see the Recurrence quantification
analysis of eye-tracking data section) that was used to
calculate the RQA parameters was used to back-project
the measures into image space. The final heat maps
were filtered with a 2D Gaussian smoothing kernel and
overlaid on the original image. If participants fixated

Figure 2. Example of an RQA plot (a) and its original fixation coordinates for a visual scene containing a chair (b). The black ellipse

represents deterministic fixations sequences where Fixations 7, 8, and 9, recurred with Fixations 16, 17, and 18, as well as Fixations

27, 28, and 29. The blue square shows consecutive patterns of fixations (Fixations 18, 19, and 20) at the same location. This plot

comes from the data of one participant.
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the face more frequently than other objects, we
expected to find a higher number of recurrences located
on faces.

Although the heat maps allow us to interpret the
RQA measures, we additionally extracted the total
number of fixations that are part of the recurrence,
laminarity and determinism measures for each object,
within the five scenes of each type (face vs. chair
scenes). Individual heat maps were added together to
produce a total single heat map for each face and chair
scene. A single mask was used to quantify the total
number of recurrences located at each object for each
recurrence measure used to draw the heat maps.
Finally, the values for each type of scene were
averaged. We expected a higher total number of
recurrences for faces in comparison to the other objects
in face scenes and more equally distributed recurrences
in the chair ones.

Next, to determine the extent to which individuals
look at the same location in the scenes we applied
pairwise comparison between the heat maps (Le Meur
& Baccino, 2012; Kennedy et al., 2017). Thus, we
vectorized each heat map (i.e., converted to a single
column of values) and compared them with Pearson’s
correlations. For each face or chair scene, we correlated
each individual heat map with the heat maps of the rest
of participants within the same scene (e.g., the heat
map of one participant in scene Face 1 was correlated
with all the remaining individuals; heat maps in scene
Face 1). Mean similarity was then calculated for each
scene. To account for the non-normal distribution of
correlation coefficients, paired t tests were performed
on the Fisher r-to-Z transformed correlation coeffi-
cients. Finally, to control for false positive similarity
results that could arise from the shared structure of
visual stimuli across trials we compared each face heat
map to a random model where the infants’ scanning

Figure 3. Examples of an individual recurrence rate heat map for one scene in one participant: (a) represents the original fixation

sequence, (b) its equivalent recurrence heat map, (c) the determinism heat map, and (d) the laminarity heat map. Higher intensities

(i.e., warmer colors) reflect areas that are more refixated. This plot comes from the data of one participant. The human face is an

example of what the original stimulus looks like. Written consent was given by the first author of this publication to use the image.
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behavior was scrambled across the scenes. Faces have a
strong exogenous effect that can drive fixation
sequences to them, and therefore, we expected infants
to show a higher similarity of fixations sequences in
face versus chair scenes versus random model. We
followed this procedure for the heat maps derived from
each RQA measure but the CORM.

Results

Differences in RQA measures for visual scenes
with face versus chair

RQA was used to study the individual spatiotem-
poral properties of fixations within face and chair
visual scenes. At the group level, all RQA parameters
were significantly higher for visual scenes with a face
compared to those with a chair: RR, t(108) ¼�8.95, p
, 0.001, d¼�1.05; CORM, t(108)¼�3.05, p¼ 0.003, d
¼�0.20; LAM, t(108)¼�8.27 p , 0.001, d¼�0.85; and
DET, t(108)¼�4.18, p , 0.001, d¼�0.51 (see Figure
4a for group averages). This suggests that when a face
is present, infants scan the scene and often return to
parts previously fixated (higher RR). Areas in the scene
that have been initially fixated are revisited more often
later in the trial (higher CORM). Specific sequences of
fixations or scan paths frequently repeat (higher DET)
and there is more detailed scanning in specific regions
of the scene that infants scan longer (higher LAM).

To correct for the large individual differences in
average fixations durations (FDs) in infants, we
normalized and computed again the RQA parameters.
At the group level, the normalized measures were
significantly different between chair and face visual
scenes in RR, t(108)¼ 10.16, p , 0.001, d¼�1.14;
CORM, t(108) ¼�9.89, p , 0.001, d ¼ 0.51; LAM,
t(108)¼�14.24 p , 0.001, d¼�1.33; and DET, t(108)¼
�4.45, p , 0.001, d ¼�0.50 (see Figure 4b for group
averages). The differences in mean values between
parameters of both visual scenes increased with the
normalization of the RQA measures (see summary in
Table 1).

Associations between total fixation durations
and the RQA parameters

We tested to what extent the RQA parameters are
related to the information provided by classical
measures using fixation duration data. First, we
separately correlated individual total fixation durations
per AOI with the RQA measures. We observed
consistent significant correlations between the total
fixation durations on the face AOI and three of the
recurrence measures for face scenes: RR, r(108)¼ 0.67,
p , 0.001; LAM, r(108)¼ 0.63, p , 0.001; DET, r(108)
¼ 0.43, p , 0.001. This suggests that the spatiotemporal
properties of fixation sequences might be driven by the
presence of a face and hence, the strong relationship
with cumulative fixation times in the face AOI.
Additionally, the fixation duration on the clock AOI in
the visual scenes with chairs showed low significant

Figure 4. Average values for RQA parameters (a) and normalized RQA parameters (b) of infant eye-tracking data for visual scenes with

faces (blue) or chairs (red; **p , 0.01, ***p , 0.001). The error bars represent the standard deviation.
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correlations with two of the recurrences measures: RR,
r(108)¼ 0.32, p¼ 0.001; LAM, r(108)¼ 0.24, p¼ 0.01.
No other significant correlations (p . 0.05) were found
between the RQA measures and the rest of the objects
(see Supplementary File S1 for detailed statistics in
each of the remaining AOI).

Associations between average fixation
durations and the RQA parameters

Next, we ran Pearson correlations between the
average fixation durations within faces and chair slides
with their corresponding RQA parameters (see Sup-
plementary File S1 for FD group averages). In the face
scenes, we observed significant correlations of average
FDs for RR, r(108)¼ 0.40, p , 0.001; LAM, r(108)¼
0.27, p ¼ 0.004; and DET, r(108) ¼ 0.21, p ¼ 0.02, but
not for the CORM, r(108)¼�0.11, p¼ 0.25. Likewise,
in the chair scenes average fixation durations correlated
with RR, r(108)¼ 0.28, p¼ 0.003 and LAM, r(108)¼
0.24, p¼ 0.01, but not with DET, r(108)¼0.14, p¼0.14
or CORM, r(108)¼�0.12, p ¼ 0.19.

RQA heat maps

Next, we generated the heat maps in order to link
some of the recurrence measures (RR, DET, and LAM)
with specific regions of the image. Figure 5 shows an
example of the total heat map across participants for
one particular scene with a face and its corresponding
scene with a chair. It is observed that in the visual scene
with a face, all the recurrences (Figure 5a), recurrences
that contribute to the laminarity (Figure 5c), or to the
determinism (Figure 5e), are mainly positioned over the
face image, with fewer recurrences falling on the other
objects. On the other hand, in the visual scene with a
chair, all the recurrences (Figure 5b), laminar recur-
rences (Figure 5d), and deterministic recurrences
(Figure 5f), are more evenly distributed among a higher
number of objects indicating greater exploration of the
scene.

Next, we extracted the total number of recurrent
fixations for each object within each scene (see
Supplementary File S1 for the descriptive statistics of
recurrences in each type of heat maps). Tables 2 and 3

summarize the percentage of recurrent fixations for
each type of heat map. As we observe, when a face is
present, infants fixate predominantly on it (;52%),
specific sequences of fixations or repeated scanpaths are
influenced by faces (;58%), and the detailed scanning
in specific regions focuses mainly on faces (;63%). On
the other hand, when a face is absent, infants tend to
explore other objects, which are visited approximately
twice as often in chair scenes than the face scenes.
Interestingly, in the visual scenes containing chairs,
clocks were visited more often than the remaining
objects.

Similarity in scanning patterns

Finally, we investigated to what extent the presence
of a face influences scanning patterns, by comparing
each infant’s individual heat map with the heat maps of
the other infants in the face and chair scenes. A
significant main effect of scene type was found for the
recurrence rate, t(523)¼ 21.76, p , 0.001, d ¼ 1.28;
laminarity, t(466) ¼ 21.04, p , 0.001, d ¼ 1.38; and
determinism, t(439) ¼ 19.65, p , 0.001, d ¼ 1.30 heat
maps (see Figure 6 for the average similarity for the
chair and face scenes and the random model obtained
from the heat maps of each RQA measure). The
similarity in both types of scenes was significantly
higher in comparison to the random model (p , 0.001).

Discussion

The goal of this study was to apply the RQA
methodology to characterize the spatiotemporal prop-
erties of fixation patterns of 6- to 7-month-old infants
during the face pop-out task. We employed a recently
developed recurrence quantification analysis (RQA) to
capture the temporal characteristics of scanpaths, its
first use in this context, and compare them with the
content of a scene (Anderson et al., 2013; Wu et al.,
2014). We showed that the temporal dynamics of
scanning varied systematically depending on the scene
content (i.e., the presence of a face) and that the RQA
measures provide more information about the temporal
structuring of fixations than traditional measures of

RQA parameters

RR (%) RRNORM (%) LAM (%) LAMNORM (%) DET (%) DETNORM (%) CORM CORMNORM

Faces 22.61 (8.25) 27.08 (10.24) 54.50 (15.69) 54.31 (16.38) 48.80 (12.75) 45.83 (13.97) 34.26 (3.06) 9.51 (3.58)

Chairs 15.47 (4.86) 17.39 (6.21) 42.11 (13.18) 34.40 (13.23) 42.62 (11.30) 39.40 (11.25) 33.01 (3.88) 5.97 (2.28)

Table 1. This table summarizes the mean RQA parameters before and after the normalization (SD in parentheses, subscript NORM
indicates the normalized parameter).
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Figure 5. Example of the total heat maps obtained for one trial with a visual scene with a face (a, c, and e) and visual scene with a

chair (b, d, and f). Recurrence rate heat maps, with only those fixations that were recurrent are represented in the image (a-b).

Determinism heat maps, with only deterministic fixations are represented in the image (c-d). Laminarity heat maps, with only laminar

fixations are represented in the image (e-f). The x- and y-axis corresponds to the horizontal and vertical dimension of the stimulus,

respectively, and the color represents the amount of gaze data aggregated at each location within the stimulus. The scale on the right-

hand side is applied to the two images located beside it. The human face is an example of what the original stimulus looks like.

Written consent was given by the first author of this publication to use the image.
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accumulated looking (total fixation durations). Next,
we showed that by normalizing the RQA measures with
the information given by average fixation durations a
more detailed account of the dynamics of fixation
sequences can be obtained. Furthermore, we presented
how these temporal dynamics were linked to the spatial
location in the image, without previous definition of
any areas of interest (AOIs), in order to explain the
differences in scanning between visual scenes. Finally,
we computed measures of stability of scanning and
showed how the infants’ foraging strategies are driven
by the image content.

RQA parameters on fixation-filtered data

Measures of scanning are divided into global (i.e.,
the distribution of fixation sequences over the whole
image) and local (i.e., repeating sequences of fixations
and detailed inspections of a particular image area;
Anderson et al., 2013). RQA revealed significant
differences in the global fixation patterns between
visual scenes with faces and chairs. The RR was
significantly higher when faces were present in the
scene: the infants were more likely to refixate previously
examined areas when a face was present. The CORM
also showed significant differences in the distribution of
refixation lags between both types of scenes. Higher
CORM for face scenes indicated a longer temporal gap

between fixations and refixations, while chair scenes the
CORM was lower, showing that refixations happen
closer together in the fixation sequence. This decrease
in the visual scenes with chairs could represent an
adaptive response in which infants are less exogenously
driven and are actively exploring the whole stimuli
because no single highly salient stimulus (a face) is
present (e.g., Gliga et al., 2009). It could be argued that
the decreased CORM is due to a decrease in the total
number of fixations in the visual scenes with chairs or
to a decrease in the number of recurrences in them. In
this case, the CORM would be much harder to
interpret with varying levels of recurrence. However,
the number of fixations in chair arrays was slightly
higher than in the faces ones and the RR did not
correlate with the CORM (see Supplementary File S1),
which ruled out these effects.

RQA also showed differences in the local temporal
gaze patterns. We found higher LAM values in the face
versus chair scenes, which indicated that infants
inspected particular areas in greater detail when a face
was present. The DET was also significantly higher for
the face scenes compared to the chair ones. This is
related to the higher values of the RR and it means that
the infants’ specific scanning patterns repeated more
often. These patterns could be of at least two kinds:
either a repeated sequence of fixations on consecutive
objects (see black ellipse on Figure 2) or infants
repeatedly had several consecutive fixations on the
same objects (see blue square in Figure 2, whose

Percentage of recurrent fixations (%)

Faces Clocks Cars Birds Mobiles Shoes

Recurrence rate

heat map 51.8 13.5 8.6 6.9 10.1 9.0

Determinism heat

map 57.9 12.2 7.9 5.8 8.5 7.6

Laminarity heat

map 62.5 12.7 6.1 4.8 7.6 6.1

Table 2. Percentage of recurrent fixations for each object within
the visual scenes with faces for the recurrence rate, laminarity,
and determinism heat maps.

Percentage of recurrent fixations (%)

Chairs Clocks Cars Birds Mobiles Shoes

Recurrence rate

heat map 11.0 27.0 16.7 15.0 14.7 15.4

Determinism heat

map 10.3 29.5 16.8 15.2 13.9 14.3

Laminarity heat

map 9.2 31.0 17.4 13.9 14.9 13.4

Table 3. Percentage of recurrent fixations for each object within
the visual scenes with chairs for the recurrence rate, laminarity
and determinism heat maps.

Figure 6. Average similarity values between the recurrence rate,

laminarity, and determinism heat maps for the chairs (red) and

faces (blue) conditions. Comparison between conditions

showed highly significant differences for both types of scenes

(***p , 0.001). In all cases, face and chair conditions were

highly significant in comparison to the random model (p ,

0.001). Error bars indicate the standard deviation.
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diagonal lines contribute also to the DET). The latter
seems the most probable scenario in the face scenes
judging from the increased LAM values. This might
boost the DET and hide greater differences in scanning
between participants. We believe that further analysis
of this issue is required to find a parameter that
eliminates the redundancy introduced by the laminarity
measures and improves the computation of the DET
independently of recurrent consecutive fixations on the
same object for ET data.

Total fixation durations versus RQA parameters

We tested whether the RQA measures are related to
the information provided by traditional measures of
infant looking. First, we compared them with total
fixation duration, which is a cumulative measure of
attention affected by both endogenous processes and
exogenous factors, such as stimulus properties (Wass &
Smith, 2014). We observed that the total fixation
duration for the face AOI was strongly positively
correlated with the RR, the LAM, and the DET,
explaining between 18% and nearly 45% of variance in
these measures. This is unsurprising since in the pop-
out task, faces are strong exogenous cues for attention
in infancy (e.g., Gliga et al., 2009), and they not only
capture attention but also hold it (Langton et al., 2008).
If this is the case, not only would total fixation duration
would be longer, but also a higher number of fixations
related to the face would be expected, resulting in a
higher number of revisitations (i.e., higher RR), more
detailed scanning (i.e., higher LAM), or higher number
of repeated fixation patterns (i.e., higher DET). This
interpretation is consistent with significant, albeit
lower, correlations of RQA measures with total fixation
duration at the clock AOI, which also has face-like
properties (Hadjikhani, Kveraga, Naik, & Ahlfors,
2009).

However, the information provided by the RQA and
total fixation duration is essentially different. Total
durations provide cumulative information about fixa-
tions, which has helped in the past to shed light on the
perceptual and cognitive abilities of infants (e.g., Wass
& Smith, 2014). However, such high-level attentional
measures do not supply information about the tempo-
ral structuring of fixation sequences. In contrast, RQA
provides information on the variability of scanning,
revisitations over time (CORM), repetitive fixation
structures (LAM), or even individual scanning patterns
(DET). This allows for the comparison of fixation
sequences of all the infants, and the subsequent use of
these measures to flag different scanning patterns
among them.

Average fixation duration versus RQA
parameters

We also found lower, but significant, correlations
between some RQA measures and average fixation
durations for both face and chair slides. Individual
differences in average FDs likely represent differences
in several endogenous processes involving, for example,
arousal or level of vigilance, as well as higher-order
cognitive processes (Henderson & Pierce, 2008; Papa-
georgiou et al., 2014; Wass et al., 2015). For this
reason, in subsequent analyses, we normalized RQA
values to control for differences in FDs. However,
available studies show that stimulus properties and
their capacity for exogenous cueing may also affect
average FDs (Wass & Smith, 2014), thus higher
correlations of the RR and the LAM with average FDs
for the face than the chair slides may also reflect the
differences in these stimuli.

Importantly, the CORM did not correlate with
fixation duration measures. This parameter quantifies
the temporal distribution of recurrences in fixation
sequences and, to our knowledge, a similar measure has
not been systematically investigated in infant eye-
tracking. However, revisitations in visual scanning may
serve as an early marker of atypical attention devel-
opment in infants at risk of autism. Gliga, Smith,
Gilhooly, Charman, and Johnson (2015) calculated the
probability of revisitations by coding up to 10 visits
(i.e., the sum of all consecutive fixations within an
AOI). However, information about local temporal gaze
patterns (i.e., LAM) gets lost by collapsing consecutive
fixations into one visit. Furthermore, information
about the temporal dynamics might also be lost since
not all the fixations are included in the analysis. In our
study, the CORM did not discard any information and
included all the fixations in the sequence, offering a
better description of the temporal distribution of
refixation lags. We believe that the CORM is a new
parameter that can provide more insight into the
scanning strategies of infants in more complex stimuli
(e.g., in dynamical videos) and for more complex
settings such as visual scenes during real-life social
interactions.

Normalized RQA

We showed that the normalization of the RQA
measures with average FDs increased the existing
differences in the RR, the LAM, and the CORM
between the face and chair scenes. The normalized RR
increased for the face scenes, indicating longer revis-
itations in the face scenes than the chair ones. Related
to this, the LAM had a large decrease in the chair
scenes, which suggests that consecutive fixations in
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specific areas of the scene are shorter in the visual
scenes with chairs than those with faces. Since these
two parameters had a strong correlation with total
fixation duration on the face AOI, the changes are
consistent with previous studies reporting faces to hold
attention longer in comparison to other objects (e.g.,
Langton et al., 2008). The variation of the CORM
could follow a similar explanation. If refixations
happening at later lags are related to a face being
present, then the normalized CORM should be higher
in comparison to the visual scenes with chairs.
Altogether, the normalization process shows how high-
level attentional measures affect the RQA measures
and how interpreting the effects of normalization may
help to understand in more detail the spatiotemporal
properties of fixation sequences (see also Anderson et
al., 2013; Vaidyanathan, Pelz, Alm, Shi, & Haake,
2014).

RQA heat maps

RQA heat maps were created by back-projecting the
values of RR, DET, and LAM into image space to link
them to their spatial location (Anderson et al., 2013).
The maps confirmed that in the face scenes, the
predominant object was, as expected, the face. More-
over, the LAM heat map showed that detailed scanning
focused more on faces in comparison to the remaining
objects. Interestingly, although in the visual scenes with
chairs the distribution of recurrences was more even,
clocks arose as the predominant object. This concurs
with the aforementioned correlations and it could be
related to clocks attracting more attention due to
structural similarity with faces (Hadjikhani et al.,
2009).

Next, we observed that the strong exogenous effect
of led to an increase in the similarity of gaze patterns
among infants for all the face scenes in comparison
with chair scenes. In other words, when a face is
present, it attracts attention and increases the similarity
of scanning patterns between subjects. This is in
contrast to the lower similarity for the chair scenes,
where in the absence of strong exogenous cues there
was larger between-subjects variability in scanning and
lower similarity of gaze patterns. The laminarity and
the determinism heat maps confirmed these effects and
showed increased similarity in the face versus chair
scenes. These results might have important implications
for the quantification of individual differences in
scanning, useful for studies of atypical social attention.

However, the similarity in scanning could be the
result of the shared underlying structure of visual
scenes, for example, the circular arrangement of
objects. This may increase the chance that different
scanning strategies return similar heat maps (i.e., false

positives). Although our task conditions lead to large
face versus chair scene differences, we also used a more
robust control for this effect by calculating similarity to
a random model. Thus, future studies using these
approaches should be cautious and consider the
underlying structure of stimuli when comparing these
heat maps in order to avoid false positives.

A clear advantage of the RQA heat map analysis
over scanpath or FD methods is that it was carried out
without the definition of AOIs. In many cases, this
limits the analysis as potentially nearby fixations may
be classified into spatially separated (Anderson et al.,
2015). Also, AOIs that differ in size and shape might be
problematic for several reasons (see Hessels et al.,
2016a). RQA overcomes these problems and therefore
provides a unique tool that in conjunction with heat
maps can deal with the spatiotemporal analysis of
fixation data (Anderson et al., 2013).

Limitations

We note several points that require further investi-
gation or are limitations of RQA-based methods. First,
the effects of changes to the radius size, which is the
most critical parameter in RQA in fixation-filtered
data. The radius represents the distance in which two
fixations are considered recurrent. A large radius could
lead to higher number of recurring time points and
merge spatially close but distinct fixations. On the other
hand, a small radius size might not be as robust in very
noisy data as other methods (Hessels et al., 2016b). In
this paper, we did not systematically test the effect of
the radius size and we decided on using the same size as
used in previous studies, which in our case was almost
equal to the size of each object within our visual scenes
(Anderson et al., 2013; Wu et al., 2014). Additionally,
as the data was recorded outside the lab and it is likely
to be noisier, a relatively large radius proved to be
sufficient for this analysis. However, checking the effect
of radius sizes on the RQA measures can provide
supplementary details about the viewing strategies of
the participants (Wu et al., 2014). Additional work is
needed to fully understand the effects of varying the
radius size, and therefore future studies on this topic
are required to establish its effects on the RQA
parameters in relation to image content and data
quality.

A drawback of using the current approach is the
requirement of preprocessing to extract all the fixa-
tions. Although there are reliable automatic and semi-
automatic tools for feature extraction (e.g., I2MC,
Graphix), the poorer quality of infant relative to adult
ET data means that none of these methods are fully
reliable. A possible solution is to remove the prepro-
cessing step and to use raw ET data, as demonstrated in
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a recent study (Demiralp et al., 2017). However, infant
data is more challenging due to its lower quality, so
studies of RQA with raw (i.e., not fixation-filtered)
infant ET data are necessary.

Future directions

In this paper, we introduced the application of the
RQA to infant eye-tracking data. However, further
work should provide an in-depth analysis of factors
that drive infant scanning over time. One possibility
involves measuring, how scanning gradually evolves
during the task, which is something that cannot be
studied with traditional high-level measures. This could
be achieved using a moving window across the diagonal
line of the recurrence plot in search for transitions in
the RR and the LAM to identify the areas of the visual
scene that attract attention and lead to more consec-
utive fixations suddenly falling in the same location.
RQA could also be applied to identify transitions
between fast and broad scanning by looking at the
recurrences of durations of individual fixations. During
exploration, fixations tend to be shorter, while when we
focus our attention on particular area, FDs tend to be
longer (e.g., Henderson & Pierce, 2008). Thus, these
transitions could be explored by first applying RQA on
FDs and then applying again a window through the
diagonal line to identify transitions in the RR or LAM.
Consequently, if specific patterns of scanning exist
among participants (i.e., particular fixation sequences),
it should be investigated if they simply reflect a
hierarchy of low-level saliency, or actually a strategy of
visual information sampling for specific classes of
objects (e.g., faces, natural scenes, tools).

RQA could prove useful for studying visual scanning
in atypical development. Children with autism spec-
trum disorder (ASD) demonstrate high revisitation
rates when exploring natural visual scenes (Gliga et al.,
2015). Additionally, infant siblings of children with
ASD exhibit socio-communicative problems, which
could be linked to difficulties with attention disen-
gagement from socially relevant stimuli (Elsabbagh et
al., 2013). Moreover, disorders such as ADHD are
associated with novelty seeking and higher exploration
in visual scenes (Gliga et al., 2015). As we have shown
in this paper, the RQA measures are sensitive to scene
type and content and thus, may prove useful in
studying how preference for local over global features
or low-level attention difficulties contribute to atypical
scanning patterns of complex scenes with social stimuli
(see Cheung, Bedford, Johnson, Charman, & Gliga,
2018). Therefore, this approach might capture differ-
ences in temporal patterns of visual foraging in infants
and possibly serve as a tool for early detection atypical
development of attention.

Conclusion

Our study sought to apply the RQA methodology,
for the first time, to infant eye tracking data from a face
pop-out task. We showed that the RQA measures are
sensitive to the presence of faces during the face pop-
out, and that they provide an in-depth description of
the temporal dynamics of fixations in comparison to
cumulative measures of looking. Moreover, RQA
allows to normalize these measures with the informa-
tion present within FDs, thus offering a more complete
interpretation of the temporal dynamics of fixation
sequences. We also demonstrated that the RQA heat
maps provide a link between the temporal dynamics
and the spatial properties of the image without the
requirement of drawing any area of interest. Taken
together, we believe that the RQA methodology
provides a powerful tool for the study of fixation
sequences in infancy research.

Keywords: recurrence quantification analysis (RQA),
visual attention, eye-tracking, infants
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