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Abstract Recent studies show that repeated exposure to
an asynchrony between auditory and visual stimuli shifts
the point of subjective simultaneity. Usually, the measure-
ment stimuli used to assess this aftereVect are interleaved
with short re-exposures to the asynchrony. In a Wrst experi-
ment, we show that the aftereVect declines during measure-
ment in spite of the use of re-exposures. In a second
experiment, we investigate whether the observed decline is
either due to a dissipation of the aftereVect with the passage
of time, or the result of using measurement stimuli with a
distribution of asynchronies diVerent from the exposure
stimulus. To this end, we introduced a delay before measur-
ing the aftereVects and we compared the magnitude of the
aftereVect with and without delay. We Wnd that the after-

eVect does not dissipate during the delay but instead is
stored until new sensory information in the form of mea-
surement stimuli is presented as counterevidence (i.e., stim-
uli with an asynchrony that diVers from the one used during
exposure).

Keywords Temporal recalibration · Audiovisual 
integration · Temporal order judgment · Multisensory time 
perception · Subjective simultaneity

Introduction

The temporal coincidence of stimuli in diVerent sensory
modalities provides an important cue for determining
which stimuli belong together and hence should be
integrated into a uniWed percept (de Gelder and Bertelson
2003; King 2005). However, the perception of simultaneity
is not as straightforward as it may seem, since stimuli that
are processed by diVerent sensory modalities diVer substan-
tially in their physical transmission and physiological trans-
duction times. Signals that originate from the same event
might therefore become perceptually available at diVerent
points in time. Usually, we are not aware of temporal
inconsistencies between corresponding signals because
several cognitive mechanisms work unceasingly to percep-
tually align inputs between the senses (King 2005; Spence
and Squire 2003; Vroomen and Keetels 2010). For
instance, a few minutes of exposure to a constant temporal
discrepancy between two signals will subsequently cause
similar discrepancies to appear less pronounced than
before. Perception is altered so that the point of subjective
simultaneity (PSS; i.e., the physical time diVerence at
which the two stimuli appear to be simultaneous) shifts
toward the exposure asynchrony. For instance, the reader
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will probably have had the experience of watching a video
clip for which the auditory and the visual streams have not
been properly aligned in time. If the asynchrony is not too
extreme, the initially distracting discrepancy will have
quickly become less perceptually noticeable. This phe-
nomenon has been interchangeably termed adaptation or
recalibration (Di Luca et al. 2009; Fujisaki et al. 2004;
Hanson et al. 2008; Harrar and Harris 2005, 2008; Heron
et al. 2007, 2010; Keetels and Vroomen 2007a, b; Stetson
et al. 2006; Takahashi et al. 2008; Vatakis et al. 2007,
2008; Vroomen et al. 2004). In this paper, the two terms
will be used with speciWc meanings in the discussion.

Most experiments that investigate the eVect of repeated
exposure to asynchrony adopt similar paradigms: partici-
pants are exposed to temporally asynchronous stimuli and
the perception of simultaneity is measured after (and in
some studies before) this exposure (for a diVerent paradigm
see Miyazaki et al. 2006). During measurement, pairs of
stimuli are presented for which participants perform tempo-
ral-order judgments (TOJ) or simultaneity judgments. From
these responses, a PSS can be derived. The diVerence
between two PSS measurements is taken to reXect the after-
eVect of repeated exposure to the asynchrony. This could
either be the diVerence between the PSS measured before
and after exposure (e.g., Harrar and Harris 2008) or
between the PSS measured after two diVerent exposure
conditions such as to auditory-leading versus visual-leading
asynchrony (e.g., Keetels and Vroomen 2007a).

Stimuli used to assess the PSS after exposure are usually
interleaved with short periods of re-exposure to the asyn-
chrony (e.g., Fujisaki et al. 2004; Takahashi et al. 2008;
Vroomen et al. 2004). Ideally, the quantity, duration, and
frequency of these re-exposure stimuli should be chosen
such as to prevent changes in the magnitude of the after-
eVect. However, it is not clear whether in practice this is the
case as none of the available studies report how re-exposure
stimuli have been selected and how eVective they are. It is
therefore possible that in some studies, the measured after-
eVect was polluted by changes that took place during mea-
surement. Such failure to stabilize the aftereVect might in
fact explain inconsistent results present in the literature. For
instance, while the aftereVect of repeated exposure to asyn-
chrony has by now been reported for all bimodal combina-
tions of the visual, auditory, and tactile senses (e.g., Hanson
et al. 2008; Keetels and Vroomen 2007b; Stetson et al.
2006), some studies failed to Wnd shifts in PSS for certain
combinations of modalities (Harrar and Harris 2008; Navarra
et al. 2005, 2007) or even found an eVect opposite to the
predicted minimization of asynchrony (Harrar and Harris
2005). Another example of such inconsistency of results is
found in studies investigating whether the aftereVect is con-
Wned to one modality combination (e.g., audiovisual) or
whether it transfers to other bimodal combinations (e.g.,

audiotactile or visuotactile). While some Wnd such a trans-
fer (Di Luca et al. 2009), others do not (Harrar and Harris
2005, 2008). All of these studies diVer to some degree in
the details of their experimental designs and in the type of
stimuli they used. It is possible that an aftereVect is present
only for some combinations of these conditions, which
would explain why some studies failed to Wnd an after-
eVect. Another possibility, however, is that an aftereVect
was initially present in all of the previous studies, but in
some of them, the re-exposure stimuli failed to prevent
changes in the magnitude of the aftereVect, and thus, arti-
factual null results were created.

In a Wrst experiment, we investigate the stability of the
aftereVect over the course of measurement. We chose an
experimental design and procedure very similar to the one
used in the study by Vroomen et al. (2004). This study uses
a high ratio of re-exposure to measurement stimuli, as well
as long exposure and short measurement periods (all of
these are likely to inXuence the measured aftereVect magni-
tude). This design, therefore, seemed to be most eVective in
stabilizing the aftereVect. We Wnd that the aftereVect dissi-
pates throughout measurement in spite of the re-exposure
stimuli. In a second experiment, we investigate the cause
underlying the observed dissipation.

Experiment 1

Methods

Participants

Two of the authors (M.D.L., E.F.) and 14 students of the
Eberhard Karls University Tuebingen participated in the
experiment, all of whom gave their informed consent prior
to their inclusion in the experiment. The participants (10
females and 7 males; aged 22–34 with a mean age of 26)
were recruited via the Max Planck Institute subject data-
base. The data of one participant were not included in the
analysis because of the participant’s inability to perform the
experimental task (temporal order judgments). The students
were naïve to the purpose of the experiment and received a
compensation of 8 Euros per hour of participation. All par-
ticipants reported normal or corrected-to-normal vision and
good hearing. The study was approved by the local Ethics
committee of the Tuebingen University.

Apparatus and stimuli

Stimuli were generated using Matlab (Mathworks) and a
custom-made apparatus capable of producing co-located
sound and light with high temporal accuracy (0.1 ms).
Observers sat at arm-length from the device. Auditory
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stimuli were presented via two vertically mounted speakers,
set 7.5 cm apart. Halfway between these speakers a 7 £ 5
array of red LEDs (1.6 cm £ 1.3 cm) presented the visual
stimuli. A multi-channel sound card (M-audio 1010LT) was
used together with identical power ampliWers to drive both
LEDs and speakers and insure sub-millisecond precision
and accuracy. The audio card produced 20-ms sinusoids
with frequencies of 2,000 Hz and 150 Hz, respectively, for
the audio and visual stimuli, with 5 ms linearly ramped
onset and oVset. Stimulus intensities were 76 dB SPL and
41 cd/m2, respectively. In order to ensure that subjects paid
attention throughout the presentation of the stimuli, 1–9
oddball stimuli with a deviating sound frequency (1,000 Hz)
or light intensity (76.5 cd/m2) were presented among the
standard stimuli during the exposure phase.

Design

The experiment was run in 3 sessions on consecutive days.
Each session consisted of 4 experimental blocks, each of
which in turn consisted of an exposure phase and a mea-
surement phase. We manipulated two within-subject fac-
tors: Wrstly, during the exposure phase, either an auditory
stimulus preceded a visual stimulus by 150 ms (condition
auditory-leading) or vice versa (condition visual-leading).
Each of these two conditions was presented 6 times
throughout the experiment in a randomized order. Sec-
ondly, in the measurement phase, the stimulus onset asyn-
chrony (SOA) between the visual and auditory stimuli was
varied (¡240, ¡120, ¡90, ¡60, ¡30, 0, 30, 60, 90, 120,
and 240 ms, where negative values indicate light Wrst and
positive values auditory Wrst). In each experimental block,
all 11 SOAs were presented 7 times in randomized order.

Procedure

Observers were seated in a dark, sound-attenuated room.
They were instructed to maintain Wxation on the LED
throughout the entire experiment. To acquaint observers
with the TOJ task and the order of the answer keys, 20

training trials were administered in the beginning of each
session. In each of these trials, an audiovisual stimulus pair
was presented with a large random SOA (100–500 ms).
Participants judged which of the two stimuli had been pre-
sented Wrst (temporal order judgment—TOJ) and entered
their response over a regular keyboard using the right hand.
The left arrow and the down arrow keys served as answer
keys; the assignment of key and answer was randomly cho-
sen for each participant. During these training trials, audi-
tory feedback was given after each response indicating
which answer key had been pressed (however, not whether
the response had been correct).

Experimental blocks consisted of an initial exposure
phase lasting 3 min, followed by a post-exposure measure-
ment phase (see Fig. 1). During the exposure phase, a series
of audiovisual stimulus pairs with random ISI (range: 250–
400 ms) was presented. For the Wrst minute of the exposure
phase, the lag between the auditory and the visual stimulus
of the pair continuously increased from 0 to 150 ms. In
order to ensure that observers attended to both the auditory
and the visual stimuli, they were asked to count the number
of oddball stimuli (one to nine brighter lights or lower pitch
tones). Observers reported this number at the end of the
experimental block.

The exposure phase was followed by a measurement
phase consisting of 77 test trials. On each test trial, an
audiovisual stimulus pair was presented and participants
were required to perform a TOJ. Each test trial was pre-
ceded by a short re-exposure (eight stimulus pairs with the
same asynchrony as used in the exposure phase). The inter-
val between participants’ TOJ and the beginning of the next
short re-exposure was approximately 1 s. After each experi-
mental block, participants took a 5-min break outside the
experimental room performing normal actions without any
particular task in order to decrease fatigue.

Results and discussion

Participants performed well on the oddball task during
the exposure phase (98% mean correct responses), thus

Fig. 1 Depiction of stimulus presentation in one experimental block. Each participant performed 12 such blocks, 6 in the auditory-leading
condition (shown), and 6 in the visual-leading condition

audio
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Exposure phase 
(3 min)

Re-exposure (8 stimulus pairs) Trial

Measurement phase (77 repetitions with 1 s pause)

1 experimental block, repeated 6 times for the audio-leading and visual-leading conditions
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demonstrating that their attention had been directed to the
exposure stimuli. For each participant, TOJ data were ana-
lyzed separately for the two conditions (auditory-leading
and visual-leading) using a running window. For the Wrst
iteration of the window, the data of the Wrst 30 test trials of
each experimental block (totaling 180 trials for each condi-
tion) were extracted, and the percentage of “auditory Wrst”
responses was computed as a function of SOA. These data
were Wtted with a cumulative Gaussian function using the
psigniWt toolbox (Wichmann and Hill 2001). From this Wt,
the point of subjective simultaneity (PSS) was obtained,
which refers to the SOA at which the auditory and the
visual stimuli are equally likely perceived to be Wrst. The
magnitude of the aftereVect was captured by �PSS, which
was computed as the diVerence between the PSS in the
auditory-leading and the visual-leading condition. This
value is represented in Fig. 2 as the Wrst point of the graph.
The procedure was repeated 48 times, each time on 30 con-
secutive trials extracted from the next iteration of the mov-
ing window (i.e., the Wrst analysis was performed on trials
1–30 of all experimental blocks, the next on trials 2–31, and
so forth, until the last analysis, which included trials
48–77).

Inspection of the results of this analysis (Fig. 2) suggests
that the aftereVect magnitude varies during measurement
with an overall tendency to decline: the Wrst value of �PSS
is 17 § 6 ms (SEM), which corresponds to 6% of the expo-
sure asynchrony and the last value of �PSS is 4 § 6 ms
(SEM), which corresponds to 1%. In order to quantify this
trend, a line of the form y = m * x + b was Wtted on the data
of each participant, such that y corresponds to �PSS at each
iteration of the moving window and x is the corresponding
iteration number. Average value of b obtained across par-
ticipants is 26 § 7 ms (SEM), which signiWcantly diVers
from 0 (t(14) = 3.1, P = 0.008). This conWrms the presence

of an aftereVect immediately after the end of the exposure
phase. The aftereVect declines over the course of measure-
ment as the average slope m = ¡0.32 § 0.14 ms/iteration is
signiWcantly diVerent from 0 (t(14) = 2.4, P = 0.03). In
other words, on each following trial, the aftereVect declines
by approximately one-third of a millisecond.

Figure 2 (inset) also shows the change in PSS separately
for the auditory-leading and visual-leading conditions.
Relatively speaking, it would appear that the visual-leading
condition contributes more to the trend we have observed,
i.e., it has the steeper slope. There are various possible
explanations for this. For instance, the aftereVect of expo-
sure to asynchrony could be diVerent in the two exposure
conditions. For audiovisual pairs, the pre-exposure PSS
usually diVers from 0 (for a review, see van Eijk et al.
2008). If the perceived magnitude of the exposure asyn-
chrony is determined with respect to the PSS and if the
aftereVect magnitude is a certain percentage of that per-
ceived magnitude, it follows that the aftereVect will be
larger in one condition than in the other. Also, the measured
change in the PSS over the course of the experiment would
be larger in the condition that led to a larger initial after-
eVect. Alternatively, the diVerence in the amount of dissi-
pation in the insert of Fig. 2 could be due to the diVerent
eVectiveness of exposure stimuli in stabilizing the PSS in
the two conditions.

This result illustrates that the magnitude of the aftereVect
is not constant while it is being measured. In fact, it gradu-
ally declines during the measurement phase to a point
where it is no longer apparent. There are two explanations
for this change; they are not mutually exclusive.

First, the aftereVect could be the result of a progressive
desensitization at the neuronal level, resulting from the
unusually intense stimulation during the exposure phase.
This has sometimes been referred to as neuronal “fatigue”

Fig. 2 Change in aftereVect magnitude (in ms and in % of the expo-
sure SOA) over the course of the experiment. The aftereVect magni-
tude (�PSS, i.e., the diVerence of PSS between the two experimental
conditions auditory-leading or visual-leading asynchrony) is repeat-
edly computed using a running window (the shaded rectangle): for the
Wrst iteration of the window, �PSS is obtained from the Wrst 30 consec-
utive trials of each experimental block and plotted as a function of the

trial at the center of the window. The 30-trial window is then shifted to
include trials 2–31 for the next iteration, and so on. The dotted line
depicts the best-Wtting regression line (for illustrative purpose only).
The dark shaded area represents the standard error of the mean across
participants. The upper-right inlay shows participants’ PSS for the two
experimental conditions (exposure to auditory-leading or visual-lead-
ing asynchrony)
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(Kohler and Wallach 1944). Recent studies have produced
behavioral results that are in accordance with the interpreta-
tion that repeated stimulation causes a decreased response
of stimulus-speciWc neurons in a neural population that
codes temporal properties of stimuli (Heron et al. 2011;
Roach et al. 2010). Recovery of neuronal responsiveness,
whenever it is due to fatigue, should spontaneously occur
once the exposure ceases. The observed decline in the mea-
sured aftereVect would therefore reXect such a natural
recovery of normal functioning over time.

The second possible explanation is that the brain strives
to maintain a well-calibrated state across sensory modali-
ties, and every piece of sensory evidence is used to adjust
this state (Wozny and Shams 2011). In this view, the mea-
sured aftereVect is the result of a recalibration of the per-
ceived relative timing of auditory and visual events, which
was initiated by the unbalanced distribution of sensory evi-
dence that was presented during exposure. If this is the
case, the new calibration state (i.e., the aftereVect) is not
expected to change with the passage of time, but only with
the presentation of new sensory evidence. The measure-
ment stimuli in the current experiment could constitute
such new sensory information, since they diVer consider-
ably from the exposure stimuli. While the SOAs of the
exposure stimuli originated from a single-valued distribu-
tion at 150 ms (i.e., a distribution of SOAs conforming to a
delta function), the SOAs of the measurement stimuli were
chosen from a discrete uniform distribution with a mean
asynchrony of 0 and a range spanning 480 ms (from ¡240
to 240 ms). Figure 3 illustrates these distributions. Thus,
while the exposure stimuli caused a recalibration of the PSS
in the direction of their distribution’s mean (SOA of
150 ms), the measurement stimuli may have caused a shift
of the PSS toward the mean of their respective distribution
(SOA of 0 ms). If this is so, the introduction of the mea-
surement stimuli should progressively cancel out the after-
eVect induced by the exposure phase.

In a second experiment, we investigated which of these
two mechanisms—neuronal fatigue or recalibration—
underlies the decline of the aftereVect found in Experiment
1. To this end, we assessed the change in perceived simulta-
neity in two conditions. One condition resembled Experi-
ment 1 in that the measurement of the aftereVect started

immediately after the exposure phase. In the other condi-
tion, measurement was delayed for a few minutes. No stim-
uli were presented during this interval. If the change
observed in Experiment 1 reXected a change over time, the
magnitude of the aftereVect should be reduced after this
delay interval. However, if the change was induced by the
measurement procedure itself, the passage of time should
have no eVect on the magnitude of the aftereVect. The new
perceptual state should be stable as long as no new informa-
tion is presented (i.e., stimuli that are diVerent from the
exposure asynchrony).

Experiment 2

Methods

Participants

Seventeen new participants were recruited from the MPI
subject database, two of whom had to be excluded from the
analysis due to the failure to Wnish all experimental sessions
or the inability to perform TOJs. The remaining partici-
pants, 10 of whom were females, were between the ages of
20 and 33 years (average age 25 years).

Apparatus, stimuli, design, and procedure

The apparatus was identical to that reported for Experiment
1; design, procedure, and stimuli were adjusted as illus-
trated in the following. We included a further within-sub-
ject factor into the design. As before, we varied leading
stimulus type during the exposure phase (auditory or
visual) and the SOA (¡240, ¡120, ¡90, ¡60, ¡30, 0, 30,
60, 90, 120, and 240 ms) in the measurement phase. Addi-
tionally, the measurement phase started either immediately
after the exposure phase (henceforth, immediate condition)
or after a delay (henceforth, delayed condition, see Fig. 4).
The experiment was run on 3 consecutive days, with a total
of 8 experimental blocks per day. All four combinations of
leading stimulus type with the immediate/delayed measure-
ment were presented six times throughout the experiment.
The 11 SOAs were randomized and presented two times in

Fig. 3 Distributions of 
measurement and re-exposure 
stimuli within one experimental 
block (here for the auditory-
leading condition of 
Experiment 1)
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the experimental blocks of the delayed condition (totaling
22 trials) and 4 times in the blocks of the immediate condi-
tion (totaling 44 trials). In the immediate condition, the test
trials were administered as soon as the exposure phase had
ended. In the delayed condition, observers sat quietly in the
dark for an additional couple of minutes before testing
began. The duration of this delay was determined before
each experimental block of the delayed condition by calcu-
lating the average time required to Wnish the Wrst half (22
trials) of all experimental blocks of the immediate condi-
tion so far administered. This way, measurement in the
delayed condition started at approximately the same time as
the second half of the immediate condition. In an eVort to
reduce the overall length of the experiment, the SOA of the
exposure stimuli was changed to 100 ms and the number of
re-exposure stimuli presented before each measurement
stimulus was decreased to 4.

Results and discussion

Participant performed the oddball task during the exposure
phase accurately (98% mean correct responses). For each
participant, the percentage of “auditory Wrst” responses was
calculated as a function of SOA, separately for all combina-
tions of the visual-Wrst and the auditory-Wrst conditions
with the immediate and the delayed conditions. In the
immediate condition, this analysis was applied separately to
the Wrst and the second half of the trials (henceforth
referred to as Wrst and second measurement of the immedi-
ate condition). A cumulative Gaussian function was Wtted
to the data as described in Experiment 1. Again, the �PSS
was computed as the diVerence between the PSS in the
auditory-Wrst condition and visual-Wrst condition, yielding
our measure of the magnitude of the aftereVect.

The magnitude of the aftereVect computed from the TOJ
responses is shown in Fig. 5. We Wnd a signiWcant after-
eVect in both the delayed condition (�PSS of 12 § 5 ms
(SEM) corresponding to 6% of the exposure asynchrony)
and the Wrst measurement of the immediate condition
(�PSS of 17 § 6 ms (SEM) corresponding to 8.5% of the
exposure asynchrony), but not in the second measurement

of the immediate condition (�PSS of ¡3 § 6 ms (SEM)
corresponding to 1.5% of the exposure asynchrony; one-
tailed t tests of �PSS against zero with Bonferroni correc-
tion for the overall number of t tests performed on each
data set: t(14) = 2.8, P = 0.007; t(14) = 2.5, P = 0.014;
t(14) = 0.48, P = 0.68). The latter result replicates the Wnd-
ing of Experiment 1, indicating a decline of the aftereVect
size as the measurement progresses. Further, we compared
the aftereVect magnitude in the second measurement of the
immediate condition with the aftereVect magnitude in the
delayed condition. Even though a comparable amount of
time had passed between the end of the exposure phase and
the beginning of measurement in each of these two cases
(167 § 3 s vs. 183 § 4 s), the aftereVect was signiWcantly
larger in the delayed condition (paired-sample t test:
t(14) = 2.9, P = 0.006). On the other hand, the magnitudes
of the aftereVect in the Wrst measurement of the immediate
condition and the delayed condition do not diVer (paired-
sample t test t(14) = 0.67, P = 0.74). These Wndings demon-
strate that the recalibration state is stored after the exposure
phase, i.e., the mere passage of time leaves the aftereVect
unaVected. We conclude that the change in the measured
magnitude of the aftereVect we observed in Experiment 1 is
caused by the information presented during the measure-
ment phase.

Fig. 4 Experimental design of Experiment 2
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General discussion

Repeated exposure to a constant asynchrony causes a
change in perceived simultaneity. In order to quantify this
change, the magnitude of the aftereVect induced by the
exposure needs to be measured. This measurement, how-
ever, cannot be performed instantaneously. Instead, it
requires the successive presentation of a number of stimuli
to be judged by the participant. In the present paper, we
investigated (1) how stable the aftereVect is over the course
of its measurement, and (2) which mechanism—recalibra-
tion or neuronal fatigue—underlies the aftereVect. Our
results can be summarized as follows. In Experiment 1, we
obtained an aftereVect that decayed almost completely
within the measurement period in spite of the interleaved
presentation of re-exposure stimuli. In Experiment 2, we
measured either immediately after the exposure phase, or
we measured after a delay lasting a few minutes during
which no stimuli were presented. In the delayed measure-
ment condition, we found no signs of dissipation of the
aftereVect whereas in the immediate measurement condi-
tion, the aftereVect decayed completely within a time span
comparable to the delay. We interpret these Wndings to
show that the eVect of repeated exposure to asynchronous
stimuli is stored during the interval until measurement and
does not decay with the mere passage of time, at least not
within the time span used in the present study (about
3 min). Instead, the aftereVect is aVected by the measure-
ment stimuli that are used to assess its magnitude. This
does not support the view that the aftereVect is due to
desensitization at the neuronal level. If the decay in the
immediate measurement condition reXected a recovery
from a previous loss in sensitivity, the aftereVect in the
delayed condition should decay with a similar time course
(i.e., during the delay). We conclude that the aftereVect
resulting from repeated exposure to an asynchrony is the
result of a durable adjustment of the calibration between the
involved sensory modalities.

To date, the aftereVect of exposure to asynchrony has
interchangeably been named adaptation aftereVect (Stetson
et al. 2006;) or recalibration aftereVect (e.g., Hanson et al.
2008; Vroomen et al. 2004), often even within the same
publication (e.g., Di Luca et al. 2009; Fujisaki et al. 2004;
Harrar and Harris 2005; Heron et al. 2010). While a recali-
bration mechanism clearly serves an adaptive purpose, the
converse is not necessarily true (i.e., adaptation does not
always result from a recalibration process). An adaptive
change could also result from alternative mechanisms such
as a loss of responsiveness after excessive exposure to the
same type of stimulus. We explicitly distinguish this sensi-
tivity loss from recalibration. The former should be tempo-
rary, while we consider the latter to reXect a durable
adjustment of the mapping between two sensory dimen-

sions (or between a sensory and a physical dimension). To
the best of our knowledge, the present research is the Wrst to
provide conclusive evidence that adaptation to a temporal
discrepancy is indeed the result of a recalibration process.

It is useful to examine our results within the framework
of Helson’s (1947, 1964) adaptation level theory, which
provides a simple model of sensory recalibration processes.
Many phenomenological dimensions are bipolar with a null
point, which Helson called adaptation level (AL). The pre-
sentation of a physical stimulus that corresponds to this
phenomenological null point will elicit a “neutral” percep-
tion. In our case, on the dimension of the perceived order of
two sensory events, the AL is the point at which both
events are perceived as simultaneous (measured by the
PSS). According to Helson, the value of the null point is not
hard-wired but it rather is a function of all present and past
stimuli, weighted according to various factors (e.g., recency
or frequency of occurrence). Each individual stimulus
biases the AL by pulling it toward its own value—a notion
that has recently also been endorsed by Wozny and Shams
(2011)—and the perception elicited by each stimulus’ is
determined in relation to the current AL. Such a system
serves reasonably well in providing a calibration between
the null points of perceptual and physical dimensions when
receiving a wide variety of environmental inputs. However,
in situations that show strong variations in statistical regu-
larities compared to “normal” sensory input (like a large
number of presentations of the same stimulus), substantial
and measurable shifts of the AL can occur within a short
period of time (for simultaneity perception this has been
demonstrated by Miyazaki et al. 2006). In our case,
repeated exposure to an asynchrony changes the AL such
that the asynchrony becomes perceptually less and less pro-
nounced. Stimuli that originally fell onto the null point are
now perceived to belong to the side of the bipolar contin-
uum that is opposite to the side of the exposure stimulus
(this has been termed negative or contrastive aftereVect, cf.
Mollon 1974).

Helson’s (1947, 1964) theory allows us to interpret the
PSS changes resulting from temporal recalibration as a
change of the null point of the phenomenological dimen-
sion with regard to its physical counterpart. We would like
to make two clariWcations with regard to this model. First,
the phenomenological dimension need not consist of equi-
distant points (as the physical dimension does). Therefore,
the amount that the two dimensions shift with regard to
each other need not be uniform for all stimuli. Evidence for
such uneven changes along the phenomenological dimen-
sion has recently been provided by Roach et al. (2010).
Their results show that repeated exposure exerts the largest
inXuence on stimulus pairs with an asynchrony similar to
the exposure asynchrony. Second, it is important to note
that even though the dimension of audiovisual order
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perception—for which the recalibration is described here—
is multisensory in nature, temporal recalibration, at least in
part, results from a modiWcation of unisensory processing
latencies as has been demonstrated recently (Di Luca et al.
2009; Navarra et al. 2009). A comprehensive model of
adaptation to asynchrony has to take these previous Wnd-
ings into account.

In Experiment 1, we showed that the PSS changes while
it is being measured, despite a number of re-exposure stim-
uli, which were interleaved to maintain the aftereVect con-
stant. This change might be interpreted as a decay of an
aftereVect over time. However, Helson’s account predicts
that the null point should not simply change with the pas-
sage of time but rather be stored until new sensory informa-
tion requires further adjustments of the AL. In accordance
with this prediction, we showed in Experiment 2 that the
PSS is stored in the absence of sensory stimulation and only
changes once the measurement phase has begun. As men-
tioned earlier, the distribution of measurement stimuli
diVers substantially from the stimuli presented during the
exposure phase (Fig. 3). We believe that the stimuli in the
two phases induce shifts of the AL in opposing directions,
which cancel each other out. Theoretically, observers’ AL
before the experiment is based on naturally occurring stim-
uli, whose distribution is more similar to the measurement
stimuli than to the exposure stimuli (for an overview, see
van Eijk et al. 2008). Hence, while the tendency of the AL
to shift toward the mean of the measurement stimuli might
appear like dissipation toward some “default” level, it, in
fact, reXects a recalibration process.

At this point, it is interesting to note that each measure-
ment trial consisted of either eight or four re-exposure
stimuli (Experiment 1 and Experiment 2, respectively) and
only 1 measurement stimulus (see Fig. 3). In spite of this
imbalance in sensory evidence in favor of the re-exposure
stimuli, measurement stimuli exerted a larger inXuence on
the magnitude of the AL. The reason for this is still
unclear. Possibly, measurement stimuli receive a higher
weighting in the computation of the AL because observers
are required to make active decisions concerning the tem-
poral order of the auditory and visual events and act upon
these decisions. Re-exposure stimuli, on the other hand,
require no decisions and therefore might be perceived in a
passive and less attentive way. This interpretation is sup-
ported by Heron et al. (2010) study. They found that
explicitly instructing participants to pay attention to the
asynchrony presented during the exposure phase increases
the magnitude of the aftereVect. Indeed, subsequent ques-
tioning of our participants revealed that most observers
were not aware that the stimulus pairs presented during
exposure and re-exposure were asynchronous. This
indicates a lack of attention toward temporal properties
of the repeated stimuli, as a discrepancy of 150 ms is

certainly noticeable for pairs of simple stimuli presented
in isolation.

Lastly, it is also of interest that the aftereVect in our
study disappeared quite rapidly during testing in spite of
interleaved re-exposures. We do not believe that this fast
decay might be a peculiarity of the stimuli or the exposure
and measurement procedures we used, since we made an
eVort to choose a conservative set of parameters in design-
ing this study. We used a large number of stimuli in the
exposure phase, as well as a high ratio of re-exposure stim-
uli to measurement stimuli. The magnitude of our initial
aftereVect was in both experiments around 6–8% of the
exposure asynchrony, a value that is within the range of
previous Wndings (e.g., 6.7% average shift reported in
Vroomen et al. 2004). Our data therefore indicate that mea-
surement of the aftereVect should not be extended over too
many measurement trials per block. In fact, our results
might explain why some studies were not able to show a
recalibration of the PSS in some of their conditions (Harrar
and Harris 2005, 2008; Navarra et al. 2005, 2007) while
others did (Di Luca et al. 2009; Hanson et al. 2008). For
instance, Harrar and Harris (2005, 2008) report that they
measured the temporal recalibration aftereVect with 210
consecutive measurement trials after each exposure phase
(for comparison, the aftereVect in our experiments had
completely disappeared within 44–77 trials). They also
used an especially low ratio of re-exposure stimuli to mea-
surement stimuli, probably in order to reduce the overall
duration of the experiment. In cases like these, the analysis
of the results over trials (with a method similar to that used
in Experiment 1) might provide insights to whether an ini-
tially present aftereVect might have been canceled out dur-
ing measurement.
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