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We measured the typical developmental trajectory of the window
of audiovisual simultaneity by testing four age groups of children
(5, 7,9, and 11 years) and adults. We presented a visual flash and
an auditory noise burst at various stimulus onset asynchronies
(SOAs) and asked participants to report whether the two stimuli
were presented at the same time. Compared with adults, children
aged 5 and 7 years made more simultaneous responses when the
SOAs were beyond +200ms but made fewer simultaneous
responses at the 0 ms SOA. The point of subjective simultaneity
was located at the visual-leading side, as in adults, by 5 years of
age, the youngest age tested. However, the window of audiovisual
simultaneity became narrower and response errors decreased with
age, reaching adult levels by 9 years of age. Experiment 2 ruled out
the possibility that the adult-like performance of 9-year-old chil-
dren was caused by the testing of a wide range of SOAs.
Together, the results demonstrate that the adult-like precision of
perceiving audiovisual simultaneity is developed by 9 years of
age, the youngest age that has been reported to date.

© 2016 Elsevier Inc. All rights reserved.

Introduction

In everyday life, we must decide which sights and sounds come from the same event. To do so, we
rely on two basic rules: spatial coincidence and temporal synchrony (Stein & Meredith, 1993; Welch &
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Warren, 1980). From birth, rudimentary forms of these rules are evident (Lewkowicz, Leo, & Simion,
2010; Morrongiello, Fenwick, & Chance, 1998) even though it takes many years for the precision
demonstrated by adults to emerge. These rudimentary abilities aid the development of cognitive
and social skills. For example, infants perceive causal relations between a visual collision event and
a crashing sound (e.g., Scheier, Lewkowicz, & Shimojo, 2003) or acquire knowledge of an object by
associating its visual features and the sound that it produces as well as the name that it is called
(e.g., Chen & Westermann, 2012; Werker, Cohen, Lloyd, Casasola, & Stager, 1998; see Westermann
& Mareschal, 2014, for a review). Integrating visual and auditory signals also aids infants’ perception
of speech (e.g., Lewkowicz & Hansen-Tift, 2012; Pons, Lewkowicz, Soto-Faraco, & Sebastian-Gallés,
2009) and emotion (e.g., Walker-Andrews, 1986; see Walker-Andrews, 1997, for a review). In the cur-
rent study, our goal was to measure a typical developmental trajectory of associating visual and audi-
tory stimuli as a single event in terms of their temporal synchrony.

In their seminal neurophysiological studies, Stein and Meredith (1993) measured firing rates of
cells in the superior colliculus of cats. Neural activity was stronger for multisensory inputs presented
close in space and time compared with the sum of activity induced by sensory input from the individ-
ual modalities (see Stein, Stanford, Ramachandran, Perrault, & Rowland, 2009, for a review). In studies
of human adult perception, there is considerable evidence for the importance of temporal synchrony,
although the importance of spatial coincidence has been questioned recently (Spence, 2013). For
example, when detecting the occurrence of a visual target, accuracy was higher when its onset was
accompanied by a temporally synchronous sound than when no sound was presented (e.g.,
Andersen & Mamassian, 2008; Bolognini, Frassinetti, Serino, & Ladavas, 2005; Chen, Huang, Spence,
& Yeh, 2011; Frassinetti, Bolognini, & Lavadas, 2002; Lippert, Logothetis, & Kayser, 2007). In addition,
the presentation of a simultaneous and congruent sound enhances people’s perceptual learning and
memory retrieval for a visual stimulus compared with when the visual stimulus is presented alone
(Flom & Bahrick, 2010; Murray, Foxe, & Wylie, 2005; Murray et al., 2004; Seitz, Kim, & Shams,
2006). Stronger evidence comes from studies demonstrating that the identification/discrimination
of a visual target is enhanced by the presentation of a synchronous sound even though the sound pro-
vided no information about the accurate response (Chen & Spence, 2011; Chen & Yeh, 2008, 2009; Lu
et al., 2009; Ngo & Spence, 2010a, 2010b; Olivers & van der Burg, 2008; van der Burg, Cass, Olivers,
Theeuwes, & Alais, 2010; van der Burg, Olivers, Bronkhorst, & Theeuwes, 2008; Vroomen & de
Gelder, 2000).

Perceiving that a visual stimulus and an auditory stimulus are temporally synchronous is, never-
theless, a complex process. On the one hand, light travels faster than sound; on the other hand, periph-
eral processing time is longer in the visual system than in the auditory system (see Arrighi, Alais, &
Burr, 2006). Hence, when visual and auditory signals originate from the same object or event, the neu-
ral activities they generate are likely to arrive at different times at the central mechanism decoding the
timing of multisensory information, with the discrepancy depending on the distance and intensity of
each signal (e.g., King, 2005). Accordingly, we learn a compromise between precision, which would
lead us to miss many multisensory events, and flexibility, which would lead us to integrate inputs that
are truly distinct.

One solution is to create a likelihood distribution of perceptual simultaneity according to the onset
timing of the visual and auditory stimuli. This distribution is commonly called the audiovisual simul-
taneity window (see Vroomen & Keetels, 2010, for a review), although it is sometimes instead called
the audiovisual “temporal binding window” (e.g., Hillock, Powers, & Wallace, 2011; Lewkowicz &
Flom, 2014; Stevenson, Zemtsov, & Wallace, 2012). These two terms are often used interchangeably;
however, there are subtle distinctions in that judging two events as simultaneous is not the same as
perceiving the consequences of multisensory integration (e.g., Baart, Stekelenburg, & Vroomen, 2014;
Eskelund, Tuomainen, & Andersen, 2011; Vroomen & Stekelenburg, 2011). Consider the McGurk effect
(McGurk & MacDonald, 1976), a phenomenon that occurs only when visual and auditory speech infor-
mation is integrated, for example. The occurrence of the McGurk effect is correlated negatively to the
width of the simultaneity window (Stevenson et al., 2012), and the McGurk effect can still occur out-
side of the window in which its component stimuli were judged as simultaneous (Soto-Faraco &
Alsius, 2009). Considering developmental data, the matching of audiovisual stimuli in terms of tem-
poral synchrony develops at a younger age (by 7 years) than their matching in terms of stimulus
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identity (Baart, Bortfeld, & Vroomen, 2015). It may be that the temporal windows for audiovisual
simultaneity judgment and audiovisual integration are dissociated (see Chen & Spence, 2011;
Fujisaki & Nishida, 2010). In the current article, we explicitly use simultaneity judgments; therefore,
we refer to our measurement as the audiovisual simultaneity window.

The development of the audiovisual simultaneity window has been studied with infants using a
habituation paradigm (Lewkowicz, 1996, 2010). Typically, infants are familiarized with a synchronous
audiovisual event during the habituation phase (i.e., the stimulus onset asynchrony [SOA], is 0 ms).
Then, in the subsequent test phase, infants are tested for dishabituation to an asynchronous audiovi-
sual event. Each infant has been tested with only three SOAs after habituation because of the long
habituation procedure and infants’ limited attention. Thus, the habituation paradigm can provide only
a crude measure of infants’ audiovisual simultaneity window. Even so, the habituation procedure is
sufficiently sensitive to show that the audiovisual simultaneity window is much wider in infants than
in adults. For example, in a study using visual bouncing paired with a complex tone, Lewkowicz (1996)
demonstrated that infants aged 2 to 8 months were sensitive to the asynchronous pairing when the
tone led the visual rebound by 350 ms or when the visual rebound led the tone by 450 ms, whereas
adults perceived asynchrony when the tone led by only 65 ms and when the visual rebound led by
only 112 ms. When using speech stimuli, infants aged 4 to 10 months were sensitive to the asyn-
chronous pairing when the sound led the visual stimulus by 666 ms rather than by 500 ms
(Lewkowicz, 2010).

Another paradigm suitable for young children is a same-different discrimination task. For example,
Lewkowicz and Flom (2014) familiarized 4-, 5-, and 6-year-olds with an audiovisual event consisting
of a voice synchronous with a speaking face for 20 s on one of two adjacent monitors. After the 20-s
familiarization, another audiovisual event consisting of a voice leading a speaking face by one of four
possible SOAs (0, 366, 500, and 666 ms) was presented on the other monitor. The task on each trial
was to judge whether the two events were the same or different. The results demonstrated greater
precision with increasing age: children aged 4, 5, and 6 years were able to detect the asynchrony when
the voice led the speaking face by 666, 500, and 366 ms, respectively. As with the habituation proce-
dure, very few SOAs can be tested with the same-different discrimination task because of the long
familiarization procedure.

A third task—simultaneity judgment—has been used with older children and adults (e.g., Hillock
et al, 2011; Hillock-Dunn & Wallace, 2012; van Eijk, Kohlrausch, Juola, & van de Par, 2008;
Zampini, Guest, Shore, & Spence, 2005; see Vroomen & Keetels, 2010, for a review). In this task, a visual
stimulus and an auditory stimulus are presented with various SOAs. Participants are asked to judge on
each trial whether or not the visual and auditory stimuli were presented at the same time. Typically,
the probability of participants’ simultaneous response increases when the SOA between the visual and
auditory stimuli is close to 0 ms (i.e., physically simultaneous), giving rise to a Gaussian-shaped dis-
tribution of proportion of simultaneous responses when plotted against SOA. Based on this distribu-
tion, two critical perceptual parameters of the simultaneity window can be estimated: the point of
subjective simultaneity (PSS) and the width of the simultaneity window. The PSS corresponds to
the center of the distribution where the participant was most likely to make a “simultaneous”
response. Note that the PSS does not necessarily correspond to physical simultaneity (i.e., 0 ms
SOA). Instead, the PSS is typically located at the visual-leading side (i.e., maximal simultaneity
responses are observed when the visual stimulus is physically presented before the auditory stimu-
lus); it has also been described as “asymmetrical” with a wider window on the visual-leading side
than on the auditory-leading side with respect to 0 ms SOA (e.g., Hillock et al., 2011; Hillock-Dunn
& Wallace, 2012).

The width of the simultaneity window is defined by the range over which the participant’s propor-
tion of simultaneous response is higher than a particular criterion. The criterion to determine the
width of the simultaneity window, however, is arbitrary. In studies where the data were fitted with
a Gaussian function, the standard deviation of the distribution has been used to represent the width
(e.g., Petrini, Russell, & Pollick, 2009; Zampini et al., 2005; see Vroomen & Keetels, 2010). In other stud-
ies where the data were fitted with two sigmoid functions, the SOA corresponding to a particular prob-
ability of a simultaneous response was estimated; however, note that the probability was set
differently in different studies: 50% in Stevenson et al. (2012) and Stevenson and Wallace (2013),
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70% in Stevenson and Wallace (2013), and 75% in Hillock et al. (2011) and Hillock-Dunn and Wallace
(2012). The variability of the indexes used in different studies makes it hard to compare the width of
the distributions directly.

Together, the current results suggest that infants’ audiovisual simultaneity window is more than
four times wider than that of adults (Lewkowicz, 1996). The audiovisual simultaneity window then
appears to become narrower throughout childhood, reaching adult levels after adolescence (Hillock
et al., 2011; Hillock-Dunn & Wallace, 2012; Lewkowicz & Flom, 2014). However, the evidence on
the development of the shifting of the PSS toward the visual-leading side is equivocal. Lewkowicz
(1996) demonstrated that the audiovisual simultaneity window is wider on the visual-leading side
than on the auditory-leading side for a bouncing ball. However, this pattern may be restricted to
bouncing balls because in adults the PSS shifts farther to the visual-leading side for such events than
for simple flashes and beeps (van Eijk et al., 2008). In the studies using simultaneity judgments,
Hillock et al. (2011) found that the visual- and auditory-leading sides were similar in width for chil-
dren aged 10 and 11 years, whereas the visual-leading side was wider for adults. However, Hillock-
Dunn and Wallace (2012) reported a reversed result; the audiovisual simultaneity window was wider
on the visual-leading side for children aged 6 to 11 years and adolescents aged 12 to 17 years, whereas
it was similar on both sides for adults. Such differences in outcome may be partly attributable to indi-
vidual differences (see van Eijk et al., 2008, for a review).

In summary, two aspects of the developmental trajectory of the audiovisual simultaneity window
are still unclear: the age when the width of the window narrows to adults’ level and the age when the
PSS shifts to the visual-leading side. The goal of the current study was to answer the above questions
by measuring the typical developmental trajectory of the audiovisual simultaneity window using
simultaneity judgments. Participants in five age groups were tested: children aged 5, 7,9, and 11 years
and a group of adults. We chose to begin with 5-year-olds because that is the youngest age at which
most children can provide reliable behavioral responses in psychophysical experiments and because
that was an age similar to the 4- to 6-year-olds tested recently by Lewkowicz and Flom (2014). Con-
sidering that younger children might become fatigued or be distracted more easily (see Hillock et al.,
2011), we designed our experiment as follows. First, children aged 5 years were tested with a shorter
version of the experiment than older participants. Second, participants in all age groups were moni-
tored by an experimenter and given breaks as needed. Third, the outliers in each age group were
excluded. We also used a recently developed model to estimate the parameters determining the prob-
ability distribution of each participant’s simultaneity judgments (Garcia-Pérez & Alcala-Quintana,
2012a). The strength of this model is that it not only estimates the PSS and the width of the simultane-
ity window (i.e., the typical perceptual parameters) but also estimates sensory parameters such as
sensory processing variability and arrival time difference of the two stimuli as well as decisional
parameters such as response errors. Therefore, in this model, parameters at three processing levels
(sensory, perceptual, and decisional) can be estimated separately, and developmental changes for each
component can be assessed.

Experiment 1
Method

Participants

There were 20 participants remained in the final analysis in each of five age groups: children aged
5years (10 boys; mean age = 5.0 years, range =4.9-5.2), 7 years (12 boys; mean age = 7.0 years,
range = 6.8-7.2), 9 years (13 boys; mean age = 9.0 years, range = 8.8-9.2), and 11 years (9 boys; mean
age = 11.0 years, range = 10.8-11.3) and adults (7 men; mean age = 20 years, range = 18-31). An addi-
tional 5 participants were tested but not included in the final analysis because they did not complete
the experiment (4 5-year-olds) or did not pass the visual screening test (1 adult). Children were
recruited from a database of parents who volunteered to participate in research at the time of the chil-
dren’s births. Adults were undergraduate students at McMaster University participating in exchange
for course credits. All of the participants had normal or corrected-to-normal visual acuity in each eye
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confirmed by visual screening tests (6/6 vision for 5-year-olds on the Cambridge Crowding Cards,
20/25 vision for 7-year-olds on the Lighthouse eye chart, and 20/20 vision for older participants on
the Lighthouse eye chart). All had normal hearing by self-report. Written consent from the parents
of children or adult participants, and written assent from the children aged 7 years or older, was
obtained. All of the participants were naive regarding the purpose of the study. The study was
approved by the McMaster University research ethics board.

Apparatus and stimuli

Participants were seated in a dimly lit room with their head on a chin rest located 50 cm from the
monitor where the visual stimuli were presented. A gray ring with 2° inner diameters was displayed in
the center of a black background on the monitor throughout the experiment. The visual stimulus was a
2° white disk presented in the middle of the gray ring for a duration of 16.7 ms (1 frame at the 60-Hz
refresh rate). The auditory stimulus (white noise with a loudness of 57.5 dB SPL) was presented from
speakers placed on either side of the monitor (the room had a background noise level of 40 dB SPL).
The duration of the beep was 17 ms with 2 ms on and off ramping. Presentation of the stimuli was
controlled by Matlab (MathWorks, Natick, MA, USA) and Psychtoolbox extensions (Brainard, 1997;
Kleiner, Brainard, & Pelli, 2007; Pelli, 1997).

Design

Two factors were manipulated: age (5, 7, 9, or 11 years or adult) and SOA (—1200, —800, —400,
—-300, —200, —-100, 0, 100, 200, 300, 400, 800, or 1200 ms), where negative values indicate that the
auditory beep was presented first and positive values indicate that the visual flash was presented first.
The SOA between the flash and beep was confirmed with an oscilloscope. Each SOA was tested twice in
a block. Children aged 5 years completed 5 blocks, and older participants completed 10 blocks. Partic-
ipants were allowed to take a short break between blocks and typically took 30 to 50 min to complete
the experiment.

Procedure

During the experiment, participants were instructed to fixate the ring. Participants’ task was to
orally report “yes” if they considered that the flash and beep were presented at the same time or
“no” if they considered that they were presented at different times. An experimenter sat beside par-
ticipants and keyed the answers into the computer. The experimenter also ensured that participants
fixated the ring and stopped for a break if they did not.

Two practice sessions were conducted prior to the main experiment. The first practice session con-
sisted of eight trials: four with 0 ms SOA and four with —1200, —800, 800, or 1200 ms SOA. Partici-
pants needed to achieve 85% accuracy (i.e.,, no more than one error) in order to proceed. Five 5-
year-old participants needed to repeat the first practice session, and none needed more than two
repeats. The second practice session consisted of one trial for each of the 13 SOAs used in the main
experiment and was designed to familiarize participants with the experimental procedure. There were
no accuracy requirements for this second practice session. No feedback was given during either prac-
tice session except for general encouragement.

Results

Two criteria were set in order to exclude participants who did not understand or attend to the task
or who performed as outliers in each age group. First, the simultaneous response at the +1200 ms SOA
was higher than the mean plus 2 standard deviations (SD) of that age group. Two adults’ simultaneous
response at the —1200 ms SOA (5%) exceeded this inclusion criterion for adults (3.3%); however, given
that 5% represented only one trial, and an error could occur by making a wrong motor response (while
the perception was accurate), these two participants were included for further analysis. Second, the
simultaneous response at the 0 ms SOA was lower than 50% or the mean minus 2 SD of that age group.
Following these two criteria, seven 5-year-olds, two 7-year-olds, two 9-year-olds, one 11-year-old,
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and three adults were replaced. Note that those participants who were excluded had a wider audio-
visual simultaneity window than other participants in the same age groups; thus, including these par-
ticipants’ results would increase the estimated audiovisual simultaneity window of those age groups,
especially for the 5-year-olds.

Proportion of simultaneous responses

The mean proportion of simultaneous responses at each SOA for each age group was submitted to a
two-way analysis of variance (ANOVA) with a between-participant factor of age and a within-
participant factor of SOA (see Fig. 1). Both main effects were significant: age, F(4, 95)=5.26,
MSE =0.11, p <.005, and SOA, F(12, 1140)=646.21, MSE = 0.02, p <.001. Critically, their interaction
was also significant, F(48, 1140) = 3.44, MSE = 0.02, p <.001. Table 1 presents the percentage of simul-
taneous responses, the results of a one-way ANOVA on the factor of age at each SOA, and the post hoc
tests at the SOAs where there was a significant simple main effect of age (Dunnett test, two-tailed).
The age effect was significant at 10 of the 13 SOAs, with the exceptions being the —200, —100, and
200 ms SOAs. The age effect arose mainly because the 5- and 7-year-olds made more simultaneous
responses than adults at the SOAs beyond 200 ms SOA. On the other hand, for SOAs near 0, children
made fewer simultaneous responses; this was true for children aged 5 and 7 years at the 0 ms SOA and
for children aged 5 and 9 years at the 100 ms SOA.

Estimated parameters of simultaneity judgments

Individual data were fitted with the Matlab routine for the simultaneity judgments task (Alcala-
Quintana & Garcia-Pérez, 2013). This routine is based on an independent-channels model for stimulus
timing judgment tasks proposed by Garcia-Pérez and Alcala-Quintana (2012a). In this model, it is
assumed that the signals in each sensory modality (i.e., vision and audition in the current study)
are processed independently in each sensory pathway and then reach a central mechanism decoding
their arrival time (i.e., perceived onset time of each signal). The difference of perceived onset time
between the two signals, caused by the processing time and variance in each sensory pathway, would
form a probability distribution rather than a constant. Participants’ threshold of multisensory simul-
taneity is the criterion that determines whether a response of simultaneous or not is going to be made.
Note that this model also assumes that participants may make motor errors when responding.

The peripheral processing time of each stimulus to reach a central mechanism is modeled by an
exponential distribution determined by two parameters: the processing time (7;) and the processing
variability (4;). In the current study, the processing time difference between two stimuli (7 = TA — V)
and the processing variability of visual and auditory stimuli (AV and AA, respectively) were estimated.
At a specific SOA, a bilateral exponential distribution of the difference of perceived onset time of the
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Fig. 1. Mean percentage of simultaneous responses at each SOA for the five age groups tested in Experiment 1. Error bars
indicate +1 standard error of the mean.
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Table 1
Percentage of simultaneous responses in each age group and results of one-way ANOVA and post hoc tests for percentage of
simultaneous responses at each SOA.

SOA (ms) 5 7 9 11 Adult F(4, 95) p Post hoc tests (xp <.05; »xp <.01)
-1200 9.0 5.5 0.8 13 0.5 6.30 <.001 5> adult *x; 7 > adult *
—800 9.0 10.8 45 2.5 2.0 4.60 <.005 5> adult ; 7 > adult *x*
—400 36.0 37.3 16.3 12.8 13.8 8.38 <.001 5> adult *x; 7 > adult *x*
-300 47.0 47.0 28.5 26.8 27.8 4.29 <.005 5> adult *; 7 > adult
—-200 67.5 77.0 66.3 57.3 58.3 1.93 11
-100 88.0 89.5 88.0 89.8 923 047 .76
0 87.0 91.5 923 96.8 98.8 6.16 <.001 5 < adult *x; 7 < adult *
100 88.0 91.5 89.0 95.8 96.3 4.69 <.005 5 < adult *x; 9 < adult *
200 78.5 84.8 81.5 81.8 76.5 0.56 .69
300 64.0 65.8 49.3 49.0 443 3.15 <.05 5> adult *; 7 > adult
400 50.0 44.5 25.8 23.5 25.0 6.08 <.001 5> adult *x; 7 > adult *
800 16.5 12.5 5.0 43 23 9.78 <.001 5> adult #*; 7 > adult *x
1200 7.5 8.3 2.8 2.0 0.3 7.50 <.001 5> adult *x; 7 > adult #x*

two stimuli at the central mechanism was determined by AV, 1A, and 7. A resolution parameter (4),
representing the threshold of simultaneity perception, was estimated such that a “simultaneous”
response would be made when the difference of perceived onset time was smaller than the resolution
parameter. Hence, the bigger the value of this parameter, the wider the audiovisual simultaneity win-
dow. Finally, the response errors that a participant misreported “simultaneous” in the auditory-
leading trials (¢AF) and in the visual-leading trials (¢VF), as well as the “not simultaneous” in the
0 ms trials (&S), were estimated. Note that these response errors include both participants’ lapse due
to blink or inattention and their mistakes of motor responding given that these two types of errors
are hard to distinguish (see Garcia-Pérez & Alcala-Quintana, 2012b). The starting values used to fit
the data in the current study were as follows: LamBounds = [1/500 1/1]; TauBounds = [—Inf Inf]; Del-
taBounds = [0 Inf]; LamTStart=[1/70 1/10]; LamRStart=[1/70 1/10]; TauStart=[-70 70]; DeltaS-
tart =[20 150]; ErrStart=[0.05]; BiaStart=[0.5]; Model=1; SampleSize =1500; ConfCoef=95;
FixedSeed = true.

Each of the estimated parameters was submitted to a one-way ANOVA on the factor of age (see
Table 2). The parameter § corresponds to half of the width of the simultaneity window when the cri-

Table 2
Means (and standard errors) of estimated parameters of the simultaneity judgments task and results of one-way ANOVA as well as
post hoc tests in Experiment 1.

Parameter 5 7 9 11 Adult F(4, 95) p Post hoc tests
(xp <.05; xxp <.01)
5 366.3 346.5 285.0 275.4 277.6 5.03 <.005 5> adult sx;
(24.1) (22.0) (11.9) (13.2) (21.3) 7 > adult *
PSS 58.4 37.2(83) 24.4(84) 39.1(93) 3638 1.13 35
(16.0) (13.6)
JA 0.18 0.08 0.14 0.08 0.18 0.64 .64
(0.07) (0.04) (0.06) (0.05) (0.08)
Y% 0.25 0.16 0.11 0.10 0.11 1.42 23
(0.06) (0.06) (0.06) (0.05) (0.03)
T -99.8 -72.6 1.9(20.2) 493 -45.3 1.88 12
(41.8) (28.1) (17.0) (22.8)
eAF 0.08 0.07 0.03 0.02 0.01 6.41 <001 5> adult *x;
(0.02) (0.01) (0.01) (0.01) (0.01) 7 > adult *x
&S 0.07 0.04 0.03 0.01 0.01 3.81 <.01 5> adult *x
(0.02) (0.01) (0.01) (0.004) (0.002)
eVF 0.10 0.10 0.04 0.03 0.01 8.66 <001 5> adult *x;
(0.02) (0.02) (0.01) (0.01) (0.01) 7 > adult s

Note. §, resolution (threshold of simultaneity perception); PSS, point of subjective simultaneity; /A, processing variability of
auditory stimulus; AV, processing variability of visual stimulus; 7, processing time difference between visual and auditory
stimuli; ¢AF, response errors in the auditory-leading trials; S, response errors in the simultaneous trials; ¢VF, response errors in
the visual-leading trials.
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terion was set at 50% simultaneous response on either the auditory-leading side or the visual-leading
side. There was a significant age effect for 6. Post hoc tests (Dunnett, one-tailed, because it is assumed
that children have a wider window than adults; see Hillock et al., 2011) revealed that 6 was larger for
5-year-olds (p <.005) and 7-year-olds (p <.05) than for adults, but not for 9- or 11-year-olds (both
ps > .69). This pattern suggests that the width of the audiovisual simultaneity window is adult-like
by 9 years of age (see Fig. 2).

The PSS is the midpoint of the audiovisual simultaneity window determined by 6. The PSS of all five
age groups was positive—on the visual-leading side, 5 years: t(19)=3.66, p <.005; 7 years: t(19)
=446, p<.001; 9years: t(19)=2.91, p<.01; 11years: t(19)=4.23, p<.001; adult: t(19)=2.70,
p <.05—and there was no age effect. A positive PSS (visual-leading) in all five age groups suggests that
an asymmetrical audiovisual simultaneity window is established before 5 years of age.

There was no age effect for the three parameters measuring early sensory processing: auditory pro-
cessing variability (1A), visual processing variability (AV), and processing time difference (7). These
results suggest that by 5 years of age, sensory processing of simple visual and auditory stimuli in order
to judge their simultaneity is already adult-like. The T was negative (suggesting that the auditory
stimulus arrived first at the central processing mechanism when visual and auditory stimuli were
onset simultaneously) in all groups except 9-year-olds, with a significant difference from 0 in 5-
year-olds, t(19)=-2.39, p <.05, 7-year-olds, t(19)= —-2.58, p <.05, and 11-year-olds, t(19)=-2.91,
p <.01, and a similar trend in adults, t(19) = —1.98, p = .06.

In contrast, there was a significant age effect for the three parameters related to response errors.
When the auditory stimulus was leading (¢AF), post hoc tests (Dunnett, one-tailed) revealed that
the response error was larger for 5- and 7-year-olds than for adults (ps <.005). In the simultaneous
condition (&S), post hoc tests revealed that the response error was larger for 5-year-olds than for
adults (p <.005). When the visual stimulus was leading (¢VF), post hoc tests revealed that the response
error was larger for 5- and 7-year-olds than for adults (ps <.001). These results suggest that children
aged 5 and 7 years were more likely to make response errors than adults.

According to Alcala-Quintana and Garcia-Pérez (2013, p. 994), 15 to 20 trials at each of 10 to 12
SOAs are sufficient to estimate each parameter accurately. Participants aged 7 years and older com-
pleted 20 trials at each of 13 SOAs and, hence, followed the suggested regimen. However, this design
was too long for 5-year-olds, and so they were tested with only half that number of trials (10 trails at
each of 13 SOAs). Accordingly, two contrasting hypotheses can be proposed regarding the possible
influence of this difference. Young children may need more practice in order to perform more accu-
rately, resulting in a wider window of audiovisual simultaneity in the first half of the blocks. Alterna-
tively, young children may become inattentive and/or fatigue easily, resulting in a narrower window of
audiovisual simultaneity in the first half of the blocks.
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Fig. 2. Mean threshold of simultaneity perception (é) and point of subjective simultaneity (PSS) for the five age groups in
Experiment 1. Error bars indicate +1 standard error of the mean.
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When the analyses are restricted to the participants’ performance using only the first half of the
blocks across the five age groups (see Appendix A for details), the results still demonstrate the same
pattern as reported above based on all of the data. Critically, the analysis of the mean proportion of
simultaneous responses (see Fig. S1 in online supplementary material) demonstrated a significant
interaction between age and SOA, F(48, 1140) = 3.06, MSE = 0.02, p <.001. The simple main effect of
age was significant at 10 of the 13 SOAs (Fs > 3.20, ps <.05), that is, at all except the —200, —100,
and 200 ms SOAs (Fs < 2.14, ps > .08). The estimated parameters demonstrated that children aged
5 and 7 years, compared with adults, had a wider window of audiovisual simultaneity (indexed by
8, ps <.01) and higher response errors (ps <.05).

In Appendix B, we compare 7-year-olds’ performance in the first half versus the second half of the
blocks in order to evaluate the potential consequences of testing older participants with twice as many
trials as those given to 5-year-olds. Those analyses show that 7-year-olds were more likely to make “si-
multaneous” responses in the second half than in the first half of the blocks (p < .005), a pattern unlikely
to arise from reduced sensitivity (p =.82) but instead caused mainly by their higher response errors,
especially on the visual-leading side (p < .05). Hence, using more trials with 5-year-olds is unlikely to
yield a smaller window of audiovisual simultaneity; rather it would likely widen it, as it did in 7-
year-olds.

Discussion

The audiovisual simultaneity window was measured using a simultaneity judgments task in five
age groups. The window was wider in younger children; children aged 5 and 7 years were more likely
than adults to make simultaneous responses at SOAs larger than 200 ms in both the visual- and
auditory-leading conditions. At the same time, children aged 5, 7, and 9 years were less likely to make
simultaneous responses at the SOAs of 0 and/or 100 ms (visual-leading condition). The estimated
parameters showed no age difference in the PSS and three sensory parameters (auditory processing
variability, visual processing variability, and processing time difference). However, children aged 5
and 7 years demonstrated a wider audiovisual simultaneity window (indexed by §) and higher
response errors at both the visual- and auditory-leading sides than adults. Children aged 5 years made
more response errors than adults in the simultaneous condition.

The PSS results demonstrate that it has shifted to the visual-leading side by 5 years of age (cf.
Hillock et al., 2011). However, it is not until 9 years of age that the width of the audiovisual simultane-
ity window has narrowed to the adult size. Children in our experiment reached adult-like performance
at an earlier age than reported in previous studies (Hillock et al., 2011; Hillock-Dunn & Wallace, 2012).
However, one critical difference is that the SOA range used in the current study (i.e., £1200 ms) was
wider than the SOA ranges used in previous studies (+450 ms in Hillock et al., 2011; 500 ms in
Hillock-Dunn & Wallace, 2012). If adult participants tended to balance their probability of “yes”
and “no” responses, then the estimated temporal window of audiovisual simultaneity would likely
be larger when the SOA range was wider (see a similar concern in Zampini et al., 2005) and, hence,
appears more similar to that of children. To verify that the estimate of adults’ window of audiovisual
simultaneity is based on their perception rather than decisional biases, in Experiment 2 we recruited a
new group of adults who were tested using a narrower SOA range: +500 ms. If adult participants
responded based on their perception of audiovisual simultaneity, then there should be no significant
difference between adults presented with SOA ranges of +1200 (Experiment 1) and those presented
with SOA ranges of £500 ms (Experiment 2).

Experiment 2
Method
A new group of 20 undergraduate students (6 men; mean age = 19 years, range = 18-22) at McMas-

ter University were tested using 15 SOAs (—500, —400, —300, —200, —150, —100, —-50, 0, 50, 100, 150,
200, 300, 400, and 500 ms). An additional 3 participants were tested but excluded because their pro-
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portion of simultaneous responses was higher than the mean plus 2 SD of the group at the —500 or
500 ms SOA (n=2) or lower than the mean minus 2 SD of the group at the 0 ms SOA (n = 1). Partici-
pants were asked to press the number key “1” when they perceived that the flash and beep were pre-
sented at the same time and to press “2” when they perceived that the flash and beep were presented
at different times. Other details were the same as in Experiment 1.

Results and discussion

The data of the adult group from Experiment 1 (wide range) and the data collected in Experiment 2
(narrow range) (see Fig. 3) were compared using the nine SOAs that were tested in both groups (—400,
—-300, —200, —-100, 0, 100, 200, 300, and 400 ms). The proportion of simultaneous responses was sub-
mitted to a two-way ANOVA with the between-participant factor of range (wide or narrow) and the
within-participant factor of SOA. There was a main effect of SOA, F(8, 304)=150.44, MSE = 0.03,
p <.001. There was no significant effect of range, F(1, 38) = 1.24, p = .27, and the interaction between
range and SOA was also nonsignificant, F(8, 304) = 0.28, p =.97. There were also no significant differ-
ences in the estimated parameters between the groups tested with the wide and narrow ranges (see
Table 3). Hence, adults’ performance in the simultaneity judgments task was similar when the range of
SOAs was either £1200 or 500 ms, suggesting that adults performed this task mainly based on their
perception of audiovisual simultaneity (see Zampini et al., 2005, for a similar conclusion).

General discussion

In the current study, we measured the typical developmental trajectory of the window of audiovi-
sual simultaneity using simultaneity judgments task with children aged 5, 7, 9, and 11 years and a
group of adults. Children aged 5 and 7 years judged the beep and flash to be simultaneous over a wider
range of SOAs than adults both when the flash came first and when the beep came first, whereas chil-
dren aged 9 and 11 years performed similarly to adults. Model fitting revealed that young children’s
wider distribution can be attributed to both a perceptually wider window of simultaneity and a higher
rate of response error. Nevertheless, the PSS was shifted to the visual-leading side in all groups, a
result suggesting that the audiovisual simultaneity window has an adult-like asymmetrical shape
by 5 years of age. Combined, the results indicate that children develop an adult-like width of the
audiovisual simultaneity window between 7 and 9 years of age. Nevertheless, the PSS is already on
the visual-leading side by 5 years of age.

The previous developmental studies contrast with the current study by suggesting that the audio-
visual simultaneity window is not adult-like at 10 or 11 years of age (Hillock et al., 2011) or even at 12
to 17 years of age (Hillock-Dunn & Wallace, 2012). However, those studies failed to determine the age
at which the audiovisual simultaneity window matures in part because they either included a single
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Fig. 3. Mean percentage of simultaneous responses at each SOA for two groups of adults. Black Xs represent the results for
adults tested in Experiment 1 with a wide range of SOAs, and gray diamonds represent the results for adults tested in
Experiment 2 with a narrow range of SOAs. Error bars indicate +1 standard error of the mean.
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Table 3

Means (and standard errors) and results of t-tests of estimated parameters of the simultaneity judgments task
Parameter Wide Narrow t(38) p
3 237.3 (10.7) 219.2 (9.5) 1.26 21
PSS 18.7 (8.3) 22.5(9.1) 0.31 .76
JA 0.25 (0.08) 0.28 (0.08) 0.23 .82
Y% 0.19 (0.06) 0.20 (0.06) 0.07 .94
T -21.2 (13.8) -9.9 (18.2) 0.50 .62
eAF 0.12 (0.04) 0.09 (0.02) 0.70 49
&S 0.004 (0.002) 0.02 (0.01) 1.48 15
eVF 0.24 (0.06) 0.20 (0.06) 0.47 .64

age group (Hillock et al., 2011), averaged results over large age ranges (Hillock-Dunn & Wallace, 2012),
or included a small number of participants at each age (Hillock et al., 2011; Hillock-Dunn & Wallace,
2012). Unlike previous developmental studies, we tested four age groups of children at 2-year incre-
ments starting from 5 years and reduced the variance for each age group by testing 20 participants per
group. In addition, we used a modified experimental procedure suitable for children, excluded outliers
in each age group, and adopted a recent model specifically designed to estimate sensory, perceptual,
and decisional components that modulate the audiovisual simultaneity window (Alcala-Quintana &
Garcia-Pérez, 2013; Garcia-Pérez & Alcala-Quintana, 2012a, 2012b). Perhaps for these reasons, we
found that children’s audiovisual simultaneity window narrowed at both the visual- and auditory-
leading sides, reaching adult levels earlier than estimated previously by Hillock and colleagues
(Hillock et al., 2011; Hillock-Dunn & Wallace, 2012).

PSS shifts to the visual-leading side: Developed by 5 years of age

We demonstrated that the PSS is already on the visual-leading side by 5 years of age; as in adults,
the audiovisual simultaneity window is asymmetrical in that the visual-leading side is wider than the
auditory-leading side. Two explanations have been proposed for why the PSS is located at the visual-
leading side. The first one attributes it to the longer peripheral processing time for vision than for
audition and the consequence that the presentation of the visual stimulus should lead the auditory
stimulus (i.e., the positive SOAs in the current study) in order for the visual and auditory signals to
arrive at the central mechanism at a similar time. The second explanation is that it is the result of
adaptation to our natural environment; given that light travels faster than sound, visual and auditory
signals are more likely to originate from the same source in the situation when the visual signal leads
the auditory signal rather than the reversed situation (i.e., auditory signal leads visual signal). These
two accounts are difficult to disassociate empirically, and they are not mutually exclusive. Neverthe-
less, the three sensory parameters estimated from the model for simultaneity judgments provide
some insights regarding the early development of the PSS.

Specifically, we found that the parameters related to the temporal processing of visual and auditory
stimuli—processing variability (1V and 2A) and the processing time difference (7)—did not differ sig-
nificantly across the age range of 5 years to adulthood. This finding is in agreement with evidence that
visual temporal processing, as measured by the critical frequency fusion threshold (above which sep-
arate flashes fuse into a single percept), and auditory temporal processing, as measured by the audi-
tory gap threshold (above which two noise bursts merge perceptually), are both adult-like by 4 years
of age (Ellemberg, Lewis, Liu, & Maurer, 1999; Wightman, Allen, Dolan, Kistler, & Jamieson, 1989).
Together, these findings suggest that the temporal resolutions of unimodal visual and auditory pro-
cessing have reached adult levels by 5 years of age, the youngest age tested in the current study. In
summary, by 5 years of age children have developed peripheral processing for visual and auditory sig-
nals that is adult-like. This early maturity may partly explain why the window of audiovisual simul-
taneity is already asymmetrical by 5 years of age.

Width of audiovisual simultaneity window: Developed by 9 years of age
We found that the width of the audiovisual simultaneity window (i.e., the parameter 6) narrows
during development and reaches adult levels by 9 years of age. Yet, the areas of the brain relevant
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to crossmodal temporal processing are still structurally and functionally immature at this age. For
example, the neural development of white matter (e.g., neural myelination) and cortical areas associ-
ated with audiovisual integration (e.g., posterior superior temporal sulcus) continues until adoles-
cence (Giedd et al., 1999; Gogtay et al., 2004; Paus et al., 1999; for a review, see Giedd & Rapoport,
2010). Similarly, the physical development of the size of the eyeballs (for vision) and head (for audi-
tion) are not adult-like until adolescence (Fledelius, Christensen, & Fledelius, 2014; Nellhaus, 1968),
and both are critical for coordinating visual and auditory information during development (Ernst,
2008). Thus, structural and functional maturation, although partly responsible, cannot fully explain
our finding that the width of the window of audiovisual simultaneity is mature by 9 years of age.

Another possible factor that modulates the width of the audiovisual simultaneity window is par-
ticipants’ attention. Hillock et al. (2011) demonstrated that children aged 10 or 11 years had poorer
attention or fatigued more quickly than adults, leading to a wider audiovisual simultaneity window
later in the testing sequence. That was not the case in the current study, where 9-year-olds performed
as well as adults, perhaps because the experimenter monitored performance closely and gave breaks
as necessary. However, reduced attention likely contributed to our finding that the window of audio-
visual integration was wider in 5- and 7-year-olds than in adults. In fact, our measurement of errors
caused by inattention, as estimated by the response error parameters in Garcia-Pérez and Alcala-
Quintana (2012a, 2012b) model, confirmed this hypothesis; response errors decreased with age. This
result is consistent with an improvement in attentional control during development. Such attentional
lapses should affect performance not only in experimental settings like ours but also when children
make judgments about audiovisual events in everyday life.

We consider the maturity of the audiovisual simultaneity window by 9 years of age to be consis-
tent with the results of other developmental studies of unimodal and multimodal perception. First,
maturity by 9 years of age is consistent with Gori, Sandini, and Burr’s (2012) study, which used a tem-
poral bisection task with five age groups (5-7, 8-9, 10-11, and 13-14 years and adults) to examine the
development of audiovisual integration in the temporal domain. The results demonstrated that adults
integrate visual and auditory information in an auditory-dominant fashion in the temporal task
(rather than following the optimal integration based on the Bayesian model), and children perform
similarly to adults by 8 or 9 years of age.

Second, the age of maturity is later for the audiovisual simultaneity window (by 9 years) than the
visual critical frequency fusion threshold or the auditory gap threshold (by 4 years) (Ellemberg et al.,
1999; Wightman et al., 1989). This finding is consistent with the notion that multimodal integration
matures later and/or has higher thresholds than unimodal integration. For example, in adults, the
threshold is higher for temporally separating two signals across sensory modalities (e.g., a flash and
a beep) than for comparing two signals in the same modality (e.g., two flashes or two beeps) (see
Fujisaki & Nishida, 2010). Developmentally, the same pattern emerges; temporal order judgments
for the combination of visual and tactile stimuli become adult-like later than temporal order judg-
ments for two tactile stimuli (Roder, Pagel, & Heed, 2013).

Linking development of audiovisual simultaneity window and other cognitive functions

The audiovisual simultaneity window, as suggested by the temporal rule, is related strongly to
multisensory integration. In our daily life, for example, we find it hard to watch a movie when its video
and audio are out of synch. Stevenson et al. (2012) demonstrated that the width of the audiovisual
simultaneity window is positively correlated with the magnitude of the sound-induced flash illusion
(Shams, Kamitani, & Shimojo, 2000) but negatively correlated with the magnitude of the McGurk
effect (McGurk & MacDonald, 1976). Similarly, children have a wider audiovisual simultaneity win-
dow, a larger magnitude of sound-induced flash illusion (Innes-Brown et al., 2011; Nava & Pavani,
2013; but see Tremblay et al., 2007), and a smaller McGurk effect (Tremblay et al., 2007). Currently,
it is unclear whether the correlations among these three phenomena share a common core mechanism
or whether audiovisual simultaneity is causally related to the other two phenomena. This issue will
provide critical insight into crossmodal cognitive functions not only in typically developing children
but also in atypically developing groups such as those with autism spectrum disorders because their
deficit in speech perception may be attributed to a generally lower precision than age-matched con-
trols in audiovisual simultaneity perception (de Boer-Schellekens, Eussen, & Vroomen, 2013; de Boer-
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Schellekens, Keetels, Eussen, & Vroomen, 2013; but see Stevenson et al., 2014; see Wallace &
Stevenson, 2014, for a review).

Some have suggested that a wide audiovisual simultaneity window is essential for infants and
young children to learn possible associations between visual and auditory stimuli (e.g., Roder et al.,
2013). However, a wider audiovisual simultaneity window may lead to incorrect associations of cross-
modal information that should be separate. Moreover, that account cannot explain the narrowing of
the window with age. We suggest that the wide window in early life should be attributed to an imma-
turity in brain structure and function. Certainly, audiovisual synchrony is a critical factor for infants to
extract the features and relations embedded in the co-occurring visual and auditory stimuli (Gogate,
Walker-Andrews, & Bahrick, 2001; Lewkowicz et al., 2010). Furthermore, synchronous crossmodal
events can draw infants’ attention, which in turn enhances their crossmodal association learning
(Bahrick & Lickliter, 2000). Therefore, perceiving audiovisual simultaneity plays an important role in
crossmodal association learning (e.g., Mareschal, Westermann, & Althaus, 2012). After primary cross-
modal associations are established, such knowledge (called the unity assumption; see Spence, 2007;
Welch & Warren, 1980) would help to solve the problem regarding which visual and auditory stimuli
should be integrated and which should not be and gradually tune the audiovisual simultaneity win-
dow into an optimal width and shape (i.e., asymmetrical). This notion implies that the processing
of audiovisual simultaneity and the content of the visual and auditory stimuli are processed in two
independent but highly interactive pathways (e.g., Chen & Spence, 2011; Fujisaki & Nishida, 2010;
Soto-Faraco & Alsius, 2009).

An intriguing direction for future study is how visual and auditory systems are coordinated in order
to develop an optimal window for audiovisual simultaneity. Recently, Burr and Gori (2012) proposed
that the sensory modality which provides more precise (but not necessarily more accurate) informa-
tion calibrates another sensory modality in order to coordinate two senses during development. For
example, in orientation perception, vision calibrates touch during development, which is supported
by evidence from early-blind children who demonstrated impaired performance in a haptic orienta-
tion discrimination task compared with sighted age-matched controls (Gori, Del Viva, Sandini, &
Burr, 2008; Gori, Sandini, Martinoli, & Burr, 2010). For audiovisual interactions in the temporal
domain, presumably it should be that audition calibrates vision because audition has better temporal
precision (Burr, Banks, & Morrone, 2009; Gori et al., 2012; Morein-Zamir, Soto-Faraco, & Kingstone,
2003). This hypothesis can be verified by measuring the audiovisual simultaneity window of people
who had early deafness and later recovered with cochlear implants. Alternatively, if the temporal cal-
ibration is bidirectional, or from vision to audition (e.g., Navarra, Hartcher-O’Brien, Piazza, & Spence,
2009), people who recovered vision after treatment for dense congenital cataracts should have an
abnormal audiovisual simultaneity window.

Conclusion

We have demonstrated that the window for audiovisual simultaneity becomes asymmetrical by
5 years of age and narrows on both visual- and auditory-leading sides to the adult width by 9 years
of age. In addition, children’s peripheral processing of visual and auditory signals is adult-like by 5 years
of age, whereas their accuracy of responding keeps improving until 9 years of age. The maturity of the
audiovisual simultaneity window by 9 years of age is the youngest age reported in the literature to date
and is earlier than the physical and functional maturity of areas of the brain involved in multisensory
integration. By implication, by 9 years of age the system is able to recalibrate quickly when the visual
or auditory system changes. Future research should address how visual and auditory systems coordi-
nate and lead to this early maturity during childhood and how the development of the audiovisual
simultaneity window conjoins with the development of other audiovisual cognitive functions.
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Appendix A: Analysis of 5 blocks for all age groups

We analyzed participants’ performance in the first half of the blocks (five blocks) using data from
all five ages: the data from 5-year-olds and the data from the comparable first half of the blocks for the
age groups of 7-, 9-, and 11-year-olds and adults (see Fig. S1 in supplementary material). The propor-
tion of simultaneous responses was submitted to a two-way ANOVA with the factors of age and SOA.
Both main effects were significant: age, F(4, 95)=5.53, MSE = 0.11, p <.001, and SOA, F(12, 1140)
=553.50, MSE = 0.02, p <.001, and so was their interaction, F(48, 1140) = 3.06, MSE = 0.02, p <.001.
The results of one-way ANOVAs with age as a factor were significant at 10 of the 13 SOAs (see
Table S1 in supplementary material). The post hoc tests (Dunnett test, two-tailed) at these SOAs
showed that only children aged 5 and 7 years were significantly different from adults. The estimated
parameters (Table S2) demonstrate that children aged 5 and 7 years had a wider window (4) as well as
higher response errors. The results show the same pattern as reported in the text when all of the data
were used.

Appendix B: Compare first and second half of blocks in the 7-year-olds

Five-year-olds were given five blocks of trials, whereas older groups were given twice as many
blocks. To understand whether younger children would perform more accurately due to practice, or
worse due to inattention and/or fatigue in the later five blocks, we compared performance in the
first- and second-half blocks (five blocks each) of 7-year-old participants (see Fig. S2 in supplementary
material).

The mean proportion of simultaneous responses at each SOA was submitted to a two-way ANOVA
on the factors of order (first half or second half) and SOA. The main effect of order was significant;
overall, participants were more likely to make simultaneous responses in the second half than in
the first half of blocks (53.3% vs. 49.1%), F(1, 19) = 12.71, MSE = 0.02, p <.005. There was also a signif-
icant main effect of SOA, F(12, 228) = 142.16, MSE = 0.03, p <.001. However, their interaction was not
significant, F(12, 228) = 1.25, p = .25.

Individual data of the first- and second-half blocks were fitted with the Matlab routine (see
Table S3 in supplementary material). The only parameter that reached statistical significance was
the number of response errors in the visual-leading side (¢VF) being higher in the second half.

Appendix C. Supplementary data

Supplementary data associated with this article can be found, in the online version, at http://dx.doi.
org/10.1016/j.jecp.2016.01.010.
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