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A simultaneity judgment (SJ) task was used to measure the devel-
opmental trajectory of visuotactile simultaneity perception in chil-
dren (aged 7, 9, 11, and 13 years) and adults. Participants were
presented with a visual flash in the center of a computer monitor
and a tap on their right index finger (located 20� below the flash)
with 13 possible stimulus onset asynchronies (SOAs). Participants
reported whether the flash and tap were presented at the same
time. Compared with the adult group, children aged 7 and 9 years
made more simultaneous responses when the tap led by more than
300 ms and when the flash led by more than 200 ms, whereas they
made fewer simultaneous responses at the 0 ms SOA. Model fitting
demonstrated that the window of visuotactile simultaneity
became narrower with development and reached adult-like levels
between 9 and 11 years of age. Response errors decreased contin-
uously until 11 years of age. The point of subjective simultaneity
(PSS) was located on the tactile-leading side in all participants
tested, indicating that 7-year olds (the youngest age tested) are
adult-like on this measure. In summary, the perception of visuotac-
tile simultaneity is not fully mature until 11 years of age. The pro-
tracted development of visuotactile simultaneity perception may
be related to the need for crossmodal recalibration as the body
grows and to the developmental improvements in the ability to
optimally integrate visual and tactile signals.
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Introduction

Many daily activities involve visuotactile integration. For example, learning to dribble a basketball
involves both tracking the ball visually and feeling the touch of the ball against the hand so that the
correct force can be applied at the right time. The development of visuotactile integration in humans
starts early in life and continues until late in childhood (for reviews, see Bremner & Spence, 2017; Burr
& Gori, 2012; Streri, 2012). This prolonged trajectory results not only from the gradual neural matu-
ration of each sensory system and its associated brain areas (e.g., Pihko, Nevalainen, Stephen, Okada, &
Lauronen, 2009) but also from the continuous coordination and recalibration among sensory systems
as the body itself grows (Ernst, 2008; Gori, 2015).

By 6 months of age, and perhaps even at birth, infants appear to match primitive features (such as
smooth vs. nubby texture and oval vs. cross shape) presented tactilely in the mouth or on the hand to
the same features presented visually (Meltzoff & Borton, 1979; Rose, Gottfried, & Bridger, 1981; Sann
& Streri, 2007; but see Maurer, Stager, & Mondloch, 1999). Newborn infants are also sensitive to the
spatial and temporal contingency between visual and tactile signals: when their face was stroked by a
paintbrush, they looked longer at a synchronized video showing an infant’s face being stroked by a
paintbrush than at the same video desynchronized by 5 s (Filippetti, Johnson, Lloyd-Fox, Dragovic,
& Farroni, 2013; see also Filippetti, Lloyd-Fox, Longo, Farroni, & Johnson, 2015; Zmyj, Jank, Schütz-
Bosbach, & Daum, 2011).

Even though visuotactile interactions start early in life, adult-like levels of integration are not
reached until late in childhood. For example, when estimating the shape of an object using both vision
and touch, children older than 8 years, like adults, integrate optimally (i.e., weight information in each
sensory modality according to its reliability; see Ernst & Banks, 2002; Gori, Del Viva, Sandini, & Burr,
2008). In contrast, younger children do not integrate but rather use only the information presented to
either vision or touch (Gori et al., 2008; McGurk & Power, 1980). When judging the temporal order of a
visual stimulus and a tactile stimulus, by 10 years of age children, like adults, are more accurate when
the two stimuli are presented at different locations in space than when they are presented at the same
location (e.g., Spence, Baddeley, Zampini, James, & Shore, 2003; Spence, Shore, & Klein, 2001); in con-
trast, younger children show no such spatial modulation (Röder, Pagel, & Heed, 2013). By 12 years of
age, children show adult-level precision in judging the temporal order of visual and tactile stimuli
(Röder et al., 2013).

Perceiving simultaneity has long been proposed as a critical factor modulating the interaction/inte-
gration of multisensory signals (see Welch & Warren, 1980, for an early review). At the neural level,
Stein and Meredith (1993) demonstrated that the response of multisensory neurons in the superior
colliculus of the cat to the presentation of visual and tactile (or visual and auditory) stimuli is stronger
than the sum of responses to individual unisensory stimuli. More critically, such super-additive mul-
tisensory neuronal responses occur only when the multisensory stimuli are presented within a certain
temporal window, typically spanning a few hundred milliseconds (Meredith, Nemitz, & Stein, 1987).
In human behavior, the presentation of a tactile stimulus can improve the processing of a simultane-
ously presented visual stimulus, as indicated by higher accuracy and/or shorter response latencies
(Ngo & Spence, 2010; van der Burg, Olivers, Bronkhorst, & Theeuwes, 2009). The simultaneous presen-
tation of multisensory signals constitutes a highly compelling situation suggesting that these stimuli
plausibly originate from the same object/event (i.e., the unity assumption; see Warren, Welch, &
McCarthy, 1981; Welch &Warren 1980; see Chen & Spence, 2017, for a recent review). Hence, perceiv-
ing multisensory simultaneity increases the likelihood of integration of these sensory signals.

Röder et al. (2013) used temporal order judgments (TOJs) to examine developmental changes in
spatial modulations of visuotactile temporal processing during childhood. In the TOJ task, the partic-
ipants have to judge whether the visual or tactile stimulus came first. However, the study by Röder
et al. did not provide precise measurements of the development of visuotactile simultaneity percep-
tion for two reasons. First, in order to manipulate the spatial congruency between the stimuli, the
visual and tactile stimuli were presented randomly 32� to the left and/or right of center, presumably
resulting in the participants’ attention being distributed over a wide spatial area. Such a design likely
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increases the difficulty of the task, especially for young children who have poorer attentional
resources and control than adults. Second, developmental changes in the point of subjective simul-
taneity (PSS, the temporal interval that the visual and tactile signals are most likely to be perceived
as simultaneous) were not measured.

The purpose of the current study was to chart the developmental trajectory of the perception that a
visual stimulus and a tactile stimulus are simultaneous. We used a simultaneity judgment (SJ) task in
which participants judge whether or not a flash and tap are presented at the same time. The stimuli
were either simultaneous, presented with the flash leading at one of six stimulus onset asynchronies
(SOAs), or presented with the flash lagging at one of six SOAs. Unlike Röder et al.’s (2013) study using
the TOJ task, the SJ task was adopted in the current study because adults can perceive asynchrony with
smaller temporal gaps than their threshold to judge the order of the two stimuli (Love, Petrini, Cheng,
& Pollick, 2013; Shore, Gray, Spry, & Spence, 2005). In addition, compared with Röder et al.’s (2013)
study, we tested a larger number of children in each age group and minimized spatial uncertainty
by always presenting the visual and tactile stimuli at midline. We then used the model proposed
by García-Pérez and Alcalá-Quintana (2012a) to fit the data from each participant. One strength of this
model lies in the fact that changes in both threshold and PSS can be estimated separately and inde-
pendently of the parameters associated with unisensory processing; the model also allows estimates
of post-perceptual processing parameters such as response errors and inattention (see also Spence
et al., 2003).
Method

Participants

There were 20 participants in each of five age groups: children aged 7 years (10 boys; mean age =
7.0 years, range = 6.8–7.3), 9 years (10 boys; mean age = 9.1 years, range = 8.8–9.3), 11 years (10
boys; mean age = 11.0 years, range = 10.8–11.3), and 13 years (10 boys; mean age = 13.0 years,
range = 12.8–13.3), and adults (8 men; mean age = 19.9 years, range = 18.2–22.0). The children were
recruited from a database of parents who volunteered for their offspring to take part in research at
the time of their children’s birth. Adults were undergraduate students at McMaster University partic-
ipating in exchange for course credit. All of the participants had normal or corrected-to-normal visual
acuity in each eye confirmed by visual screening tests (20/25 vision for 7-year-olds and 20/20 vision
for older participants on the Lighthouse eye chart). All of the participants were confirmed as right-
handed by a handedness questionnaire (Peters, 1998). An additional 6 participants were tested but
not included in the final analysis because they did not complete the experiment (1 7-year-old and
1 13-year-old), did not pass visual screening (1 13-year-old), did not pass the handedness question-
naire (1 9-year-old and 1 adult), or did not feel the tactile stimulus clearly (by self-report, 1 adult).
We obtained written consent from the parents of children and adult participants and obtained written
assent from children. All of the participants were naive regarding the purpose of the study. The study
was approved by the research ethics board of McMaster University and conformed to the Tri-Council
Statement on Ethical Conduct of Research Involving Humans (Canada).
Apparatus and stimuli

The 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 a 2� inner diameter and 0.06�
thickness was displayed in the center of a black background on the monitor throughout the experi-
ment. The visual stimulus consisted of a 2� white disc presented in the middle of the gray ring for
17 ms (1 frame at the 60-Hz refresh rate). The tactile stimulus was a tap induced by a pin moving
up for 17 ms and then moving down, generated by a custom-built solenoid-based mechanical device.
The participants placed their right index finger on top of the tactile device, which was situated in front
of the monitor and about 20� below the ring so as to align with the participants’ body midline. The
presentation of the stimuli was controlled by Matlab (MathWorks, Natick, MA, USA) and Psychtoolbox
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extensions (Brainard, 1997; Kleiner, Brainard, & Pelli, 2007; Pelli, 1997). During the experiment, the
participants heard white noise presented continuously over closed-ear headphones in order to mask
the noise produced by the operation of the tactile device.

Design

Two factorsweremanipulated: age (7-, 9-, 11-, and13-year-old childrenandadults) andSOA (�1200,
�800,�400,�300,�200,�100, 0, 100, 200, 300, 400, 800, and 1200 ms),where negative values indicate
that the tapwas presented first and positive values indicate that the flashwas presented first. The stim-
ulus durations and SOA between the flash and the tap were confirmed with an oscilloscope. Each SOA
was tested twice in each block. All of the participants completed 10 blocks of trials, giving rise to a total
of 260 trials. The participants were given a short break between blocks and were given breaks during a
block if necessary. It typically took the participants 30 to 50 min to complete the experiment.

Procedure

During the experiment, the participants were instructed to fixate the ring. The participants’ task
was to say ‘‘yes” if they perceived the onsets of the flash and tap at the same time or ‘‘no” if they per-
ceived their onsets at different times. An experimenter sat beside the participants and keyed their
answers into the computer. The experimenter also monitored whether the participants appeared to
be fixating the ring and, if not, stopped the experiment for a break.

Two practice sessions were conducted prior to the main experiment. The first practice session con-
sisted of eight trials: four with the 0 ms SOA and four with each of the �1200, �800, 800, and 1200 ms
SOAs. In the first round, the participants practiced without the masking noise so that the experimenter
could communicate with them to ensure that they felt the tap clearly and understood the task. In the
second round, the participants practiced with the masking noise presented through the headphones.
All of the participants achieved 85% accuracy (i.e., no more than one error) in the second round. The
second practice session consisted of one trial for each of the 13 SOAs used in the main experiment and
was designed to familiarize the participants with the experimental procedure. There were no accuracy
requirements for this second practice session. No feedback was given during either practice session
except for general encouragement.
Results

Proportion of simultaneous responses

The mean proportion of simultaneous responses at each SOA for each age group is shown in Fig. 1.
The data were submitted to a two-way analysis of variance (ANOVA) with a between-participant fac-
tor of age and a within-participant factor of SOA. The main effects of both age, F(4, 95) = 7.64, MSE =
0.17, p < .001, gp2 = .24, and SOA, F(12, 1140) = 454.27, MSE = 0.02, p < .001, gp2 = .83, were significant.
Critically, their interactionwas also significant, F(48, 1140) = 4.22,MSE = 0.02, p < .001, gp2 = .15. Table 1
presents the results of one-way ANOVAs 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). In summary,
the age effect was significant at 10 of the 13 SOAs, with the exceptions being the �200, �100, and 100
ms SOAs. Compared with adults, more simultaneous responses were made by 7-year-olds when the
tap led the flash by 300 ms or more and by 7- and 9-year-olds when the tap lagged behind the flash
by 200 ms or more. On the other hand, both 7- and 9-year-olds made fewer simultaneous responses at
the 0 ms SOA, all ts(38) � 2.60, ps < .05, Cohen’s d � 0.85.

Estimated parameters of simultaneity judgment

Individual data were fit with the Matlab routine for the SJ task (Alcalá-Quintana & García-Pérez,
2013). This routine is based on an independent-channels model for judgment tasks involving stimulus



Fig. 1. Mean percentage of simultaneous responses at each stimulus onset asynchrony (SOA) for each of the five age groups of
participants. Error bars indicate ± 1 standard error of the mean. A significant difference between 7-year-olds and adults is
indicated by ** (p < .01); a significant difference between 9-year-olds and adults is indicated by y (p < .05) or yy (p < .01).

Table 1
Percentage of simultaneous responses for each age group, the results of one-way ANOVAs, and post hoc tests (Dunnett) for the
proportion of simultaneous responses at each SOA.

SOA (ms) Age group F(4, 95) p gp2 Post hoc tests
(*p < .05; **p < .01)

7 years 9 years 11 years 13 years Adults

�1200 9.5 7.0 1.3 1.0 0.3 9.16 <.001 .28 7 > adults**; 9 > adults**
�800 19.3 7.8 0.5 3.3 1.8 12.30 <.001 .34 7 > adults**
�400 43.3 26.8 8.0 12.0 20.0 7.88 <.001 .25 7 > adults**
�300 60.3 50.3 30.0 23.0 33.3 7.11 <.001 .23 7 > adults**
�200 72.5 72.3 62.3 61.8 60.0 1.16 .33 .05
�100 82.8 87.0 85.5 88.3 91.8 1.21 .31 .05
0 81.3 87.8 94.0 91.0 97.8 7.22 <.001 .23 7 < adults**; 9 < adults*
100 82.0 76.3 73.8 73.0 74.3 0.55 .70 .02
200 65.3 61.3 37.5 34.3 36.8 5.86 <.001 .20 7 > adults**; 9 > adults*
300 42.0 35.3 16.3 18.5 14.3 5.91 <.001 .20 7 > adults**; 9 > adults*
400 38.3 22.8 5.3 12.3 8.8 9.43 <.001 .28 7 > adults**
800 18.3 8.0 1.0 4.0 1.3 16.21 <.001 .41 7 > adults**; 9 > adults*
1200 9.5 7.8 0.8 1.8 1.0 11.57 <.001 .33 7 > adults**; 9 > adults**

Note. Negative SOAs indicate the conditions where the tap was presented first, whereas positive SOAs indicate conditions where
the flash was presented first.
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timing as proposed by García-Pérez and Alcalá-Quintana (2012a). In this model, it is assumed that
each signal is processed in each sensory system separately and then merged in a mechanism that
decodes their arrival time. The sensory processing time required for a signal is modeled using an expo-
nential distribution that is determined by two parameters: the processing time (si) and the processing
variability (ki). In the current study, the difference in processing time between the tactile and visual
stimuli (i.e., s = sT � sV) and the processing variability in the tactile and visual modalities (kT and
kV, respectively) were estimated. On those trials in which the tap and flash were presented at a specific
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SOA, the difference in processing time for the two stimuli would form a bilateral exponential distribu-
tion that is determined by kV, kT, and s.

We defined the PSS as the midpoint between 50% simultaneous responses on the tactile-leading
and visual-leading sides of the distribution, with half of this range representing the threshold of simul-
taneity perception, which is the resolution parameter (d). A ‘‘simultaneous” response would be made
when the processing time difference is smaller than the resolution parameter. Hence, the larger the
value of the resolution parameter, the wider the visuotactile simultaneity window. Finally, we esti-
mated response errors that occurred when participants incorrectly reported ‘‘yes” in tactile-leading
trials (eTF) or visual-leading trials (eVF) and when they incorrectly reported ‘‘no” in the 0-ms trials
(eS). Note that these response errors include both participants’ lapses caused by blink or inattention
and their mistakes in responding given that these two types of errors are hard to distinguish (see
García-Pérez & Alcalá-Quintana, 2012b). The starting values used to fit the data in the current study
were set as follows: LamBounds = [1/500 1/1], TauBounds = [�Inf Inf], DeltaBounds = [0 Inf],
LamTStart = [1/70 1/10], LamRStart = [1/70 1/10], TauStart = [�70 70], DeltaStart = [20 150],
ErrStart = [0.05], BiaStart = [0.5], Model = 1, SampleSize = 1500, ConfCoef = 95, and FixedSeed = true
(see also Chen, Shore, Lewis, & Maurer, 2016).

Each of the estimated parameters was submitted to a one-way ANOVA with age as the factor (see
Table 2). There was a significant age effect for the resolution parameter (d), F(4, 95) = 7.69,
MSE = 13687.25, p < .001, gp2 = .25 (see Fig. 2A). Post hoc tests (Dunnett, one-tailed, because it is
assumed that children have a wider window than adults; see Röder et al., 2013) revealed that d
was larger for 7-year-olds, t(38) = 3.28, p < .001, Cohen’s d = 1.06, than for adults but not for
11-year-olds, t(38) = �0.53, p = .91, Cohen’s d = 0.17, or 13-year-olds, t(38) = �0.22, p = .86, Cohen’s
d = 0.07. The data for 9-year-olds appear to be transitional: the mean is larger (300.4 ms) than that
in adults (230.8 ms), but the Dunnett test was not significant, t(38) = 2.14, p = .095, Cohen’s
d = 0.69. This pattern of results suggests that the width of the visuotactile simultaneity window
approaches adult levels at around 9 years of age.

The PSS of all five age groups was negative [i.e., on the tactile-leading side, 7-year-olds: t(19) =
�2.87, p < .05, Cohen’s d = 0.64; 9-year-olds: t(19) = �2.22, p < .05, Cohen’s d = 0.50; 11-year-olds:
t(19) = �5.61, p < .001, Cohen’s d = 1.25; 13-year-olds: t(19) = �2.12, p < .05, Cohen’s d = 0.47; adults:
t(19) = �4.29, p < .001, Cohen’s d = 0.96], and there was no significant age effect, F(4, 95) = 1.33,
MSE = 2803.02, p = .26, gp2 = .05; see Fig. 2B). Thus, in the current study, the PSS was located at the
tactile-leading side by 7 years of age, the youngest age tested.

There was no significant effect of age for the three parameters associated with sensory processing:
tactile processing variability (kT), F(4, 95) = 2.21, MSE = 0.05, p = .07, gp2 = .09, visual processing
Table 2
Means (and standard errors) of estimated parameters of the simultaneity judgment task for each age group.

Parameter Age group F(4, 95) p gp2 Post hoc tests
(*p < .05; **p < .01)

7 years 9 years 11 years 13 years Adults

d 385.8 (40.3) 300.4 (21.2) 214.8 (17.8) 223.9 (20.5) 230.8 (24.7) 7.69 <.001 .25 7 > adults**
PSS �49.0 (17.1) �28.8 (13.0) �25.8 (4.6) �20.0 (9.4) �49.2 (11.5) 1.33 .26 .05
kT 0.09 (0.05) 0.15 (0.06) 0.04 (0.02) 0.09 (0.04) 0.24 (0.07) 2.21 .07 .09
kV 0.18 (0.07) 0.08 (0.05) 0.20 (0.07) 0.14 (0.06) 0.14 (0.07) 0.59 .67 .02
s 76.2 (37.9) 41.0 (22.2) 17.4 (12.2) 1.2 (22.5) 70.2 (22.2) 1.72 .15 .07
eTF 0.10 (0.02) 0.06 (0.02) 0.01 (0.004) 0.01 (0.01) 0.01 (0.004) 8.40 <.001 .26 7 > adults**;

9 > adults*
eS 0.09 (0.03) 0.10 (0.03) 0.03 (0.01) 0.03 (0.01) 0.02 (0.01) 4.52 <.005 .16 7 > adults**;

9 > adults**
eVF 0.10 (0.02) 0.07 (0.02) 0.01 (0.003) 0.02 (0.01) 0.01 (0.004) 12.31 <.001 .34 7 > adults**;

9 > adults**

Note. d, resolution (threshold of simultaneity perception); PSS, point of subjective simultaneity; kT, processing variability of
tactile stimulus; kV, processing variability of visual stimulus; s, processing time difference between tactile and visual stimulus
(sT � sV); eTF, response errors in the tactile-leading trials; eS, response errors in the simultaneous trials; eVF, response errors in
the visual-leading trials.



Fig. 2. Threshold of simultaneity perception (d) (A) and point of subjective simultaneity (PSS) (B) as a function of age. The mean
PSS in each age group was negative, indicating the conditions where the tap was presented first. Gray dots represent individual
data, black dots represent the mean for each age group, and error bars indicate ± 1 standard error of the mean.
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variability (kV), F(4, 95) = 0.59, MSE = 0.08, p = .67, gp2 = .02, and arrival time difference (s), F(4, 95) =
1.72,MSE = 12321.34, p = .15, gp2 = .07. The marginal significance of tactile processing variability comes
mainly from a smaller variability in children aged 11 years than in adults, t(38) = �2.76, p < .05,
Cohen’s d = 0.90, suggesting that the children’s tactile system, if there is any difference, was more reli-
able rather than less reliable than adults.

These results therefore suggest that by 7 years of age, sensory processing of a simple tap and flash
in the temporal domain is already adult-like. The s was positive and significantly different from 0 in
adults, t(19) = 3.16, p < .01, Cohen’s d = 0.71, suggesting a longer processing time for the tactile stim-
ulus than for the visual stimulus. However, the s was not significantly different from 0 in the four age
groups of children [7-year-olds: t(19) = 2.01, p = .06, Cohen’s d = 0.45; 9-year-olds: t(19) = 1.85, p = .08,
Cohen’s d = 0.41; 11-year-olds: t(19) = 1.43, p = .17, Cohen’s d = 0.32; and 13-year-olds: t(19) = 0.05,
p = .96, Cohen’s d = 0.01].

In contrast, there was a significant age effect for the three parameters related to response errors.
Specifically, the age effect was significant when the tactile stimulus led (eTF), F(4, 95) = 8.40,
MSE = 0.004, p < .001, gp2 = .26, when the two stimuli were simultaneous (eS), F(4, 95) = 4.52, MSE =
0.01, p < .005, gp2 = .16, and when the visual stimulus led (eVF), F(4, 95) = 12.31, MSE = 0.003,
p < .001, gp2 = .34. Post hoc tests (Dunnett, one-tailed, given that children should make more errors
than adults; see Chen et al., 2016) revealed that response errors were higher for 7- and 9-year-olds
than for adults when the tactile stimulus led, t(38) � 2.95, ps < .05, Cohen’s d � 0.96, in the
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simultaneous condition, t(38) � 2.81, ps < .01, Cohen’s d � 0.91, and when the visual stimulus led,
t(38) � 4.06, ps < .001, Cohen’s d � 1.32. These results suggest that children aged 7 and 9 years were
more likely to make response errors than adults in general.

We also analyzed the data using the same exclusion criteria that Chen et al. (2016) used for outlier
detection. Specifically, in plotting the developmental trajectory of audiovisual simultaneity percep-
tion, Chen et al. (2016) excluded those participants who had (a) simultaneous responses at ±1200
ms SOA that were higher than the mean plus 2 standard deviations of that age group and (b) simul-
taneous responses at the 0 ms SOA that were lower than 50%, or the meanminus 2 standard deviations
of that age group. The use of these criteria in the current study led to the exclusion of 2 participants in
each of the four age groups of children and 1 adult. The results remained the same except that the age
effect on tactile processing variability was significant (kT), F(4, 86) = 3.20, MSE = 0.04, p < .05, gp2 = .13.
Post hoc tests (Dunnett, two-tailed) demonstrated that the tactile processing variability was smaller in
children aged 7 and 11 years than in adults, both ts(35) � �2.57, ps < .05, Cohen’s d � .87. See
Appendix for the summary and statistical results.
Discussion

The developmental trajectory of the perception of visuotactile simultaneity was measured by ask-
ing participants to judge whether a flash on the monitor and a tap to the finger occurred simultane-
ously. Compared with adults, children aged 7 years judged the flash and tap to be simultaneous over a
wider range of SOAs both when the tap came first and when the flash came first, but children aged 9
years did so mainly when the flash came first. Children aged 11 and 13 years performed as adults.
Model fitting results demonstrated that the wider window observed for 7-year-olds, and to a lesser
extent for 9-year-olds, can be attributed to their higher threshold of visuotactile simultaneity and
higher response errors. In contrast, the midpoint of the window (i.e., the PSS), as in adults, was located
on the tactile leading side by 7 years of age (the youngest age tested).

These results therefore indicate that children reach adult-like levels of perception of visuotactile
simultaneity between 9 and 11 years of age. This age is 2 years later than the perception of audiovisual
simultaneity, which becomes adult-like between 7 and 9 years of agewhen tested using the same visual
flash paired with a white noise burst (Chen et al., 2016). The earlier maturation for audiovisual simul-
taneity perception than for visuotactile simultaneity perceptionmay arise from the ubiquitous interac-
tions between vision and audition (e.g., through daily speech communications). In addition,
rudimentary forms of temporal and spatial mappings between visual and auditory signals appear at
birth (Lewkowicz, Leo, & Simion, 2010; Morrongiello, Fenwick, & Chance, 1998), whereas these map-
pings appear later between vision and touch (see Bremner& Spence, 2017, for a review). Different devel-
opmental trajectories suggest that the audiovisual and visuotactile perception of simultaneity are
underpinned by somewhat different mechanisms (see also Noel, Wallace, Orchard-Mills, Alais, & van
der Burg, 2015; van der Burg, Orchard-Mills, & Alais, 2015; but see Machulla, Di Luca, & Ernst, 2016;
see Vroomen & Keetels, 2010, for a review). This argument is bolstered by recent evidence demonstrat-
ing that early visual deprivation leads to later abnormal perceptionof audiovisual simultaneity,whereas
the perception of visuotactile simultaneity is spared (Chen, Lewis, Shore, & Maurer, 2017).

One may worry whether a comparison between the developmental trajectories of the perception of
audiovisual and visuotactile simultaneity is valid. This concern arises from the fact that stronger stim-
uli tend to be processed more rapidly (Jaśkowsky & Verleger, 2000; Smith, 1933), plausibly leading to
an inaccurate measure of the developmental trajectory of the perception of multisensory simultaneity.
In our previous study on the developmental trajectory of audiovisual simultaneity perception (Chen
et al., 2016) and in the current study on the developmental trajectory of visuotactile simultaneity
perception, the visual stimuli were the same (i.e., a white flash); the auditory and tactile stimuli were
clearly above threshold, although there is no way to match their intensity. The shape of the develop-
mental trajectory would be distorted only if the influence of stimulus intensity on unimodal process-
ing time differed at different ages. Critically, the PSS should be more susceptible to any such
processing time difference than the width of the multisensory simultaneity window (i.e., the thresh-
old). However, in both our audiovisual and visuotactile studies, we did not observe any significant
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changes of the PSS from the youngest ages tested to adulthood. Therefore, we suggest that, in our stud-
ies, when stimulus intensity was sufficiently above threshold, it is unlikely to have influenced our
measure of the developmental trajectories of audiovisual and visuotactile simultaneity perception.
Width of the visuotactile simultaneity window: Changes after 7 years of age

The threshold (d) of visuotactile simultaneity perception is represented by half of the width of the
simultaneity window at 50% simultaneous responses. The mean threshold was larger in 7-year-olds
than in adults, with a tendency in the same direction at age 9 years of age. By 11 years of age, it
was unambiguously adult-like. Moreover, as shown in Fig. 2A, the variability in 7-year-olds was
greater than that in older children, primarily because some 7-year-olds had already reached adult-
like thresholds, whereas others performedmuch worse. Such large individual variability in young chil-
dren may be related not only to their different rate of sensory and perceptual development but also to
their physical development (see ‘‘Long developmental trajectories of visuotactile perception” section
below).

Adults find it more difficult to separate two temporally close stimuli (i.e., higher thresholds) when
they are presented in different modalities than when they are presented in the same modality
(Fujisaki & Nishida, 2010; Virsu, Oksanen-Hennah, Vedenpää, Jaatinen, & Lahti-Nuuttila, 2008). To
assess whether the same is true in children, Röder et al. (2013) compared their multisensory visuotac-
tile results with the unimodal tactile results reported by Pagel, Heed, and Röder (2009) and suggested
that the precision of visuotactile simultaneity perception develops later than that of unimodal tactile
simultaneity perception. Consistently, here we observed that children reach adult-level thresholds of
visuotactile simultaneity perception at 9 to 11 years of age, an age range later than when they reach
adult-level thresholds of visual temporal resolution (which occurs by 4 years of age; see Ellemberg,
Lewis, Liu, & Maurer, 1999). Further evidence comes from the results of estimated sensory parameters
in the current study: the variabilities of temporal processing associated with the visual and tactile sys-
tems (indexed by kV and kT, respectively) were similar to those of adults by 7 years of age (the young-
est age tested in the current study). The earlier developing temporal precision in unimodal visual and
tactile systems is likely a necessary prerequisite for the later development of visuotactile simultaneity
perception (see Chen et al., 2016, for a similar conclusion for the development of audiovisual simul-
taneity perception).
Response errors of visuotactile simultaneity judgments: Reduced until 11 years of age

The final step in reaching the adults’ window of visuotactile simultaneity perception arises from a
reduction in the number of errors (indexed by the eTF, eS, and eVF for the tactile-leading, simultaneous,
and visual-leading conditions, respectively), none of which reaches adult levels until 11 years of age.
In García-Pérez and Alcalá-Quintana’s (2012a, 2012b) model, higher response errors were attributed
to the participants’ ‘blinking’ or inattention as well as their mistakes in responding. This is consistent
with results showing that children’s executive attentional control develops and reaches adult-like
levels between 7 and 10 years of age, depending on the stimuli tested (e.g., Ridderinkhof, van der
Molen, Band, & Bashore, 1997; Rueda et al., 2004; Shore, Burack, Miller, Joseph, & Enns, 2006).

This late reduction of response errors contrasts with judgments of audiovisual simultaneity
obtained with the same paradigm and same visual stimulus, where response errors were adult-like
by 9 years of age. The temporal encoding of tactile signals is modulated by limb posture, as demon-
strated by the crossing hand deficits in both the unimodal tactile task (Pagel et al., 2009; Shore,
Spry, & Spence, 2002) and the bimodal visuotactile task (Röder et al., 2013; Spence et al., 2003). These
results likely arise from the necessity of mapping between the external reference frame used by vision
and the somatotopic reference frame used by touch when encoding the timing of visual and tactile
signals (Azañón & Soto-Faraco, 2008; Heed & Azañón, 2014). In the current study, the tactile signal
was presented 20� below the visual signal. It is possible that response errors in judging simultaneity
can be reduced to adult levels at younger ages if the coordination of visual and tactile is minimized by
presenting both stimuli at fixation (e.g., Machulla et al., 2016).
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Long developmental trajectories of visuotactile perception

Multisensory simultaneity has long been demonstrated as a critical factor determining whether (or
how likely) an observer is to integrate two stimuli as a single object/event (Chen & Spence, 2017; Stein
& Meredith, 1993; Welch & Warren, 1980). Here, we demonstrated that the window of visuotactile
simultaneity does not become adult-like until 11 years of age. Similarly, combining TOJs with spatial
uncertainty, Röder et al. (2013) found a fairly late age for the adult-like precision for visuotactile per-
ception of discriminating the temporal order of stimuli, namely 12 years of age.

Given that the human body grows and each sensory system develops at a different rate until late
childhood or adolescence, Ernst (2008) suggested that the development of visuotactile integration
may be protracted because each sensory system retains its own signals in order to optimize reorgani-
zation and recalibration both within and across modalities rather than integrate the information into a
seamless unified representation. Typically, the sensory modality that delivers more accurate (although
not necessarily more precise) estimates calibrates the other during the development of multisensory
systems (Burr & Gori, 2012; Gori, 2015). The importance of crossmodal calibration has been demon-
strated both in unisensory perception (such as haptic orientation and auditory localization being
‘‘educated” by vision; see Gori, Sandini, Martinoli, & Burr, 2010; Gori, Sandini, Martinoli, & Burr,
2014) and in crossmodal perception (such as audiovisual and visuotactile simultaneity perception;
see Chen et al., 2017).

Until 9 years of age, the size of the head relative to the body and limbs decreases, and the length of
the legs relative to stature increases; in contrast, during the rapid body growth in adolescence, the
head, torso, and legs remain similar in proportion (see Bremner, Holmes, & Spence, 2012, for a review).
By 8 years of age, children have demonstrated optimal integration following Bayes’s rule in some cases
of visuotactile perception (e.g., Gori et al., 2008). Optimal integration is a flexible ability that can be
adjusted rapidly in various conditions, as shown by the ability of adults to maintain optimal visuotac-
tile integration when using tools (Takahashi, Diedrichsen, & Watt, 2009). Despite continued growth in
adolescence, the maintenance of body proportions and the flexibility of optimal integration may allow
adolescents to quickly accommodate the growing body in the process of visuotactile integration. This
analysis is consistent with our findings that, in the temporal domain, the precision and accuracy of
integration do not change after 11 years of age.

PSS shifted to the tactile-leading side by 7 years of age

Despite the changes in precision and response errors, the PSS was already on the tactile-leading
side like that of adults by 7 years of age. The location of the visuotactile PSS is determined by at least
two factors: the different times required for visual and tactile processing before their arrival time is
encoded and the participants’ attention favoring one or the other relevant sensory modality.

The time required for tactile transduction is positively correlated with the distance between the
stimulated body part and the head, with a velocity of roughly 55 m/s (Bergenheim, Johansson,
Granlund, & Pedersen, 1996; Macefield, Gandevia, & Burke, 1989). Hence, tactile processing time
should increase as the body grows during development. Indeed, the tactile processing time was longer
than visual processing time (estimated by s = sT � sV) in adults. However, the difference was not sig-
nificant in the four age groups of children. Hence, the processing time difference of visual and tactile
signals cannot explain the fact that the PSS has already shifted to its adult location by the time typi-
cally developing children reach 7 years of age.

A more likely explanation is that the participants’ attention favored one of the sensory modalities
over the other. In human adults, attention is naturally biased toward vision over touch (Klein, 1977;
Posner, Nissen, & Klein, 1976; Spence et al., 2001). The sensory signal in the attended modality is
processed faster, a phenomenon known as crossmodal prior entry (Grabot & van Wassenhove, 2017;
Spence et al., 2001; Zampini, Shore, & Spence, 2005). Hence, biased attention toward vision would
likely lead to the faster processing of visual signals than of tactile signals. Consequently, the tactile
stimulus would need to be presented first in order for visuotactile simultaneity to be perceived
and, therefore, the PSS would shift to the tactile-leading condition. Supporting evidence for human
attention being biased toward vision over touch comes from the visual dominant Colavita effect; that



Table 3
Summary of the estimated visuotactile point of subjective simultaneity (PSS) reported in previous studies.

Study Visual stimulus Tactile stimulus Stimulus location Task PSS(ms)

Spence et al., 2001 LEDs (20 ms) 200 Hz vibration
(20 ms)

27� left and right TOJs 27a

Spence et al., 2003 LEDs (15 ms) 200 Hz vibration
(15 ms)

23� left and right TOJs 10b (same location)
24b (different location)

Poliakoff et al., 2006 LEDs (15 ms) 200 Hz vibration
(15 ms)

15� left and right TOJs 40c

Noel et al., 2015 White ring on
monitor (50 ms)

50 Hz vibration
(50 ms)

V: 0�, T: 35�
periphery

SJs �73

van der Burg et al., 2015 White ring on
monitor (50 ms)

50 Hz vibration
(50 ms)

V: 0�, T: 35�
periphery

SJs �75d

Zhou (2016)e White flash on
monitor (17 ms)

Tap (17 ms) V: 0�, T: 20� below TOJs �50
SJs �28

Machulla et al., 2016 LEDs (20 ms) 40 Hz vibration
(20 ms)

0� TOJs 46f

SJs �10f

Note.Negative PSS values indicate that the tactile stimulus needed to be presented first, whereas positive values indicate that the
visual stimulus needed to be presented first. V, vision; T, touch; TOJs, temporal order judgments; SJs, simultaneity judgments.

a The value represents the mean of the conditions when the visual stimulus was presented on the left and the vibrotactile
stimulus was presented on the right, or vice versa, in the authors’ Experiment 1A.

b The values reported here come from the condition in which the participants’ hands were uncrossed.
c The value comes from the authors’ Fig. 2. There was no significant difference when the visual and vibrotactile stimuli were

presented in the same or different locations.
d The value represents the mean of the conditions when the previous trial was a tactile-leading or visual-leading one, and

there were no significant differences in these two conditions. The values were provided by the authors.
e The apparatus and stimuli were the same as in the current study.
f The estimated value of the PSS was significantly different in the TOJ and SJ tasks; nevertheless, the PSS estimated using the

SJ task was not significantly different from 0 ms (i.e., physical simultaneity).
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is, a tactile stimulus may go undetected when it is presented together with a visual stimulus, even
though the tactile and visual stimuli are easily detected when presented alone (Hartcher-O’Brien,
Gallace, Krings, Koppen, & Spence, 2008; Hecht & Reiner, 2009; see Spence, Parise, & Chen, 2012,
for a review). The sensory dominance of vision over touch has also been demonstrated in children with
a mean age of 12 years (ranging from 8.6 to 16.0 years; Hermelin & O’Connor, 1964).

Nevertheless, we cannot exclude the possibility that the flash, but not the tap (presented 20� below
the flash), was presented at the fixated location and, therefore, its processing was enhanced. Previous
studies (see Table 3) demonstrated that adults’ PSS was located at the visual leading side when the
visual target was presented in the periphery (Poliakoff, Shore, Lowe, & Spence, 2006; Spence et al.,
2001; Spence et al., 2003) but was located at the tactile-leading side when the visual target was pre-
sented at fixation (current study; Noel et al., 2015; van der Burg et al., 2015; Zhou, 2016). In any event,
under the current conditions, attention appears to enhance visual signal processing in all age groups,
from age 7 years to adulthood.
Conclusions

Different components of the window of visuotactile simultaneity mature at different ages; the PSS
has shifted to the tactile-leading side by 7 years of age (the youngest age tested), the threshold has
decreased to adult levels by 9 to 11 years of age, and response errors were reduced to adult levels by
11 years of age. Thematuration of thewindow of visuotactile simultaneity during late childhood is sim-
ilar to the maturation of visuotactile integration and visuotactile interactions in shape, size, and space
perception (Cowie, Sterling, & Bremner, 2016; Gori, Giuliana, Sandini, & Burr, 2012; Gori et al., 2008).
These long visuotactile developmental trajectories are likely related to visuotactile recalibrations as
the body grows (e.g., Ernst, 2008) and the development of optimal integration for multisensory signals
(e.g., Gori, 2015). The visuotactile simultaneity window is fully adult-like 2 years later than the audio-
visual simultaneity window (Chen et al., 2016). These results suggest that multisensory perception of
simultaneity for different sensory combinations may have unique, rather than shared, mechanisms.
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Appendix A. Results when outliers in each age group were excluded

See Tables A1 and A2.
Table A1
Percentage of simultaneous responses in each age group, the results of one-way ANOVAs, and post hoc tests (Dunnett) for the
proportion of simultaneous responses at each SOA when outliers were excluded in each age group.

SOA (ms) Age group F(4, 86) p gp2 Post hoc tests
(*p < .05; **p < .01)

7 years
(n = 18)

9 years
(n = 18)

11 years
(n = 18)

13 years
(n = 18)

Adults
(n = 19)

�1200 8.3 5.6 0.8 0.6 0 9.92 <.001 .32 7 > adults**; 9 > adults**
�800 17.2 5.0 0.6 1.7 1.6 16.16 <.001 .43 7 > adults**
�400 42.2 22.5 8.1 10.3 17.9 7.37 <.001 .26 7 > adults**
�300 58.3 47.8 28.1 21.4 31.1 6.70 <.001 .24 7 > adults**
�200 72.2 72.2 63.1 63.3 58.7 1.03 .40 .05
�100 81.9 88.3 87.8 90.6 91.6 1.70 .16 .07
0 82.5 88.6 95.3 94.2 98.4 9.72 <.001 .31 7 < adults**; 9 < adults**
100 81.9 76.4 75.6 74.7 73.2 0.43 .78 .02
200 65.0 60.8 38.6 33.6 35.0 5.23 <.005 .20 7 > adults**; 9 > adults*
300 41.7 30.8 17.2 17.5 12.9 5.02 <.005 .19 7 > adults**
400 37.2 17.8 4.7 11.7 8.7 8.41 <.001 .28 7 > adults**
800 17.5 6.1 1.1 3.1 0.8 15.59 <.001 .42 7 > adults**
1200 8.1 6.4 0.8 1.4 0.8 9.79 <.001 .31 7 > adults**; 9 > adults**

Note. Negative SOAs indicate the conditions where the tap was presented first, whereas positive SOAs indicate conditions where
the flash was presented first.

Table A2
Means (and standard errors) of estimated parameters of the simultaneity judgment task for each age group when outliers were
excluded in each age group.

Parameter Age group F(4, 86) p gp2 Post hoc tests
(*p < .05; **p < .01)

7 years
(n = 18)

9 years
(n = 18)

11 years
(n = 18)

13 years
(n = 18)

Adults
(n = 19)

d 391.6 (44.6) 279.2 (15.5) 218.0 (18.4) 225.9 (22.1) 225.2 (25.4) 7.23 <.001 .25 7 > adults**
PSS �50.0 (18.2) �37.7 (8.6) �23.0 (4.4) �20.6 (10.4) �47.0 (11.9) 1.34 .26 .06
kT 0.05 (0.02) 0.11 (0.05) 0.05 (0.02) 0.10 (0.04) 0.25 (0.07) 3.20 <.05 .13 7 < adults*; 11 < adults*
kV 0.20 (0.08) 0.08 (0.06) 0.22 (0.08) 0.15 (0.07) 0.15 (0.07) 0.62 .65 .03
s 71.0 (41.4) 42.0 (24.6) 11.3 (12.0) 9.6 (24.2) 65.3 (22.8) 1.18 .33 .05
eTF 0.08 (0.02) 0.04 (0.01) 0.01 (0.003) 0.01 (0.003) 0.01 (0.003) 11.65 <.001 .35 7 > adults**; 9 > adults*
eS 0.10 (0.03) 0.09 (0.02) 0.03 (0.01) 0.03 (0.01) 0.01 (0.01) 4.56 <.005 .18 7 > adults**; 9 > adults*
eVF 0.09 (0.02) 0.06 (0.01) 0.01 (0.003) 0.02 (0.01) 0.01 (0.003) 10.92 <.001 .34 7 > adults**; 9 > adults**

Note. d, resolution (threshold of simultaneity perception); PSS, point of subjective simultaneity; kT, processing variability of
tactile stimulus; kV, processing variability of visual stimulus; s, processing time difference between tactile and visual stimulus
(sT � sV); eTF, response errors in the tactile-leading trials; eS, response errors in the simultaneous trials; eVF, response errors in
the visual-leading trials.
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