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Abstract

In natural scenes, audiovisual events deriving from the same source are synchronized at their origin. However, from the perspective
of the observer, there are likely to be significant multisensory delays due to physical and neural latencies. Fortunately, our brain
appears to compensate for the resulting latency differences by rapidly adapting to asynchronous audiovisual events by shifting the
point of subjective synchrony (PSS) in the direction of the leading modality of the most recent event. Here we examined whether it is
the perceived modality order of this prior lag or its physical order that determines the direction of the subsequent rapid recalibration.
On each experimental trial, a brief tone pip and flash were presented across a range of stimulus onset asynchronies (SOAs). The
participants’ task alternated over trials: On adaptor trials, audition either led or lagged vision with fixed SOAs, and participants
judged the order of the audiovisual event; on test trials, the SOA as well as the modality order varied randomly, and participants
judged whether or not the event was synchronized. For test trials, we showed that the PSS shifted in the direction of the physical
rather than the perceived (reported) modality order of the preceding adaptor trial. These results suggest that rapid temporal

recalibration is determined by the physical timing of the preceding events, not by one’s prior perceptual decisions.
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In natural environments the brain receives information via
multiple sensory modalities. This multisensory information
often interacts when it is presented in close temporal proxim-
ity, to facilitate perception (Alais & Burr, 2004; Morein-
Zamir, Soto-Faraco, & Kingstone, 2003; Olivers & Van der
Burg, 2008; Shipley, 1964; Van der Burg, Olivers,
Bronkhorst, & Theeuwes, 2008; Van der Burg, Talsma,
Olivers, Hickey, & Theeuwes, 2011; Vroomen & de Gelder,
2000). For instance, in a noisy auditory environment, speech
comprehension is better if one can observe the speaker’s lip
movements (Sumby & Pollack, 1954). Typically, multisenso-
ry interactions are strongest when the information from
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different sensory modalities is approximately synchronized,
and they reduce with increasing asynchrony (Slutsky &
Recanzone, 2001; Van der Burg, Cass, & Alais, 2014; Van
der Burg, Cass, Olivers, Theeuwes, & Alais, 2010; van
Wassenhove, Grant, & Poeppel, 2007). This is an important
point, because although multisensory information deriving
from a single source will be emitted simultaneously, multisen-
sory asynchronies are almost inevitable from the perspective
of the observer, due to differences in physical propagation
speeds and neural processing latencies (Alais, Newell, &
Mamassian, 2010). For instance, light propagates vastly more
quickly through the air than does sound. Auditory sensory
information, by contrast, is processed more quickly in the
brain than is visual information, although this may vary de-
pending on factors such as the stimulus intensity (Los & Van
der Burg, 2013; Simith, 1933) and attention (i.e., prior entry;
Shore, Spence, & Klein, 2001; Spence & Driver, 1996, 1997).

Given that multisensory delays are inevitable, one might
argue that multisensory interactions are always suboptimal.
Fortunately, the brain appears to compensate for asynchro-
nous multisensory signals. In 2004, two studies independently
reported that following several minutes of exposure to a fixed
audiovisual asynchrony, participants shifted their point of
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subjective synchrony (PSS) in the direction of the asynchrony
to which they had been exposed (Fujisaki, Shimojo, Kashino,
& Nishida, 2004; Vroomen, Keetels, de Gelder, & Bertelson,
2004). This phenomenon is known as temporal recalibration
and has been studied extensively using prolonged adaptation
procedures in which participants are exposed to a fixed mul-
tisensory asynchrony for periods extending from several sec-
onds to several minutes (Cass, Oake, & Van der Burg, 2015;
Di Luca, Machulla, & Ernst, 2009; Harrar & Harris, 2008;
Heron, Whitaker, McGraw, & Horoshenkov, 2007; Keetels
& Vroomen, 2008; Machulla, Di Luca, Froehlich, & Ernst,
2012; Navarra, Garcia-Morera, & Spence, 2012; Roseboom
& Amold, 2011; Roseboom, Kawabe, & Nishida, 2013; Van
der Burg, Alais, & Cass, 2015; Vroomen, van Linden, de
Gelder, & Bertelson, 2007; Yarrow, Jahn, Durant, & Amold,
2011; Yarrow, Roseboom, & Arold, 2011; Yuan, Li, Bi, Yin,
& Huang, 2012). Recently, we showed that temporal recali-
bration occurs rapidly without the need for an explicit adapta-
tion procedure (Van der Burg, Alais, & Cass, 2013). In our
study, each trial consisted of a brief tone pip and flash present-
ed at one of several possible stimulus onset asynchronies
(SOAs). Participants performed a synchrony judgment (SJ)
on each audiovisual pair, indicating whether the stimuli were
perceived as synchronous or asynchronous, and we fitted
Gaussian functions to the distribution of SJs as a function of
SOA in order to estimate the PSS. We then binned the re-
sponses on each trial on the basis of the modality order of
the preceding trial (i.e., whether vision was leading or lagging)
and fitted Gaussians separately to each bin. This analysis
showed that the PSS was strongly influenced by the modality
order of the preceding trial, with the PSS shifting in the direc-
tion of the leading modality of the previous trial.

Our results demonstrated that temporal recalibration can
occur extremely quickly, requiring exposure to just a single
asynchronous audiovisual event, and this finding has now
been replicated numerous times by others using both audiovi-
sual stimuli (e.g., De Niear, Noel, & Wallace, 2017; Noel, De
Niear, Stevenson, Alais & Wallace (2017); Noel, De Niear,
Van der Burg, & Wallace, 2016; Roseboom, 2017; Simon,
Noel, & Wallace, 2017; Turi, Karaminis, Pellicano, & Burr,
2016) and visuotactile stimuli (Lange, Kapala, Krause,
Baumgarten, & Schnitzler, 2018). In audiovisual spatial tasks,
too, rapid recalibration has been observed that is driven by the
previous spatial discrepancy (Mendonga, Escher, van de Par,
& Colonius, 2015; Wozny & Shams, 2011). Rapid temporal
recalibration suggests that our percept of synchrony is far
more malleable than was previously thought and that the
brain may be engaged in a continual process of temporal
realignment in order to adapt rapidly to changes in the
audiovisual environment. One aspect of this process that
remains unknown is whether rapid temporal recalibration is
determined by the physical modality order of prior events or
by subjective factors such as their perceived modality order.

Although it may seem unlikely at first that the true physical
timing would be available as a basis for recalibration, several
recent studies have suggested that estimates of physical timing
are indeed available. Leone and McCourt (2015) showed that
in a multisensory context timing for action is veridical, despite
perceived time lags, and work by Harrar, Harris, and Spence
(2017) also demonstrated that physical audiovisual synchrony,
rather than perceived synchrony, affects multisensory integra-
tion. Recalibration can occur without feedback (unsupervised
recalibration; Zaidel, Ma, & Angelaki, 2013), and various
factors may guide the computation of physical synchrony,
such as internal models of spatial layout and distances and
known lags for various actions and modalities. It is unknown,
however, whether these processes can act automatically, with-
out awareness.

In our original study (Van der Burg et al., 2013), we argued
that rapid temporal recalibration occurs automatically, because
recalibration occurred even when the prior trial had required
no response from observers (so-called passive trials). It is
conceivable, however, that during passive observing partici-
pants still generated a subjective decision regarding the timing
of the audiovisual events, and simply suppressed the keypress
response. Furthermore, in our study we showed that the per-
ceived synchrony on a given trial # was contingent upon the
modality order not only on the preceding trial (1), but also
on trial /2, making it very unlikely that rapid recalibration is
due to a decisional process, since then participants would have
to recall the modality order over the last two trials when
performing the task on trial . Another relevant study of
visuo-motor temporal recalibration investigated whether sub-
jective awareness of the adaptor lag was crucial for observing
recalibration (Tsujita & Ichikawa, 2015). In this study, Tsujita
and Ichikawa allocated participants to either a single-step or a
multistep lag condition. In the single-step condition, the tem-
poral lag between the motor response and the flash was fixed
(200 ms) throughout the adaptation procedure, and partici-
pants were informed about this delay so as to make them fully
aware of it. In the multistep condition, an initially small tem-
poral lag of 40 ms was systematically increased to 200 ms
during the adaptation procedure, so that participants were
not aware of the extent of the temporal lag at the end. Tsujita
and Ichikawa concluded that being aware of the lag was crit-
ical for observing visuo-motor temporal recalibration, because
there was recalibration in the single-step condition but not in
the multistep condition. On the face of it, this finding seems
consistent with another recent study showing that temporal
recalibration to audiovisual asynchrony is absent when partic-
ipants were not aware of a subliminal visual stimulus during
the prolonged adaptation procedure, even though the re-
searchers found clear evidence that participants had processed
the unseen visual stimulus (Gallagher, Yarrow, & Arnold,
2014). Although Gallagher and colleagues showed that
awareness for the visual event during adaptation is crucial
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for observing a temporal recalibration effect, it remains un-
clear whether awareness of the modality order is also a pre-
requisite for observing temporal recalibration.

Recently, Simon, Noel, and Wallace (2017) measured
event-related potentials (ERPs) in order to examine the neural
basis of rapid temporal recalibration. Simon and colleagues
reported a behavioral rapid recalibration effect (Van der Burg
et al., 2013) and showed that ERPs over parietal electrodes
were modulated by the modality order on the preceding trial.
Interestingly, the latency of this effect (> 125 ms after the
second stimulus onset) suggests that recalibration influences
rather late processing stages, possibly decisional processes
(see also Stekelenburg, Sugano, & Vroomen, 2011).
However, as the authors noted, the lack of early ERP compo-
nents in their study does not necessarily rule out the possibility
that rapid temporal recalibration influences early processing
stages. For instance, when measuring ERPs, it is simply im-
possible to measure systematic changes in the phase of oscil-
lations, and such changes could underlie temporal recalibra-
tion (see, e.g., Kosem, Gramfort, & van Wassenhove, 2014,
for an interesting example based on a prolonged adaptation
procedure).

Overall, it remains unclear whether rapid temporal recali-
bration occurs automatically or whether subjective experi-
ences modulate rapid temporal recalibration. In this study
we used a novel task-interleaving procedure to examine
whether rapid temporal recalibration follows the physical mo-
dality order of audiovisual events or whether the perceived
modality order determines rapid realignment.

Experiment 1

The aim of Experiment 1 was to examine whether awareness
of the modality order of immediately preceding audiovisual
events determines whether or not rapid temporal recalibration
to asynchronous audiovisual events occurs. The paradigm is
shown in Fig. 1. On every trial, a brief tone pip and flash were
presented across a range of SOAs. As in our previous study
(Van der Burg et al., 2013), we instructed participants to per-
form a temporal task on each trial. In the present experiment,
however, participants were presented with two kinds of trials
in alternating order: adaptor trials and test trials. On adaptor
trials, participants judged the order of the audiovisual events,
to ascertain whether or not their perception matched the phys-
ical temporal order (respectively, correct or incorrect re-
sponses). On each adapter trial, the auditory pip either led or
lagged vision by a fixed SOA (i.e., one SOA in which the
visual [V] stimulus led, and one SOA in which the auditory
[A] stimulus led). It was important to fix the SOA on adapter
trials, because it is known that the interval between audiovi-
sual events influences temporal recalibration (see, e.g.,
Roseboom, 2017; Simon et al., 2017; Van der Burg et al.,
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2013; Van der Burg & Goodbourn, 2015). Indeed, if one does
not fix the SOA, a difference between temporal recalibration
for correct responses versus incorrect responses on trial #1
could be assigned to a difference between the SOAs used on
for correct and incorrect trials /1, since it is easier to make a
temporal order judgment for long than for short SOAs. On test
trials, the SOA, as well as the modality order, varied random-
ly, and participants judged whether or not the events were
synchronized. If temporal recalibration occurs regardless of
the perceived modality order, then we would expect the PSS
on test trials to depend on the physical modality order on the
preceding adaptor trial, regardless of whether or not partici-
pants perceived the order to those adaptor stimuli correctly. In
contrast, if awareness of the modality order is crucial for ob-
serving temporal recalibration, then we would expect the PSS
to be contingent on the perceived modality order on the pre-
ceding trial. In other words, we would expect the PSS on a
given trial 7 to be shifted in time toward the perceived leading
modality in trial 1.

Method

Participants Twenty-six students (16 females, ten males; mean
age = 22.6 years, ranging from 18 to 59 years) participated in
the experiment. All were naive as to the purpose of the exper-
iment and received €8/h or course credits for their
participation.

Stimuli and apparatus Participants were seated in a dimly lit
cabin. The E-Prime 2.0 software was used to program and run
the experiment. The visual stimulus was a white ring (radius
2.1°, width 1.0°; 112 cd/mz), presented around a white fixa-
tion dot (radius 0.5°) on a black background (< 0.5 cd/m?) for
a duration of 50 ms. The visual stimuli were presented on an
LCD monitor (refresh rate of 120 Hz) viewed from approxi-
mately 80 cm distance. The auditory stimulus was a pure tone
(500 Hz, duration 50 ms, sampling rate of 44.1 kHz), present-
ed using headphones at a comfortable suprathreshold listening
level and worn throughout the experiment (see also Van der
Burg et al., 2013).

Procedure and design A trial started with the presentation of a
word cue for a duration of 1,000 ms, to inform the participant
whether the task was a temporal order judgment (odd trials,
here called adaptor trials) or a synchrony judgment (even
trials, called test trials). On adaptor trials, the word cue was
“aud or vis,” and participants judged the order of the audiovi-
sual events by pressing the “a” or “v” key to indicate whether
the auditory or the visual stimulus led, respectively. The sound
either preceded the visual stimulus by 114 ms or followed the
visual event by 186 ms. The audiovisual timing was con-
firmed using a Le Croy oscilloscope (Wavesurfer 24XS; stan-
dard deviation = 4.8 ms, estimated over 100 trials). The SOAs
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Fig. 1 The paradigm used in Experiment 1. Participants were presented
with two kinds of trials in alternating order—adaptor trials and test
trials—each preceded by a word cue indicating the upcoming task. On
adaptor trials, participants performed a temporal order judgment (TOJ) to
indicate the perceived order of an audiovisual (AV) stimulus presented

for audition-leading and vision-leading adaptor trials were
fixed in order to ensure that any difference on the subse-
quent test trials could not be explained by the SOAs used
during adaptation. On test trials, the word cue was “sim or
not,” and participants judged whether or not the audiovi-
sual events were synchronized by pressing the “1” or the
“0” key, respectively. The sound either preceded or follow-
ed the visual stimulus by an SOA randomly drawn from the
set—364, — 114, — 14, 86, 186, or 436 ms. Here, a negative
SOA indicates that audition leads vision, whereas a posi-
tive SOA indicates that the sound follows vision. The next
trial was initiated after participants had made the
unspeeded response. Participants performed four experi-
mental blocks of 216 trials each (108 TOJ trials and 108
SJ trials, in alternating order). Prior to the experiment, par-
ticipants completed a practice block in order to get familiar
with both tasks.

Test trial

AorV leads

w
—
:) v

sim or not

1

1,000 ms random SOA

with a fixed stimulus onset asynchrony (SOA) that could have either
stimulus order (vision leading or sound leading). On test trials, partici-
pants performed a synchrony judgment (SJ) on an AV stimulus that varied
over a range of positive and negative SOAs, so that a psychometric
function could be measured and a point of subjective synchrony obtained.

Results

The results are shown in Fig. 2. The data from four participants
were excluded (leaving a sample size of 22 participants) from
further analyses, since one participant was guessing in the TOJ
task (50% correct) and had an overall performance of ~ 50%
simultaneous in the SJ task for each SOA condition, whereas
three other participants performed too well in the TOJ task, leav-
ing an insufficient number of trials to fit a Gaussian to the syn-
chrony distribution following incorrect TOJ responses.

TOJ performance The modality order was correctly perceived
on 64.1% of the trials, and the performance was significantly
better than chance level (50%), #(21) = 7.172, p < .001 (two-
tailed ¢ test), confirming that participants were able to perform
the task. The mean accuracies were 62.2% correct when au-
dition was leading and 66.0% correct when vision was

a) Incorrect response on adapt trial b) Correctresponse on adapt trial o)
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Fig. 2 Results of Experiment 1. (A) Proportions of synchrony responses
on test trials as a function of stimulus onset asynchrony (SOA), for trials
following an incorrect temporal order judgment on the previous (i.e.,
adaptor) trial. (B) Proportions of synchrony responses on test trials as a
function of SOA, for trials following a correctly judged temporal order on

Stimulus onset asynchrony on test trials (ms)

Response on adapt trial

the previous trial. Negative SOAs indicate that audition was leading,
whereas positive SOAs indicate that vision was leading. (C) Mean points
of subjective synchrony (PSSs) as a function of the response and modality
order on the preceding trial. In all panels, the error bars represent + 1
standard error of the mean.
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leading. A two-tailed ¢ test yielded no significant difference
between the two modality orders, #(21) = 0.82, p = .422.

SJ performance Figures 2a and b illustrate the proportions of
simultaneous responses as a function of the SOA on test trials
and the modality order performance on adaptor trials. The syn-
chrony distributions following incorrect TOJs are shown in Fig.
2a, and the synchrony distributions following correct TOJs are in
Fig. 2b. For each participant, we fitted the data with Gaussian
distributions in order to estimate the PSS (i.e., the mean of the
distribution), amplitude, and synchrony bandwidth (the distribu-
tion’s standard deviation) for each modality order on the preced-
ing trial for correct and incorrect responses on adaptor trials. The
continuous lines in Figs. 2a and b illustrate the best Gaussian fits
to the group mean data. Temporal recalibration is defined by the
difference between the PSSs when vision leads relative to when
audition leads on the preceding adaptor trials. Here and else-
where in the article, a positive PSS value indicates that audition
must follow vision in order to be perceived simultaneously, and
vice versa for a negative PSS value.

Figure 2c illustrates the mean PSSs as a function of
modality order and the TOJ response on adaptor trials.
An analysis of variance (ANOVA) on the mean PSSs was
conducted with modality order and TOJ response on adap-
tor trials as within-subjects variables. The ANOVA yielded
a significant modality order effect, F(1,21)=9.9, p =.005,
n* = .321, in that the PSS on test trials was significantly
smaller when audition led on the preceding trial (11 ms)
than when vision led on the preceding trial (35 ms).
Importantly, this rapid temporal recalibration effect did
not depend upon the response to the preceding trial, since
the main effect of TOJ response as well as the two-way
interaction failed to reach significance (Fs < .223), sug-
gesting that the perceived order of the audiovisual pair on
adaptor trials had no influence on temporal recalibration. A
Bayesian analysis evaluating the strength of this null inter-
action yielded a Bayes factor of 3.029, signifying moderate
evidence for the absence of this interaction (Wagenmakers
et al., 2018).

The same classical statistical analyses were conducted on the
Gaussian bandwidth and amplitude parameters. An ANOVA on
the mean bandwidth, with adaptor trial TOJ response and mo-
dality order as within-subjects variables, yielded no significant
main effect of modality order, F(1,21)=4.2, p =.054, 772 =.166,
or TOJ response, F(1,21)=1.8,p =.189, n2 =.081. Neither was
the two-way interaction significant, (1, 21) = 1.7, p = .20, 772 =
.074. An ANOVA on the mean amplitudes yielded a trend to-
ward a significant main effect of TOJ response, F(1,21)=4.3, p
=050, 1” = .171, as the amplitude was higher when participants
were correct on the preceding adaptor trials (.86) than when they
were incorrect (.83). The main effect of modality order on the
preceding trial and the two-way interaction failed to reach
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significance, F(1, 21) = 1.2, p = .282, 772 =.055, and F(1, 21) =
0.4, p = 560, 17* = .016, respectively.

Experiment 2

The aim of Experiment 2 was to examine whether rapid recal-
ibration to asynchronous audiovisual events occurs also when
participants are asked to perform a visual localization task, so
that participants were not actively engaged in a subjective
ordering task (i.e., the relative timing between the auditory
and visual event). The paradigm used in Experiment 2 is
shown in Fig. 3. Experiment 2 used the same task-
interleaving paradigm as in Experiment 1, except that, on
adaptor trials, the white ring had a small notch on either its
left or right side, and participants reported on which side the
notch was located. This task replaced the TOJ task used in the
adaptor trials of Experiment 1. Importantly, the audiovisual
asynchronies presented during the notch localization task (vi-
sion leading or auditory leading by a fixed SOA) were identi-
cal to those used in the adaptor trials of Experiment 1. If
recalibration occurs unconsciously and automatically, then
we would expect to find a recalibration effect on test trials that
would correspond to the physical audiovisual asynchrony pre-
sented in the adaptor trials, even though participants were
actively engaged in a notch localization task on those trials.

Method

This experiment was identical to Experiment 1 in all respects,
except that on adaptor trials, participants performed a visual
localization instead of a TOJ task. For this purpose, the white
ring was modified on those trials to have a small notch on the
left or the right side, and the task was to report on which side
the notch was located (see Fig. 3). Participants were asked to
press the “s” or the “d” key when the notch was presented on
the left or the right side of the ring, respectively. Twenty-two
new participants (14 females, eight males; mean age = 22.7
years, ranging from 19 to 32 years) participated in the exper-
iment. All participants were naive as to the purpose of the
experiment and received €8/h or course credit for their partic-
ipation. On adaptor trials, the word cue “left or right” was
used to indicate that a visual spatial task was required. The
participants performed four experimental blocks of 216 trials
each (108 spatial trials and 108 SJ trials, in alternating order).

Results

Four participants were excluded from further analyses. Three
of these participants responded “simultaneous” on > 85% of
the synchrony judgment trials (group mean: 68%). The other
participant performed at approximately 50% regardless of the
SOA, indicating that he or she was simply guessing. The
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Fig. 3 The paradigm used in Experiment 2 was similar to that of
Experiment 1. The trial sequences again alternated between adaptor
trials (with a fixed positive or negative SOA) and test trials (with a
range of positive and negative SOAs), exactly as in Experiment 1. The
only difference was that the TOJ task previously used on adaptor trials

results of the remaining 18 participants for Experiment 2 are
shown in Fig. 4.

Visual localization performance Overall, performance on the
visual localization task was very good (99.5% correct).

SJ performance Figure 4 illustrates the proportions of simul-
taneity responses as a function of the SOA on test trials and the
modality order on adaptor trials. Three separate ANOVAs
were conducted in order to examine whether the PSS,
bandwidth, and amplitude depended on the modality order
on adapter trials (in which participants performed the notch
localization task). The PSS was significantly smaller when
audition led (19.9 ms) than when vision led (55.1 ms) on
adaptor trials, F(1, 17) =22.6, p < .001, 772 =.570, indicat-
ing that participants adapted to the asynchrony in odd trials
while they were performing a purely visual spatial locali-
zation task. We conducted the same analysis on the
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Fig. 4 Results of Experiment 2: Proportions of synchrony responses on
test trials as a function of stimulus onset asynchrony (SOA) and of the
modality order on adaptor trials. Negative SOAs indicate that audition
was leading, whereas positive SOAs indicate that vision was leading.
Error bars represent + 1 standard error of the mean.

Test trial

AorV leads

i

random SOA

w
—
D ¢,

1,000 ms

was changed to a visual spatial localization task, while the stimulus
timing was retained from Experiment 1. The white ring was modified
on adaptor trials to have a small notch on the left or right side, and the
task was to report on which side the notch was located. The task on test
trials remained an SJ task, exactly as in Experiment 1.

bandwidth and amplitude of the Gaussian fits. The modal-
ity order on adaptor trials also had a significant effect on
the bandwidth, F(1, 17)=5.7, p =.029, n2 =.251, since the
bandwidth was smaller when audition led (244 ms) than
when vision led (254 ms) on the preceding trial. The mo-
dality order on the adaptor trials had no significant effect
on the amplitude, F(1, 17) = 0.5, p = .484, 772 =.029.

General discussion

In this study, we showed that temporal recalibration occurs
after exposure to a single asynchronous audiovisual event
(Noel, De Niear, Stevenson, et al., 2016; Noel, De Niear,
Van der Burg, & Wallace, 2016; Turi et al., 2016; Van der
Burg et al., 2013; Van der Burg & Goodbourn, 2015). That
is, the PSS on a given trial was contingent on the modality
order on the preceding trial. Importantly, we showed that this
shift in PSS was unaffected by the perceptual decision made in
the preceding trial about the temporal order of the audiovisual
stimuli (Exp. 1). That performance was determined exclusive-
ly by the physical modality order and not by one’s decision
regarding this order (audition first vs. vision first) might sug-
gest that this rapid form of temporal recalibration is likely to
be mediated by early sensory processes, which operate with-
out reference to one’s conscious appraisal of prior temporal
events. This interpretation was reinforced by the results of
Experiment 2, which showed that even when observers were
engaged in a spatial visual task (making the relative timing of
the prior events irrelevant), they still demonstrated PSS shifts
consistent with the physical temporal order of the prior events.

Whereas Gallagher et al. (2014) showed that temporal re-
calibration is absent when participants are not aware of the
visual event during a prolonged adaptation procedure, here
we showed that recalibration is present when participants are
aware of the audiovisual events, but that awareness of the
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temporal order of these events is not a prerequisite for observ-
ing rapid temporal recalibration. The results are inconsistent
with a recent study showing that temporal subjective aware-
ness of the adaptor lag during prolonged adaptation is crucial
for observing visuo-motor temporal recalibration (Tsujita &
Ichikawa, 2015). However, it might be important to note that,
in contrast to the present study, both of these previous studies
(Gallagher et al., 2014; Tsujita & Ichikawa, 2015) applied an
explicit adaptation procedure. Recently, we showed that the
classical form of temporal recalibration, which involves a
prolonged period of asynchronous adaptation, and the rapid
form demonstrated here and elsewhere (Noel, De Niear,
Stevenson, et al., 2016; Noel, De Niear, Van der Burg, &
Wallace, 2016; Turi et al., 2016; Van der Burg et al., 2013;
Van der Burg & Goodbourn, 2015), operate with different,
noninteracting time courses, suggesting that they might be
distinct and independent processes (Van der Burg, Alais, &
Cass, 2015).

A recent study by Bruns and Rdéder (2015) corrobo-
rated the notion that two distinct recalibration mecha-
nisms operate at different timescales. Assuming that
the prolonged and rapid forms of temporal
recalibration are separable, it remains a possibility that
the prolonged form may be determined by decisional
factors that may or may not be consciously mediated.
This may also explain why Tsujita and Ichikawa (2015)
failed to observe visuo-motor recalibration when partic-
ipants were unaware of the temporal lag. Related to
this, it is not clear whether rapid recalibration to other
sensory combinations, such as auditory—tactile or visu-
al-tactile stimuli, would show evidence for recalibration
without awareness. We have previously shown that rap-
id recalibration fails to occur for these other stimulus
combinations (Van der Burg, Orchard-Mills, & Alais,
2015), just as it fails to occur for unimodal combina-
tions (Harvey, Van der Burg, & Alais, 2014). The find-
ings of the present study suggest a unique mechanism
for rapid audiovisual recalibration. It is not yet clear
whether the present finding of automatic recalibration
for audiovisual stimuli would extend to these other sen-
sory combinations.

What are the functional implications of the results
reported in the present study? It has been suggested that
audiovisual temporal recalibration may serve to realign
multisensory neural/perceptual responses to events that,
although synchronous at their source, are generally
misaligned in the brain due to stimulus factors including
distance and stimulus intensity (Heron et al., 2007,
Navarra, Fernandez-Prieto, & Garcia-Morera, 2013;
Yuan et al., 2012). Our results are consistent with this
view. Not only does this form of temporal recalibration
operate extremely rapidly, signifying a highly adaptable
process (Van der Burg et al., 2013), but it is informed
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by the physical timing of prior events rather than by
one’s decision (and hence, possible misinterpretation)
regarding these events. Not only does the latter property
ensure that one’s perception will align more precisely
with ongoing physical variations in proximal event
timing, it reduces the possibility that one’s perception
of event timing will be subject to cumulative decisional
drift, which would be expected in a purely decisionally
determined system following consecutive instances of a
given decision (Rhodes, Roseboom, & Seth, 2018,;
Yarrow, Minaei, & Arnold, 2015).

Another outstanding question concerns our interleaving of
temporal order and synchrony judgments. Yarrow, Jahn, et al.
(2011) proposed that temporal order and synchrony judg-
ments are based on separate decision criteria. This view finds
some support from a study by van Eijk, Kohlrausch, Juola,
and van de Par (2008), who found that the PSS estimates
derived from a set of SJ and TOJ tasks are uncorrelated. It is
possible, therefore, that the observed absence of any interac-
tion between the temporal order and synchrony judgments in
our Experiment 1 may have been due to different sets of de-
cisional criteria being activated on the adapter and test trials. If
this is true, it is indeed remarkable that the sign of physical
asynchrony presented during the TOJ task predicted signifi-
cant shifts in the PSSs measured using SJs. Future research
disentangling the effects of physical lag and temporal order
decisions on subsequent TOJs will be necessary in order to
determine whether temporal recalibration does in fact depend
on dissociable decisional processes similar to those observed
here. How temporal recalibration might operate upon tempo-
ral order and simultaneity judgment tasks is poorly under-
stood. To complicate matters, as our own work has shown,
prolonged and short-term (i.e., trial-by-trial) temporal recali-
bration exhibit distinct time courses (Van der Burg, Alais, &
Cass, 2015). The question of which of these various recalibra-
tion tasks and effects are mediated by adaptive variation in
sensory timing and/or high-level decisional criteria is the topic
of current and ongoing investigation.

To summarize, we found that the brain rapidly adapts to its
immediate past. That is, the perceived synchrony on a given
trial was contingent on the physical modality order of the
preceding trial and not the modalities’ perceived temporal
order. Whereas others have proposed that this rapid recalibra-
tion is due to rather late decisional processes (Simon et al.,
2017, Yarrow, Jahn, et al., 2011), here we have illustrated that
subjective measures such as perceived order do not influence
the sign of rapid temporal recalibration. From an ecological
point of view, one might argue that the brain rapidly adapts to
multisensory asynchronies in order to create a coherent picture
ofthe world, such that signals belonging to the same object are
synchronized so that interference may be minimized and mul-
tisensory benefits maximized. That rapid recalibration should
be contingent on the physical asynchronies to which one has
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previously been exposed rather than on one’s subjective eval-
uation of these asynchronies implies that one need not be
consciously aware of the temporal structure of events during
everyday tasks to experience the perceptual benefits that re-
calibration may afford. This notion is consistent with results
from recent studies by Leone and McCourt (2015) and Harrar,
Harris, and Spence (2017) showing that multisensory integra-
tion depends on physical temporal alignment and not on the
perceived temporal alignment.
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