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Abstract: This study assesses the fidelity with which people can make temporal order judgments
(TOJ) between auditory and visual onsets and offsets. Using an adaptive staircase task administered
to a large sample of young adults, we find that the ability to judge temporal order varies widely
among people, with notable difficulty created when auditory events closely follow visual events.
Those findings are interpretable within the context of an independent channels model. Visual onsets
and offsets can be difficult to localize in time when they occur within the temporal neighborhood of
sound onsets or offsets.
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1. Introduction

1.1. Background

Sensory information about many of the objects and events relevant to our everyday activities is
conveyed to us jointly by vision and by audition, i.e., the contents of perception are characteristically
audiovisual in origin. Befitting its perceptual relevance, research on audiovisual interactions has a
long, storied history in experimental psychology [1-3] creating voluminous literature that continues
to grow apace [4-6]. Emerging from this literature is the appreciation that in some situations, on the
one hand, vision and audition can interact synergistically to provide faster, more accurate and more
reliable perceptual performance as compared with that afforded by either modality alone. This is true
for a variety of tasks ranging from detection [7] and reaction time [8] assessed with simple stimuli
to comprehension of speech in noise [9]. Audiovisual synergy is also evidenced in situations where
confusing information provided by one modality is clarified by more reliable information from another
modality. Examples of this form of synergy include vision’s reconciliation of ambiguous speech
sounds (e.g., listen to Yanny vs. Laurel: https://tinyurl.com/s7tt5cx) [10,11] and audition’s resolution of
ambiguous visual motion (e.g., look at bouncing vs. streaming) https://tinyurl.com/rj8yw8f [12,13].
On the other hand, when vision and audition provide patently conflicting information about what is
being seen and heard, one modality or the other can dominate perception depending on the nature of
the perceptual decision to be made. Thus, for example, vision tends to dominate spatial localization
of a sound source [14], whereas sound tends to trump vision when specifying temporal rhythms of
stimulation [15,16]. In those situations, the dominance of a given modality depends on which modality
has the better sensory acuity for the task at hand [17] and on cognitive factors such as semantic
context [18], attention [19], and expectations based on prior experience [20-22].
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Accompanying the wealth of empirical studies on the psychophysics of audiovisual interaction are
theoretical papers [6,23-25], among others, presenting formal models that quantitatively characterize
the nature of the sensory and cognitive mechanisms underlying decisions about the likelihood that
audiovisual signals arise from a common source. Noteworthy also is the growing availability of
evidence from neurophysiological and neuroimaging experiments [26-30] pointing to possible neural
concomitants of audiovisual integration and the processes that calibrate decisional factors governing
judgments of simultaneity.

1.2. Impetus for the Present Study

Our lab has maintained interest in audiovisual interactions for some years [31], including sound’s
ability to potentiate the strength of a visual stimulus [32-34]. In a recently published experiment [35],
we asked whether the strength of the visual motion aftereffect (MAE), i.e., the illusory visual motion
experienced following exposure to real visual motion, could be impacted by sound that accompanied
visual motion during periods of adaptation, but not during testing. Specifically, while viewing brief,
successive episodes of visual motion that induced a motion aftereffect (MAE), participants also concurrently
heard brief presentations of auditory noise that itself seemed to move owing to systematic modulation of
interaural intensity. The onsets of the paired visual and auditory stimuli occurred at the same time, but their
offsets were misaligned in time relative to one another and following each paired presentation participants
judged which of the two offset events happened first. This audiovisual offset task was included to ensure
that people maintained focused attention during adaptation phases of the task.

During pilot work establishing optimum parameters for this audiovisual sequence, some pilot
participants complained that the offset task was confusing; they sensed that the offsets were not
happening simultaneously but had trouble confidently judging which occurred first. Consulting the
literature, we found that earlier findings pointed to such an effect in the case of onset judgments
using brief auditory and visual stimuli [36,37]. To our surprise, however, we also discovered that
essentially all of investigations of audiovisual timing congruence have focused on onsets of visual
and auditory events (One exception we found was work using oculomotor responses to compare
the impact of auditory vs visual offsets on saccadic eye movements [38]). This proved true for both
temporal order judgements (“which one happened first”) and simultaneity judgments (“did the two
events occur simultaneously or successively”). The absence of information about offset judgments
seemed particularly puzzling since audiovisual events are defined by their onsets and offsets, and in
some instances event offsets have important behavioral implications. Consider, for example, events
such as warning signals at railroad crossings, threatening barks of an aggressive dog, or angry verbal
threats shouted by another person. Offsets, not just onsets, may also provide an essential ingredient in
promotion of bottom-up grouping of auditory and visual signals into meaningful objects [39].

Therefore, this absence of knowledge about audiovisual offsets sparked our interest to learn
how accurately those events can be discriminated as compared with onsets. This study provides
an answer to that question and places that answer within the context of previous theoretical work
on audiovisual onsets. By way of preview, we tasked participants with performing temporal order
judgments (TOJ) [37,40] between visual and auditory events that were either asynchronous in their
onsets or in their offsets. For both onsets and offsets, we estimated and compared points of subjective
simultaneity (PSS) and just noticeable differences (JND). To measure TOJs for onsets and offsets,
we utilized an efficient staircase procedure that allowed us to test a large sample of participants.
From the rich dataset emerging from those measurements, we were able to (i) validate the existence
of differences between TOJs measured for onsets and for offsets, and (ii) identify possible sources
underlying those differences using a recently proposed cognitive model that could quantitatively
distinguish between sensory factors and cognitive bias.



Vision 2020, 4, 17 30f21

2. Methods

2.1. Participants

A total of 57 naive, inexperienced individuals were recruited from the Introductory Psychology
subject pool at Vanderbilt University; each received compensation in the form of either cash or course
credit. All participants had normal or corrected-to-normal vision and normal hearing, and all gave
signed, informed consent for their participation after having the task carefully explained and illustrated.
All procedures were conducted with approval from the Vanderbilt University Institutional Review
Board (IRB protocol #000700). A post-hoc power analysis performed using G-power [41] confirmed that
the final sample size (which was 54, as explained below) provided sufficient power for our statistical
purposes, i.e., 1 — (error probability) = 0.83.

2.2. Stimulus and Equipment

The experimental task entailed judgments of the relative onsets or relative offsets of visual and
auditory stimuli (illustrated schematically in Figure 1). The stimuli and all trial-related events were
controlled by an Apple Mac-mini (model 6.2, 2.3GHz Intel Core i7 CPU) using software generated
in MATLAB (MATHWORKS Inc., Natick, MA, USA) in conjunction with the Psychophysics Toolbox
extensions [42,43].

Onset W
asynchrony ‘

Offset

asynchrony I—I

Figure 1. Schematics summarizing stimulus conditions used to assess temporal order judgments
(TOJ). (a) Sequence of events comprising a given trial; (b) plots illustrating asynchronous onsets and
asynchronous offsets of visual and auditory events comprising each of the four types of trials. In the
actual experiment, onset asynchrony trials and offset asynchrony trials were tested in separate blocks,
with stimulus asynchrony (SOA) varied according to a staircase procedure. After each presentation
of a pair of stimuli, the participant judged which event occurred first, auditory or visual, where the
designated event was either stimulus onset or stimulus offset (administered in separate trial blocks).

Visual stimuli comprised random dot kinematograms (RDK) consisting of 240 black dots, each
0.079 degrees in diameter. The dots appeared within a light gray (62 cd m?) circular window 4 degrees
in diameter. Each dot’s location was repositioned every several video frames, creating what is dubbed
limited lifetime RDKs; the resampling rate varied randomly according to a Gaussian distribution
with a mean and standard deviation of ~400 ms and ~100 ms, respectively. Because the spatial
positions to which dots were relocated were unconstrained in direction, they yielded the impression of
Brownian-like dynamic noise; new RDK sequences were generated online prior to each trial. We chose
RDKSs rather than a simpler visual stimulus (e.g., a circular flash of light or a drifting gabor patch)
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because the RDKs more closely mapped onto the complexity and dynamic character of the white noise
bursts used as auditory stimuli (described in the next paragraph). RDKs also have several added
advantages which include: (i) They preclude visible persistence because their positions are changing
several times a second; and (ii) they produce no residual motion aftereffect following RDK offset,
because the limited lifetime dots have no net direction of motion, and therefore they do not produce
differential motion adaptation. The RDKs were presented on a gamma corrected, color cathode-ray
tube monitor (Sony Trinitron, 1024 x 768 pixel; 85 Hz frame rate) viewed in an otherwise dark room.
Viewing distance was 84 cm, with the participant’s head stabilized by a head-and-chin rest.

Auditory stimuli were computer-generated samples of white noise (sampling rate = 44.1 kHz)
heard over headphones (Yamaha YH-1 over-ear, 150 ohms impedance, 96 dB/mW) at a comfortable
listening level of 60 dB SPL. Sound onset and offset were abrupt, not ramped, in order to match the
rise and fall times of the RDK as closely as possible, which were timelocked to the refresh rate of the
monitor. The durations of and intervals between the auditory and the visual stimuli were carefully
calibrated using a Hameg 507 oscilloscope with a photovoltaic cell and microphone. When auditory
and visual events were physically concurrent, sound originating from the headphone drivers arrived at
the eardrum at essentially the same time as light arriving at the eyes from the video monitor. What was
not equivalent, however, were the perceived locations of those two events, but that disparity in spatial
location was constant for both offset and onset conditions.

The experiment was carried out in a dim, quiet testing room, with the only illumination being
the light from the video monitor. Each participant was given practice on the particular task on
which they were being tested, and individual test trials were self-initiated. Participants received
enforced rest periods between conditions, and a complete testing session lasted approximately one
hour. Although free to withdraw from an experiment at any time, all participants completed the
test sessions.

2.3. Procedure

The TOJ task involved judging either the temporal order of the onsets of auditory and visual
events or the temporal order of offsets of auditory and visual events. Each trial began with a screen
prompt signaling the participant to press the spacebar to initiate presentation of the two stimulus
events comprising each trial, i.e., a visual RDK and the audio white noise. For trials in the onset
condition, initiation of each trial was followed by a variable duration, a prestimulus interval lasting
between 600 and 800 ms during which the fixation mark alone was present; this maneuver (trial to trial
duration jitter) introduced an element of temporal uncertainty about when the first onset event would
happen. This prestimulus period was followed by presentation of the pair of stimuli, separated in
onset time by a variable SOA. For the onset task, the auditory and visual stimuli remained present
until a response was made, and we did this to ensure that the offsets of the two stimuli did not bias the
decision about onset asynchrony. For the offset condition, pressing the spacebar initiated a brief 100 ms
prestimulus period, followed by the simultaneous presentation of auditory noise and visual RDK.
After a short, variable duration period of simultaneous stimulation, one of the two stimuli disappeared
abruptly followed shortly thereafter by the abrupt disappearance of the other stimulus. The duration
of the initial period of simultaneous presentation varied randomly between 1700 and 2000 ms, again to
introduce uncertainty about exactly when the pair of offset events would transpire. Given that the
offset SOA could be as large as 500 ms (described in next paragraph), it was necessary to make the
minimum value of simultaneous presentation sufficient in duration to avoid backward masking effects
from the simultaneous onset of both stimuli. Staircases were administered in separate blocks of trials,
with a given block devoted exclusively to judgments of relative onset asynchrony of the two events or
to judgments of relative offset asynchrony between the two events. Thus, participants were able to
“orient” attention in the temporal domain to the particular sequence being tested (cf. [44]).

The TOJ task itself was implemented using an efficient adaptive staircase procedure to estimate
PSS and JND values for the onset and offset conditions. The staircase involved presenting a series
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of trials on which the asynchrony between the two events varied from trial to trial according to a
one-up/one-down rule that converges onto the asynchrony value at which the two response judgments
are approximately equally likely. The start of each trial was signaled by the presence of a visual fixation
mark in the center of the circular visual display region of the video monitor. The participant then
initiated the sequence of stimuli by pressing the spacebar on the computer keyboard, which triggered
the presentation of an auditory and a visual event. Each participant completed two blocks of the onset
task and two blocks of the offset task in either an On-Off-On-Off or an Off-On-Off-On order, with the
order counterbalanced across participants. For the onset task, each block comprised four randomly
interleaved staircases that started from SOA values of —300, —150, 150, and 300 ms. For the offset
tasks, two of the four staircases had vision or audition as the standard and started with SOA values of
—300 and 300 ms. During each staircase, the SOA value increased (i.e., more visual-leading) whenever
the auditory event (onset or offset) was deemed to have happened first and SOA decreased (i.e., more
auditory-leading) whenever the visual event (onset or offset) was deemed to have happened first.
The SOA step size changed from 120 to 80 ms after the first 2 staircase reversals, from 80 to 40 ms after
the fourth reversal and continued moving in 40 ms steps until 10 more reversals occurred and the
staircase ended. The SOA values for each staircase were restricted to asynchrony values within the
range —500 to 500 ms, which were deemed to be a priori reasonable upper and lower bounds based on
pilot work performed before this Experiment began.

3. Results

The following four sections explain (i) how we analyzed the staircase sequences; (ii) how we
derived psychometric curves for the onset and the offset conditions for each participant; (iii) how
we estimated and statistically analyzed PSS and JND values for onsets and offsets, with a focus on
individual differences; and (iv) why and how we extracted response time measures from the dataset.
Statistical analyses were carried out using both frequentist and Bayesian hypothesis tests.

3.1. Staircase Sequences

The results from the two blocks of each task type were combined resulting in eight staircases for
the onset condition and eight for the offset condition for each participant. It was decided a priori that if
an individual staircase included five or more trials reaching an SOA of either —500 or 500 ms, that
staircase would be deemed invalid and not used in the estimation of PSS. If more than half of a given
individual’s staircases were excluded, the a priori rule was to exclude that participant’s data from
further analysis. This a priori screening rule resulted in expungement of the results from three out of
the 57 participants, leaving us with a sample of 54 individuals.

The six panels comprising Figure 2a—f shows actual trial-by-trial staircase sequences for one block
of onset conditions (Figure 2a—c) and one block of offset conditions (Figure 2d—f) for three different
individuals. For the individual whose results appear in Figure 2a, the four staircases converge to
large positive SOA values, indicating that the visual event had to precede the auditory event by a
substantial asynchrony value for the two to be judged simultaneous. This set of staircases includes
one that was invalidated because five of the trials reached the upper limit of 500 ms (a total of five
individuals out of the 54 had one or more invalidated staircases). For the set of staircases in Figure 2b,
all four converge onto relatively small positive SOA values, implying that the PSS for this individual
corresponds to the visual onset occurring slightly ahead of the auditory onset. For staircases in panel
Figure 2¢, the staircases for this individual converge to negative SOA values, implying that the auditory
onset had to lead the visual event for the two to be deemed simultaneous. To derive estimates of PSS
and JND from these datasets, we employed the procedure described in the following section.
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Figure 2. Estimates of PSS and JND derived from fitting psychometric functions to data collected

using an adaptive staircase procedure. Panels (a—f) examples showing trial-to-trial variations in SOA,

with each panel example being data from a given participant tested using four, randomly interleaved

staircase sequences (sequences are plotted with different color symbols). Panels (a—c) were obtained in

the onset condition and panels (d—f) come from the offset condition. Data in panels (a) and (d) are from
one participant, (b) and (e) from another, and (c) and (f) from a third. Open and filled symbols designate
the participant’s responses on each trial (solid = vision first and open = auditory first). The individual

sequences for the onset conditions illustrate staircases with different starting points or SOAs (i.e., black
300 ms, blue 150 ms, green —150 ms, and red —300 ms). For the offset condition, each staircase is defined
by its starting point and the modality used as the standard, hence, black 300 ms and visual standard,
green 300 ms and auditory standard, blue —300 ms and visual standard, red —300 ms and auditory
standard. Details of the staircase procedure and derivation of PSS and JND are described in the text.
(g) Psychometric functions fitted to the onset (red) and offset (blue) data of one participant. Red and
blue dashed lines represent the onset and offset PSS, respectively, estimated as the SOA corresponding

to 50% probability of making vision first responses. (h) Scatterplot showing for each participant, the PSS

value associated with that person’s onset and offset data. Across the 54 participants, the correlation
between PSSonset and PSSy gsser Was significantly different from zero (r = 0.41, n = 54, and p = 0.002).
Averaged over all participants, onset PSS values (x = 77.3 and SE =14.4) were larger than offset PSS
values (x = 30.2 and SE = 13.6). (i) Scatterplot showing each participants JND for the onset and offset
conditions. There was no difference between the average onset JND (x = 230 and SE = 18.7) and for

offset (x = 247.6 and SE = 23.4) condition. However, the correlation between those onsets and offset
values was significant (» = 0.38 and p = 0.005).
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3.2. Psychometric Curves

We fit psychometric functions to each participant’s data in the following way: First, we pooled
data from the valid staircases separately for the onset and offset tasks, and this was done for each
individual separately (the total number of trials contributing to each curve averaged 206); second,
the pooled data were grouped into bins with a width of 40 ms, the smallest step size used for the
staircase procedure and the SOA value for each bin was defined as the center of the two “edges” of a
given bin; third, we tabulated the proportion of visual first responses for each SOA bin; last, we used
the “probit” link of the MATLAB glmfit routine to fit psychometric functions to these data. An example
pair of onset and offset curves is shown in Figure 2d. Plotted in this format, the curves summarize
the proportion of trials in which vision onset or vision offset was deemed to happen before auditory
onset or auditory offset. Thus, these curves are portraying what people experienced and not their
percent-correct accuracy. It is simple, of course, to transform each data point into an accuracy measure
because each point specifies the percentage of trials at given SOAs where the person’s response was
concordant with the actual audiovisual event. But the format in Figure 2 is the one we were interested
in, and from each of those curves we derived two summary measures of performance, i.e., the point
of subjective equality (PSS) and the just noticeable difference (JND). PSS, as defined below, can be
construed as the SOA value at which the task was most difficult, i.e., where audio and visual onsets
and offsets were most likely confused because they seemed synchronous. JND, as defined below,
is proportional to the slope of the best-fit psychometric curve, where steeper slopes produce smaller
JND values implying better temporal acuity for resolving relative onsets or relative offsets.

3.3. PSS Estimates

The PSS values for onset judgments and for offset judgments were defined as the two SOA
values associated with the 50% probability of reporting vision appeared first (onset condition) and for
reporting vision disappeared first (offset). These values are denoted in Figure 2d by the dashed red
and dashed blue lines, and for this individual it can be seen that sound tends to precede vision for both
conditions. This was not true for all observers (as the example staircases in Figure 2a—c imply), and this
is readily obvious in the scatterplot shown in Figure 2e which are PSS values for onset plotted against
PSS values for offset for all 54 participants. As a sanity check, we also computed PSS values by taking
the mean of the last six reversals associated with each of the eight staircases for a given condition
(a conventional albeit potentially less efficient strategy when estimating “threshold” from staircase
data). The correlation between those two different PSS estimates across our sample of 54 people was
extremely high (onset r = 0.98 and offset r = 0.97), and the scatter plots for the alternative methods
are indistinguishable.

Therefore, we find clear evidence for substantial individual differences within this group of
54 naive people. These differences in PSS compare favorably with values found by Ipser, et al. [45]
in their study of asynchronous onsets of auditory and visual signals which, in their study, were
brief verbal utterances and brief animations of a person speaking. Also noteworthy is the pairwise
correlation between onset and offset PSS values, which is positive and significantly different from zero
(Pearson r = 0.41, p = 0.002, and BFo = 18.015). This is also evident in Figure 2e, where we see that over
half of the data points cluster within the upper right-hand quadrant, the region of the graph signifying
that visual events for both the onset and offset conditions had to precede auditory events for them to
be perceived as simultaneous. To put it in other words, for the majority of participants performing this
TOJ task, auditory onsets and offsets tend to be experienced as preceding visual onsets and offsets
when those two events actually occur simultaneously. Nonetheless, a minority of individuals showed
the opposite pattern of results, i.e., PSS values were negative for both onsets and offsets, implying
that visual onsets and visual offsets tend to precede auditory onsets and offsets when the two occur
simultaneously. For a small fraction of individuals, the order of events implied by the PSS values was
opposite for onset and for offset conditions. This latter finding is reminiscent of the negative correlation
between temporal order performance on a McGurk task and a TOJ task using visual and auditory



Vision 2020, 4, 17 8 of 21

stimuli presented asynchronously [45,46]. Another striking observation was that the average PSS
(77.3 £ 14.4 ms) during onset judgments was significantly higher than the average PSS (30.2 + 13.6 ms)
for offset judgments (#(53) = 3.1, p = 0.003, and BFy = 10.324). This means that when auditory and
visual events are close in time, auditory events are perceived to precede visual events with an interval
that is higher during onset than offset judgments.

3.4. IND Estimates

Turning to the second measure of interest putatively related to temporal acuity, we used
conventional procedures to derive JND values from the psychometric functions as follows: (1) Determine
the SOA values along the abscissae associated with the 25% and 75% response values on the ordinate
and (2) subtract each of those values from the PSS, and then take the average of the absolute value
of those two differences. Those JND values are shown in scatterplot format for onset and offset
conditions for each participant in Figure 2f. On the one hand, one notable trend was found in those
results. The correlation between JND values derived from pairwise onset and offset conditions were
statistically significant (r = 0.38, p = 0.005, and BF;y = 7.924) as conventionally defined (but see, [47,48]).
On the other hand, we found no evidence that PSS was related to JND for either onset judgments
or offset judgments; neither of those pairwise correlations approached statistical significance using
the conventional Pearson method (JNDgnset X PSSonset: ¥ = —0.07, p = 0.602, and JNDygfset X PSSOffset:
r=-0.04, p = 0.753). Nor did we observe any trends suggesting that temporal acuity as indexed by
JND is better for onset (230 + 18.7 ms) events than for offset (247.6 + 23.4 ms) events (¢(53) = —0.738,
p = 0.464, and BF; = 0.192).

Post-experiment anecdotes volunteered by participants revealed something interesting. During the
offset condition, unlike the onset condition, people often confidently realized that the two offset events
did not occur concurrently yet they found it baffling to judge which disappeared first (cf. [37]), i.e.,
the same perplexing experience we noted in the Introduction. This led us to explore the aspect of the
data described in the following section.

3.5. Response Times

It is reasonable to suppose that participants would find the TOJ task most challenging when SOA
values were in the neighborhood of their specific PSS values where relative onset or offset times were
likely to be more difficult to discern. This supposition led us to wonder whether a given participant
might require more time to respond (cf. [49]) on trials involving SOA values bracketing a person’s
PSS. To look into that possibility, we capitalized on the availability of time-stamped data for all events
comprising each trial. Using that information, we were able to derive response times for any given trial,
by calculating the duration elapsing between the first stimulus onset (for the onset condition) or the first
stimulus offset (for the offset condition) and the participant’s response (i.e., button press of computer
key 1 or 2). Those onset times and offset times constitute the moment at which the information required
to make the judgment was first available. It should be noted that we did not explicitly stress speed
of responses when instructing participants how to perform this task, so these response times should
not be construed as reaction times. To take into account the individual differences in PSS values,
we the set of response times for all trials after a staircase had reached the terminal step size of 40 ms.
This was done for each of the eight staircase repetitions separately for the onset condition and for the
offset condition, and we did this for each of the 54 participants. We focused on trials from the latter
part of each staircase, based on the reasonable assumption that the SOA values within that portion
of the staircase sequence converge to a relatively narrow range where the TOJ judgments are more
challenging (cf. [50,51]). This gave some justification for pooling results over individuals because those
response times were gathered from the same criterion region of the underlying psychometric function
governing staircase behavior. Across all participants, we harvested 14,136 response times, each one
associated with a given condition (onset trials or offset trials) and a given response (“vision first” or
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“auditory first”). It is important to note that for most participants those trials were fluctuating around
non-zero SOA values (e.g., see Figure 2a—f).

Plotted in Figure 3 are each of the harvested individual response times for onset and offset
conditions contingent on the participants’ responses. This aggregation of response times uses a
comprehensive graphical format known as a shift plot function [52]. With this mode of presentation,
the spread of points within a given distribution is proportional to the density of response time values
for onset and offset trials on which participants’ responses indicated that visual versus auditory was
the leading event. For each of the four distributions, we divided the dot clouds into ten bins ordered in
terms of response times, where each bin (i.e., decile) contained the same number of responses (within
rounding error). The black lines within each dot cloud denote the median response times for each of
the ten bins, and the blue lines connect pairs of median values for corresponding decile bins in the
onset and offset data sets, for both auditory and visual response conditions. Evident in these shift
plots are conspicuous, consistent rightward slants to the lines connecting the medians for equivalent
deciles, implying that response times for offset trials tended to be slower than response times for
onset trials. No such trend was seen when pairwise shift plots are arrayed to contrast visual versus
auditory responses (not shown). Note, these plots are descriptive in purpose and are not intended to
test different models of response time (cf. [53]).

a Auditory b Visual ¢
© onset t % 800
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| 2 500
o
@ 400
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& 300
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Figure 3. Response times extracted from staircase sequences. Histograms show mean and SE of
median response times extracted from trials after a staircase had reached the smallest SOA stepsize.
Response times are categorized by participants’ response (i.e., what was reported as the leading event,
auditory versus visual) for onset and offset conditions. (a) Shows response times on trials where
auditory led visual on onset trials (red) and on offset trials (blue); (b) shows response times on trials
where visual led auditory on onset trials (gold) and offset trials (green); (c) shows mean and SE of
response times for each of the four conditions.

ANOVA was used to evaluate the significance of the factors of stimulus condition (onset versus
offset) and response (“vision first” or “auditory first”). The main effect for stimulus was significant
(F=508.99, df = 1, p < 0.001; BF1p > 100 “highly favored”), and the main effect of response was
marginally significant (F = 5.82, df =1, p = 0.02; BF;g = 0.32). The interaction between these two factors,
however, was not significant (F = 0.15, df = 1, p = 0.69; BF;g = 0.03).

4. Model-Based Estimates of Rate and Bias

In the literature on simultaneity judgments involving auditory and visual stimulation, it is widely
acknowledged that judgments of the relative onsets of two events occurring closely in time depend on
multiple factors (e.g., see review [23]). Those factors include (1) accumulation of sensory evidence
arising from afferent signals carried from peripheral to more central stages of the auditory and the
visual pathways, and (2) non-sensory, decisional factors lumped under the rubric of bias that come into
play when differences in arrival times of those sensory signals are indistinguishable. Moreover, it is
well known that different response strategies can be adopted when participants are challenged to make
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perceptual decisions under conditions of uncertainty (e.g., [54]). We wanted to derive estimates of
the contributions of those kinds of factors, particularly, sensory arrival time and bias in our dataset
and, in particular, to learn whether a model that successfully predicts performance on onset tasks
exhibits comparable success when applied to data derived from the offset task used by us. To pursue
this, we employed the model described by Garcia-Pérez and Alcala-Quintana [24], itself a version
of the independent channels model described by Sternberg and Knoll [55]. This model has been
applied successfully to performance measures derived from audiovisual temporal order tasks and from
simultaneity judgment tasks. For a TOJ task such as ours, the full model uses 7 parameters to predict
an observer’s judgments across different SOAs. It is important to note that the model was developed to
account for temporal order judgments involving relative onsets of pairs of stimuli, but there is nothing
in the quantitative embodiment of the model that makes it inappropriate for predicting performance
based on judging stimulus offsets. In principle, the model should work equally well whether the order
judgment is being made based on the onsets or the offsets of the pair of transient audiovisual stimuli,
and to the extent that it does matter, we can learn more about what factors distinguish the two tasks.

In the following description of the model, we use the term “event” to refer to the appearance
of the auditory and visual stimuli in the onset condition and to the disappearance of those stimuli
in the offset condition. The model posits that, on each trial, the observer judges whether it was the
auditory event or the visual event that happened first. That judgment is governed by a decision rule
based on the latency differences between the two transient events. This latency difference between
events, denoted hereafter as D, is modelled as a bilateral exponential distribution whose cumulative
distribution is expressed by the following equation:

F(d; At) = f_doo f(z; At)dz
T expllo(d-At-1)]  ifd<At+r O
1_ﬁexp[—/\a(d—At—T)] ifd>At+1

where Aa and Av are the auditory and visual rate parameters, At is the actual onset or offset delay
between the two signals, and 7 is defined as the difference between 7a and 7v which signify further
delay in the processing of the auditory and visual stimuli, respectively. In the implementation of
this model, when Aa increases, the mean (1/Aa + ta) and standard deviation (1/Aa) of the distribution
of event latencies of the auditory signal decrease, thereby increasing the probability of making an
“auditory first” judgment. Likewise, increasing Av decreases the mean (1/Av + 7v) and standard
deviation (1/Av) of the distribution of event latencies of the visual signal resulting in an increase in the
probability of judging that the visual event (i.e., onset or offset) occurred first. Positive and negative
values of the T parameter indicate a further processing advantage for vision and audition, respectively.

The influence of the sensory parameters (i.e., A2, Av, and 7) on the observer’s judgment is observed
when the event time difference is sufficiently large for the observer to discriminate. The observer’s
ability to discriminate very small disparities in event timing is determined by the resolution parameter,
0. Sufficiently large negative differences in those event times (D < —6) result in AF judgments while VF
judgments arise from sufficiently large positive differences in event times (D > 6). When the absolute
value of the event time difference is smaller than 6 (that is, -6 < D < 0), the order of the two events is
unresolvable, implying that the observer experiences the two as simultaneous (S). One instantiation of
this model assumes that observers were allowed to make any one of three alternative responses, auditory
first, vision first, or simultaneous, i.e., a three-alternative simultaneity judgment. Thus, the proportion
of responses could be estimated from the data based on the probabilities (¥) of making AF (Y 4r), S
(¥s), and VF (Yyr) judgments (i.e., EQ 2a, EQ 2b and EQ 2c, respectively):

Yar(At) = F(=0; At) (2a)

Yo(At) = F(5;At) — F(=5; At) (2b)
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Yyr(At) = 1-F(5;At) (2¢)

In our TOJ task, however, observers were allowed to give only one of two responses, auditory
first or vision first. Thus, on trials when the absolute values of event time difference are smaller than o,
observers will be uncertain about which response to make, and in that circumstance, judgments will be
strongly influenced by non-sensory, decisional factors. In the model these decisional factors, referred
to collectively as bias, are represented by the parameter £ which is the probability of making a visual
first response when uncertain Thus, the probability of making a VF judgment at a selected SOA for the
TOJ task is given as:
‘PVF—TO](At) = Yyp(At) + E¥s(AL) 3)

In EQ 3, the selection of ‘vision first” to estimate £ is arbitrary, based entirely on the format in
which our data are plotted. Following the logic of the procedure spelled out in [24], one could just as
easily express ¢ in terms of auditory bias which would be 1 - &.

In addition to these five main parameters, it can be assumed that occasional, inadvertent response
errors (“lapses” as they have been called) can arise even when event time differences are unusually
large. These putatively infrequent response errors can take either of two forms, i.e., responding
auditory (e4r) even though the SOA strongly favored vision leading or responding visual (eyr) even
though the SOA strongly favored auditory leading. Including these parameters yields the version of
the model that is applicable to our task:

Y #ye-Toy (At) = ear¥ ar(At) + (1 - evp)Yve(At) + E¥s(AL) (4a)

Y *ar—toy (At) =1 =Y *yr_T0y (At) (4b)

Following the lead of Garcia-Pérez and Alcala-Quintana [24], we tested, for each participant,
four subsets of the EQ 4a full model, with each subset model fitted to the onset staircase data and
to the offset staircase data (i.e., the data pooled and binned for onset and for offset conditions as
described in the section on psychometric functions). These four subsets all included the five main
parameters (Aa, Av, 7, 6, and &) and the four were distinguished based on the number of response
error parameters (¢4r and eyr) that were included: both, none, or one or the other. As explained in
Garcia-Pérez and Alcala-Quintana [24], testing for all possible subsets of response error takes into
account that the patterns of errors can vary among observers. We implemented the models using
the MATLAB routines published by Alcala-Quintana and Garcia-Pérez [56]. Since those routines
use a constrained optimization algorithm, we specified the boundary limits for each parameter as
follows: [1/500, 5] for Aa and Av, [-500, 500] for 7, [0, 500] for o, and [0, 1] for £ and the response
error parameters. The parameter starting points for each of the four models were generated using
factorial combinations of two or three selected initial values for the sensory and resolution parameters.
Within each model, the parameter estimates of the starting point with the lowest divergence index were
selected. To derive the best fits for each of those four models for the onset and for the offset conditions,
each model’s performance was estimated using the Bayesian information criterion (BIC), with the
“winner” for that condition (onset or offset) being the model with the smallest BIC value. We excluded
two participants whose onset or offset parameters estimates did not pass the Chi-square goodness-of-fit
test. An additional ten participants were excluded because aberrant boundary values that, according
to Garcia-Pérez and Alcala-Quintana [24], did not provide any meaningful information about the
corresponding parameter. Given those exclusions, our modeling was based on paired comparison
estimates from 42 individuals whose data satisfied the initial conditions required for further analysis.
Figure 4 schematically summarizes the implementation of the model. Incidentally, Garcia-Pérez and
Alcala-Quintana [24] only evaluated their models using data derived using an onset condition. We were
gratified to find that the BIC values for the best overall models for the onset condition and the offset
condition showed no statistically significant difference (t(41) = 0.66, p = 0.511, and BF;o = 0.205).
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Figure 4. Model fitting approach. (Step 1) For each participant, pool and bin event judgments from
valid staircases for the onset condition and for the offset condition; (Step 2) Deploy the “separate fit”
method implemented by Garcia-Pérez and Alcala-Quintana [24] to model the data separately for the
onset and the offset conditions. In this step, 4 subsets of the full model were defined, a model with both
response error parameters, models with one or the other of the two response error parameters, and a
model with no response error parameters. All four subsets contained sensory, bias, and resolution
parameters (see text for details); (Step 3) For each subset model, parameter values giving the best fit
(maximum likelihood) were determined, and the goodness of each fit was expressed using the Bayesian
information criterion (BIC) index, with the “winner” for each condition (onset or offset) being the

model with the smallest BIC value.

To analyze the estimates of the rate parameters, we log-transformed the values to reduce the
skewness in the distribution of the data considering that the values ranged from 0.002 to 5. Figure 5a
shows a scatterplot of log-transformed estimates of auditory (x-axis) and visual (y-axis) rate parameters
for the onset and the offset tasks. For both tasks, a greater proportion of the participants had auditory
rate estimates that were higher than their visual rate estimates indicating faster auditory processing.
This observation was more remarkable for the onset task (32 out of 42) than the offset task (24 out of 42).
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Figure 5. Parameter values of the best fitting models for onset and offset data (i.e., data pooled
and binned from staircase sequences as described in the section under psychometric functions.
(a) Scatterplots showing the log-transformed auditory and visual rate parameter values for both onset
and offset tasks for each participant (N = 42, see text for details of the modelling results). Red and blue
dots represent participants who showed faster auditory rate (that is, compared to visual) for the onset
and offset tasks respectively while gold and green dots represent participants who showed faster visual
rate for the onset and offset tasks, respectively; (c), (e), and (g) Scatterplots showing values for the tau,
resolution, and bias parameters for both onset and offset tasks; (b), (d), (f), and (h) Averaged parameter
values for both onset and offset tasks. Error bars represent standard errors of the mean.

A two-way repeated measures ANOVA with modality (auditory and visual) and task (onset and
offset) as the within-subject factors and the estimates of the rate parameters as the dependent variable
yielded a non-significant main effect of Task (F(1,41) = 3.452, p = 0.07, and BF;y = 0.397), a significant
main effect of modality (F(1,41) = 10.421, p = 0.002, and BF;g = 1553.9), and a significant interaction
effect of task and modality (F(1,41) = 6.818, p = 0.013, and BFg = 3.366). Post-hoc simple main effects
test revealed that for audition, significantly higher estimates of the rate parameter were observed for
onset than offset (#(1,41) = 3.613 and p = 0.0008) while for vision, there was no difference between the
estimates for onset and offset (f(1, 41) = —0.743 and p = 0.462). Comparisons of the estimates of the
remaining parameters (7, 0, £) between the onset task and the offset task (Figure 5c-h) did not yield
significant differences, i.e., (7: #(1,41) = 1.55, p = 0.129 and BF;( = 0.503; 6: t(1,41) = —0.443, p = 0.66,
and BFqp = 0.183; &: #(1,41) = —1.593, p = 0.119, and BF;y = 0.534). These model results corroborate our
initial behavioral findings that (1) the majority of the participants had positive PSS values for both
onset and offset, (2) PSS values for onset were likely to be more positive than offset, and (3) asynchrony
discriminability is comparable between onset and offset tasks. Moreover, these results suggest that one
source of the differences between onset and offset PSS results could arise from low-level differences
in afferent sensory arrival times between auditory and visual stimulation. This possibility awaits an
experiment where TOJ and reaction time data are obtained from the same individuals.

5. Discussion and Conclusions

The literature on temporal order judgments involving sensory events is sizable and complex [4,57].
We make no claims to have simplified those complexities, nor was that our intention. Rather, our aim
was to quantitatively compare TOJs for audiovisual onsets and for audiovisual offsets, the latter being
an essential component of a transient event that, to our knowledge, had not been explored before in
the context of temporal order judgments. The extant literature on audiovisual interactions led us to
expect individual differences in audiovisual PSS values when judging relative onsets of auditory and
visual events (e.g., [45,58]), and indeed that was what we found. However, we also verified that offsets
are not simply mirror-image components equivalent to onsets. Before expanding on the implications
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of our results, we want first to reiterate what our experiment was designed to learn and to address
some possible reactions to how we went about that.

The overarching purpose of this study was to determine what people experience when seeing and
hearing brief stimulus events whose visual and auditory onsets or offsets were not perfectly aligned
in time. Although there were objectively correct answers associated with given SOA values tested,
we purposefully did not provide error feedback because previous studies led us to expect that people
can perceptually experience objectively simultaneous events as asynchronous (e.g., [59]). Objective error
feedback would contradict the perceptual experiences we were interested in documenting. Indeed, there
exists a variety of visual phenomena where one confidently testifies to seeing or hearing something
that obviously departs from the reality of what they are viewing or hearing. It would be perverse,
for example, to inform individuals that their judgment of relative line length was wrong when viewing
the Muller-Lyer figure or that they were consistently mislocalizing the visual location of a sound source
when experiencing the ventriloquism effect [14]. At the same time, it was essential that participants
(i) understood the TOJ task, (ii) realized that most trials would be challenging, and (iii) there would be
trials where there was ambiguity about what they experienced. Indeed, what makes this judgment task
so beguiling is that one can sometimes confidently perceive auditory and visual events as asynchronous
without knowing which one occurred first (e.g., [36,37]). We also found anecdotal evidence for these
kinds of confusions in the post-experimental debriefing comments given by some of our participants.
To prepare participants for this challenging task, they were given practice with large SOAs to ensure
that they clearly understood what they were being asked to judge, as well as practice with very small
SOAs so they could establish their criterion for what constituted an asynchronous audiovisual event.

From the outset, we acknowledge that the particulars of our stimulus conditions could constrain
the generality of our conclusions about sensitivity to onsets and offsets. For one thing, the sound
bursts we used had abrupt onsets and offsets, whereas many everyday transient sounds have gradually
decaying amplitude envelopes. Because abrupt versus ramped sound envelopes have measurable
impact on a variety of other perceptual judgments [60-63], we see no reason why that would not
be true for TOJs involving vision and audition. For another thing, RDKs comprise a unique class of
visual stimuli known to activate motion-sensitive neurons found within visual areas comprising the
dorsal stream; however, many other studies of visual TOJs employ simpler visual stimuli such as
briefly flashed spots of light or Gabor patches. Would our findings generalize to those kinds of stimuli?
We cannot say for certain, but it is noteworthy that simple flashed stimuli do evoke robust transient
responses in neurons within the dorsal stream, including visual area MT which is renowned for its
responsiveness to RDKs (e.g., [64]).

For another thing, it is possible that the perceived durations of the auditory and visual events were
not equivalent. There exists substantial literature devoted to the topic of time perception (cf. [65,66]),
including accuracy of time estimation where individuals experience two successive stimulus events
and judge which one seemed longer in duration. Among the many factors that impact performance
of this discrimination task is the modality of the stimuli themselves. Specifically, a brief sound is
judged longer than a brief flash of light of the same actual duration as the sound (e.g., [67]), with this
difference approaching 20% in some conditions. Assuming this phenomenon is at play in our trial
sequences, participants could unwittingly have (mis) judged simultaneously presented visual and
auditory events as comprising a noise burst that was briefer in duration than the accompanying pulse
of visual motion. For offset judgments that subjective disparity in duration could lead people to judge
that an auditory offset occurred before a visual offset when, in fact, their offsets were simultaneous.
In that case, an auditory offset would have to occur after a visual offset for the two offsets to be judged
simultaneous. Indeed, such a tendency is seen in the PSS values in Figure 2d, where those values
tend to lie above the dotted horizontal line denoting actual simultaneity, i.e., the data points where
offset SOA associated with the PSS is positive. But this account leaves unexplained the behavior of
the remaining fraction of participants for whom offset SOAs are negative. Moreover, it is difficult
to understand why perceived duration had any influence whatsoever on onset judgments, because
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both auditory and visual stimuli remained on until the participant pressed one of two keys to make
his/her judgment. Perceived duration is undefined until after that decision has been made. With those
considerations in mind, we turn now to our main findings.

One obvious conclusion is that estimates of PSS values for event onsets and for event offsets
differ among people, both in magnitude and in sign. Those differences are evident in the histograms
in the scatterplot in Figure 2d. Moreover, for the majority of people, positive SOA values emerge as
their estimated PSSs, implying that visual onsets or visual offsets have to lead in time for them to be
experienced as synchronous with auditory onsets or auditory offsets. A second general trend was the
tendency for the sign of the PSS values for a given participant to be the same for onsets and offsets,
i.e., PSS values tend to cluster in the upper-right quadrant of the scatterplots, and the correlation
between PSS for onsets and offsets is moderately positive. However, at the same time, this is not
true for everyone. In Figure 2d, several individuals exhibit PSS values in the lower left quadrant of
the scatterplot, implying that synchronous onsets and offsets are experienced when auditory events
precede visual events. For still others, scatterplot points are situated in the lower-right or upper-left
quadrants, implying that the perceived ordering of auditory and visual events varies depending on
whether those events are onsets or offsets.

How are we to think about these results, both the general trends and the individual differences?
To tackle this question, we find it useful to think about the multisensory TOJ task in terms of a race-type
process that involves competition between arrival times of sensory-neural events arising within two
different afferent sources, the eyes and the ears. According to this view, a decision process tracks the
accumulation of sensory evidence from the two afferent pathways, auditory and visual (for a general
summary of these so-called stochastic accumulator models, see [68]). When some criterion level of
evidence, presumably proportional to neural activity, accumulates to a threshold level the modality
associated with that accumulated evidence is deemed to be the one that leads in the TOJ decision,
where “leads” can refer to the first event onset or the first event offset. The component events involved
in this process can be mathematically defined in different ways [69] including the format embodied
in the Garcia-Pérez and Alcala-Quintana [24] model described earlier. For our purposes it makes no
difference whether this decision center compares auditory and visual inputs on the basis of counting
or timing. As in signal detection theory, a participant must establish some criterion level of activation
as the threshold, with this level being governed by the particulars of the task (e.g., expectations) and
by the (presumably) independent noise levels in the two sets of inputs, auditory and visual. The TO]J
task is, thus, conceptualized as one where the visual stimulus and the auditory stimulus trigger two
separate trains of neural events each with its own characteristic probability density function. An actual
temporal asynchrony experimentally imposed on the occurrence of those two events is equivalent
to giving one of the two competitors a headstart in time which should bias judgments of temporal
order in favor of the leading event (whether those events are a pair of onsets or a pair of offsets).
Unlike an actual race where there exists an external chronometric reference point (e.g., the discharge of
a start gun), the multisensory TOJ task we created has no such external reference, the sensory events
themselves comprise the reference points, and factors that bias people toward sound over vision as a
reference perform differently than people who are biased in favor of vision over sound.

With this conceptualization in mind, it is natural to look first to the evidence accumulation
component of this hypothetical race, i.e., the rate at which auditory information and visual information
accumulates over time. We know that vision enjoys an initial headstart over hearing based on the
fact that light travels much faster than sound, i.e., 3 X 108 m/sec vs. ~340 m/sec (depending on air
temperature), respectively. For most audiovisual events of everyday relevance within our action
peripersonal space [70], however, the disparity in arrival time between light and sound originating
from a given source is quite small. For example, when a friend standing 6 m from you snaps her fingers
the light energy signaling that transient event reaches your eyes about 18 ms before the concomitant
acoustic energy reaches your ears. Paradoxically, in the laboratory, briefly presented auditory events can
seem to arise before simultaneously presented visual events by 50 ms or more (e.g., [71]). Indeed, hints



Vision 2020, 4, 17 16 of 21

of the existence of these kinds of perceptual mistakes in judging audiovisual timing can be traced back
to controversy concerning astronomical measurements that portend the dissociation between physical
events and perceptual events [72].

It is natural, then, to attribute hearing’s precedence over vision to factors within the initial
stages of sensory transduction and neural signaling. Indeed, it is well known that acoustic energy is
transformed into neural signals much faster within the ear [73] as compared with sensory transduction
of photic energy within the eye [74,75]. Moreover, neural signals arising from sounds produce neural
responses within primary auditory cortex [76,77] approximately 40 ms sooner than responses arising
within primary visual cortex consequent to visual stimulation [78]. (Specific ms values for differences
in neural latency between vision and audition should be interpreted with caution, because neural
responses within each modality vary greatly with the strength of the evoking stimulus (e.g., luminance
contrast and acoustic energy, respectively)—neural latency differences will vary depending on the
relative strengths of auditory and visual stimuli, and this is certainly seen when comparing simple RTs
evoked by visual vs auditory events [79]). These neural latency differences provide a plausible factor
contributing to temporal precedence of auditory onset as compared with visual onset, i.e., the tendency
for perceived simultaneity in the TOJ task to require that visual events precede auditory events to be
deemed synchronous (Figure 2). However, those TOJ results are not found for all participants, and even
among those individuals showing positive PSS values for onsets and for offsets the correlation between
PSS values is modest at best. Moreover, there is no compelling evidence that temporal resolution
differs for onsets versus offsets, as evidenced by the JND values derived in Figure 3. To us this implies
that non-sensory factors are playing an important role in performing this TOJ task, as others have
proposed (e.g., [4,23,37]). The following paragraphs offer one way of construing this role.

It is widely acknowledged that asking people to judge asynchronies in onsets or offsets of
sensory stimuli within a given modality represents a complex decisional task. Our results show that
this is doubly true in the case of judging temporal order of audiovisual events occurring closely in
time. In their classic paper on the perception of incongruity, Bruner and Postman [80] expressed the
dilemma succinctly:

“ ... perceptual organization is powerfully determined by expectations built upon past commerce
with the environment. When such expectations are violated by the environment, the perceiver’s
behavior can be described as resistance to the recognition of the unexpected or incongruous. (p. 222)”

In the spirit of that quote, we wish to conjecture about the consequences of two properties
associated with auditory and visual events as follows: (1) An ubiquitous propensity for auditory and
visual events to form alliance and (2) an intriguing, fundamental difference in the nature of most
auditory events and visual events in our world. We start with the alliance propensity.

A common theme in the contemporary study of multisensory perception is the tendency for
auditory and visual events to perceptually merge into a single, unitary experience formed within
the so-called temporal binding window [81]. Within the literature on audiovisual binding are
compelling phenomena implicating robust audiovisual perceptual merger, including the ventriloquism
effect [14], the double-flash illusion [82], the McGurk effect [10], audiovisual looming [83], and adaptive
adjustments in the window of perceived simultaneity [84]. In order to promote this merger, the brain
relies heavily on temporal and spatial congruence to form a coherent perceptual account of auditory
and visual events. But what is an audiovisual event? This brings us to the second property alluded
to above.

Let us start by considering some familiar auditory events. A phone rings and, then, stops ringing;
a dog barks but, then, stops barking; you hear footsteps in the hallway outside your office but, then,
they suddenly cease. These kinds of examples are numerous, but they share a common feature, i.e.,
a complex sound arises within your perceptual landscape, persists for a period of time, and then ceases
to exist. The source of the auditory event, of course, usually remains in existence, but the acoustic
disturbance produced by that source does not. Sounds, in other words, come into existence only to
vanish at some later point in time. Some acoustic events gradually vanish, such as the fading sound of
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a departing airplane, but many others are abrupt, like the thankful termination of a warning siren.
In all instances, acoustic events have limited life-times, and our “past commerce with this regularity”
(to paraphrase Bruner and Postman [80]) leads us to expect this of sound, but vision is different. We are
not used to seeing things suddenly disappear (except, perhaps, in the laboratory or on the magician’s
stage). The phone remains visible when it stops ringing; the dog does not vanish when it ceases
barking; that person may be still lurking outside your office door even though his footsteps are no
longer heard.

Therefore, one could presume that sound provides the quintessential source for demarcating the
temporal boundaries of discrete audiovisual events, and therefore our brains incorporate sound’s
temporal salience in the process of multisensory integration. This prior (to put it in Bayesian terms)
together with the propensity to merge auditory and visual signals into a single coherent event provides
one way to think about our results. Expressed succinctly, “our past commerce with the environment”
tends to favor sound as a reference point for deciding “when is now” to use the metaphor coined by
Stone, Hunkin, Porrill, Wood, Keeler, Beanland, Port and Porter [59].

Pursuing this line of thought with respect to our results, the PSS value plotted in Figure 2, as well
as the response time results plotted in Figure 3, could be construed to mean that visual onsets and offsets
are tricky to pinpoint in time when they occur within the temporal neighborhood of sound onsets or
offsets. Sound, in other words, tends to attract vision in the time dimension. In this sense, the attractive
power of sound for temporal localization represents the converse of the spatial ventriloquism effect
where vision biases perceived spatial location of a sound (cf. [85,86]). Perhaps, in other words, sound can
bias the perceived temporal location of a visual stimulus, maintaining a balanced compromise between
space and time, the “here” and the “now” that govern multisensory perception of audiovisual events.

Finally, we know that audiovisual temporal synchrony can be dynamically recalibrated depending
on one’s own unique listening and viewing experiences, whether those experiences are spread out over
time (e.g., [87]) or concentrated within just a few consecutive exposures [21,88]. Given this plasticity,
individual differences in perceived synchrony such as those found in our study and earlier ones seem
not so enigmatic. After all, neural activity forms the reference points signifying when events occur,
meaning that perceived time is constructed within the “chronoarchitecture of the brain”, to borrow
the term used by Scharnowski, et al. [89]. Given that differences in brain anatomy are implicated in
so many other aspects of human cognition [90] including time perception [91], it is not far-fetched to
conjecture that idiosyncrasies in multisensory integration also belong in this category.

Author Contributions: Conceptualization, PW., C.O.-B., and R.B.; Data curation, R.B.; Formal analysis, PW.,
C.O.-B. and M.P; Investigation, C.O.-B.; Methodology, PW., C.O.-B., M.P. and R.B.; Project administration, R.B.;
Software, PW., C.O.-B. and M.P,; Supervision, R.B.; Writing—original draft, PW., C.O.-B. and R.B.; Writing—review
& editing, PW., C.O.-B., M.P. and R.B. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the Centennial Research Fund, Vanderbilt University, by NIH P30 Core
grant P30-EY008126 (Vanderbilt University), and by the Original Technology Research Program for Brain Program
for Brain Science through the National Research Foundation of Korea (NRF) funded by the Ministry of Education,
Science and Technology (NRF-2017M3C7A1029659).

Acknowledgments: The first author (P.W.) was an undergraduate student at Belmont University, Nashville TN,
and the study formed part of her research internship at Vanderbilt; her current affiliation is New York University.
P.W. and C.O.-B. contributed equally and are co-lead authors. We are grateful to Oakyoon Cha and Mark Wallace
for substantive, helpful comments on the original version of this paper and to the two referees whose comments
guided preparation of this revision.

Conflicts of Interest: The authors declare no conflict of interest.

Open Practices: All data and computer code have been made available at https://osf.io/3mpn6/.

References

1. Boring, E.G. A History of Experimental Psychology; Appleton-Century-Crofts: New York, NY, USA, 1929.
2. Hilgard, E.R. Reinforcement and inhibition of eyelid reflexes. . Gen. Psychol. 1933, 8, 85-113. [CrossRef]
3. Fraisse, P. Perception and estimation of time. Annu. Rev. Psychol. 1984, 35, 1-37. [CrossRef] [PubMed]


https://osf.io/3mpn6/
http://dx.doi.org/10.1080/00221309.1933.9713177
http://dx.doi.org/10.1146/annurev.ps.35.020184.000245
http://www.ncbi.nlm.nih.gov/pubmed/6367623

Vision 2020, 4, 17 18 of 21

10.
11.

12.

13.

14.

15.

16.

17.
18.

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Vroomen, J.; Keetels, M. Perception of intersensory synchrony: A tutorial review. Atten. Percept. Psychophys.
2010, 72, 871-884. [CrossRef] [PubMed]

Chen, L.; Vroomen, J. Intersensory binding across space and time: A tutorial review. Atten. Percept. Psychophys.
2013, 75, 790-811. [CrossRef]

Alais, D.; Burr, D. Cue combination within a Bayesian framework. In Multisensory Processes; Springer:
Berlin/Heidelberg, Germany, 2019; pp. 9-31.

Bolognini, N.; Frassinetti, F.; Serino, A.; Ladavas, E. “Acoustical vision” of below threshold stimuli: Interaction
among spatially converging audiovisual inputs. Exp. Brain Res. 2005, 160, 273-282. [CrossRef]

Hughes, H.C.; Lorenz, P.A.; Nozawa, G.; Fendrich, R. Visual-auditory interactions in sensorimotor processing:
Saccades versus manual responses. J. Expt. Psychol. Hum. Percept. Perform. 1994, 20, 131-153. [CrossRef]
Sumby, W.H.; Pollack, I. Visual contribution to speech intelligibility in noise. J. Acoust. Soc. Am. 1954, 26,
212-215. [CrossRef]

McGurk, H.; MacDonald, J. Hearing lips and seeing voices. Nature 1976, 264, 746. [CrossRef]

Massaro, D.W.; Cohen, M.M.; Smeele, PM. Percption of asynchronous and conflicting visual and auditory
speech. |. Acoust. Soc. Am. 1996, 100, 1777-1786. [CrossRef]

Sekuler, R.; Sekuler, A.B.; Lau, R. Sound changes perception of visual motion. Nature 1997, 384, 308-309.
[CrossRef]

Alink, A.; Euler, G.; Galeano, E.; Krugliak, A.; Singer, W.; Kohler, A. Auditory motion capturing ambiguous
visual motion. Front. Psychol. 2012, 2, 291. [CrossRef] [PubMed]

Alais, D.; Burr, D. The ventriloquist effect results from near-optimal bimodal integration. Curr. Biol. 2004, 14,
257-262. [CrossRef] [PubMed]

Recanzone, G.H. Auditory influences on visual temporal rate perception. |. Neurophysiol. 2003, 89, 1078-1093.
[CrossRef] [PubMed]

Gebhard, ] W.; Mowbray, G.H. On discriminating the rate of visua flicker and auditory flutter. Am. J. Psychol.
1959, 72, 521-529. [CrossRef] [PubMed]

Burr, D.; Alais, D. Combining visual and auditory information. Prog. Brain Res. 2006, 155, 243-258.
Doehrmann, O.; Naumer, M.]. Semantics and the multisensory brain: How meaning modulates processes of
audio-visual integration. Brain Res. 2008, 1242, 136-150. [CrossRef]

Shore, D.I.; Spence, C.; Klein, R.M. Visual prior entry. Psychol. Sci. 2001, 12, 205-212. [CrossRef]

Roach, N.W.; Heron, ].; McGraw, P.V. Resolving multisensory conflict: A strategy for balancing the costs and
benefits of audio-visual integration. Proc. R. Soc. B Biol. 2006, 273, 2159-2168. [CrossRef]

Navarra, J.; Vatakis, A.; Zampini, M.; Soto-Faraco, S.; Humphreys, W.; Spence, C. Exposure to asynchronous
audiovisual speech extends the temporal window for audiovisual integration. Cogn. Brain Res. 2005, 25,
499-507. [CrossRef]

Vroomen, J.; Keetels, M.; de Gelder, B.; Bertelson, P. Recalibration of temporal order perception by exposure
to audio-visual asynchrony. Cogn. Brain Res. 2004, 22, 32-35. [CrossRef]

Diederich, A.; Colonius, H. The time window of multisensory integration: Relating reaction times and
judgments of temporal order. Psychol. Rev. 2015, 122, 232-241. [CrossRef] [PubMed]

Garcia-Pérez, M.A.; Alcala-Quintana, R. On the discrepant results in synchrony judgment and temporal-order
judgment tasks: A quantitative model. Psychon. B Rev. 2012, 19, 820-846. [CrossRef] [PubMed]

Allan, L.G.; Kristofferson, A.B. Successiveness discrimination: Two models. Percept. Psychophys. 1974, 15,
37-46. [CrossRef]

Meredith, M.A. On the neuronal basis for multisensory convergence: A brief review. Cogn. Brain Res. 2002,
14, 31-40. [CrossRef]

Cecere, R; Gross, J.; Willis, A.; Thut, G. Being first matters: Topographical representational similarity analysis
of ERP signals reveals separate networks for audiovisual temporal binding depending on the leading sense.
J. Neurosci. 2017, 37,5274-5287. [CrossRef]

Yau, ].M.; DeAngelis, G.C.; Angelaki, D.E. Dissecting neural circuits for multisensory integration and cross
modal processing. Proc. R. Soc. B Biol. 2015, 370, 20140203. [CrossRef]

Lee, AK.C.; Wallace, M.T.; Coffin, A.; Popper, N.; Fay, R.R. Multisensory Processes: Auditory Perspective;
Springer Nature: Cham, Switzerland, 2019.

Gau, R;; Bazin, P-L.; Trampel, R.; Turner, R.; Noppeney, U. Resolving multisensory and attentional influences
across cortical depth in sensory cortices. eLife 2020, 9, e46856. [CrossRef]


http://dx.doi.org/10.3758/APP.72.4.871
http://www.ncbi.nlm.nih.gov/pubmed/20436185
http://dx.doi.org/10.3758/s13414-013-0475-4
http://dx.doi.org/10.1007/s00221-004-2005-z
http://dx.doi.org/10.1037/0096-1523.20.1.131
http://dx.doi.org/10.1121/1.1907309
http://dx.doi.org/10.1038/264746a0
http://dx.doi.org/10.1121/1.417342
http://dx.doi.org/10.1038/385308a0
http://dx.doi.org/10.3389/fpsyg.2011.00391
http://www.ncbi.nlm.nih.gov/pubmed/22232613
http://dx.doi.org/10.1016/j.cub.2004.01.029
http://www.ncbi.nlm.nih.gov/pubmed/14761661
http://dx.doi.org/10.1152/jn.00706.2002
http://www.ncbi.nlm.nih.gov/pubmed/12574482
http://dx.doi.org/10.2307/1419493
http://www.ncbi.nlm.nih.gov/pubmed/13827044
http://dx.doi.org/10.1016/j.brainres.2008.03.071
http://dx.doi.org/10.1111/1467-9280.00337
http://dx.doi.org/10.1098/rspb.2006.3578
http://dx.doi.org/10.1016/j.cogbrainres.2005.07.009
http://dx.doi.org/10.1016/j.cogbrainres.2004.07.003
http://dx.doi.org/10.1037/a0038696
http://www.ncbi.nlm.nih.gov/pubmed/25706404
http://dx.doi.org/10.3758/s13423-012-0278-y
http://www.ncbi.nlm.nih.gov/pubmed/22829342
http://dx.doi.org/10.3758/BF03205825
http://dx.doi.org/10.1016/S0926-6410(02)00059-9
http://dx.doi.org/10.1523/JNEUROSCI.2926-16.2017
http://dx.doi.org/10.1098/rstb.2014.0203
http://dx.doi.org/10.7554/eLife.46856

Vision 2020, 4, 17 19 of 21

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Guttman, S.E.; Gilroy, L.A.; Blake, R. Hearing what the eyes see: Auditory endocing of visual temporal
structure. Psychol. Sci. 2005, 16, 228-235. [CrossRef]

Kang, M.S.; Blake, R. Perceptual synergy between seeing and hearing revealed during binocular rivalry.
J. Psychol. 2005, 32, 7-15.

Lee, M.; Blake, R.; Kim, S.; Kim, C.Y. Melodic sound enhances visual awareness of congruent musical notes,
but only if you can read music. Proc. Natl. Acad. Sci. USA 2015, 112, 8493-8498. [CrossRef]

Kim, S.; Lee, M,; Blake, R.; Kim, C.Y. Audio-visual interactions uniquely contribute to resolution of visual
conflict in people possessing absolute pitch. PLoS ONE 2017, 12, €0175103. [CrossRef] [PubMed]

Park, M.; Blake, R.; Kim, Y.; Kim, C.Y. Congruent audio-visual stimulation during adapation modulates the
subsequently experienced visul motion aftereffect. Sci. Rep.-UK 2019, 9, 19391.

van Eijk, R.L.; Kohlrausch, A.; Juola, ].F,; van de Par, S. Temporal interval discrimination thresholds depend
on perceived synchrony for audio-visual stimulus pairs. J. Expt. Psychol. Hum. Percept. Perform. 2009, 35,
1254-1263. [CrossRef] [PubMed]

Zampini, M.; Shore, D.I; Spence, C. Audiovisual temporal order judgments. Expt. Brain Res. 2003, 152,
198-210. [CrossRef] [PubMed]

Taylor, T.L.; Klein, R.M.; Munoz, D.P. Saccadic performance as a function of the presence and disappearance
of auditory and visual fixation stimuli. J. Cogn. Neursci. 1999, 11, 206-213. [CrossRef]

Bizley, ].K.; Maddox, RK.; Lee, A.K.C. Defining Auditory-Visual Objects: Behavioral Tests and Physiological
Mechanisms. Trends Neurosci. 2016, 39, 74-85. [CrossRef]

Hirsh, L].; Sherrick, C.E., Jr. Perceived order in different sense modalities. . Expt. Psychol. 1961, 62, 423.
[CrossRef]

Faul, F; Erdfelder, E.; Buchner, A.; Lang, A.-G. Statistical power analyses using G* Power 3.1: Tests for
correlation and regression analyses. Beh. Res. Methods 2009, 41, 1149-1160. [CrossRef]

Brainard, D.H. The psychophysics toolbox. Spat. Vis. 1997, 10, 433—436. [CrossRef]

Pelli, D.G. The VideoToolbox software for visual psychophysics: Transforming numbers into movies. Spat. Vis.
1997, 10, 437-442. [CrossRef]

Griffin, I.C.; Miniussi, C.; Nobre, A.C. Orienting attention in time. Front. Biosci. 2001, 6, D660-D671.
[CrossRef] [PubMed]

Ipser, A.; Karlinski, M.; Freeman, E.D. Correlation of individual differences in audiovisual asynchrony
across stimuli and tasks: New constraints on temporal renormalization theory. J. Expt. Psychol. Hum.
Percept. Perform. 2018. [CrossRef] [PubMed]

Ipser, A.; Agolli, V.; Bajraktari, A.; Al-Alawi, E; Djaafara, N.; Freeman, E.D. Sight and sound persistently
out of synch: Stable individual differences in audiovisual synchronisation revealed by implicit measures of
lip-voice integration. Sci. Rep-UK 2017, 7, 46413. [CrossRef] [PubMed]

Olsson-Collentine, A.; Van Assen, M.A.; Hartgerink, C.H. The prevalence of marginally significant results in
psychology over time. Psychol. Sci. 2019, 30, 576-586. [CrossRef] [PubMed]

Pritschet, L.; Powell, D.; Horne, Z. Marginally significant effects as evidence for hypotheses: Changing
attitudes over four decades. Psychol. Sci 2016, 27, 1036-1042. [CrossRef]

Weidemann, C.T.; Kahana, M.]. Assessing recognition memory using confidence ratings and response times.
R. Soc. Open Sci. 2016, 3, 150670. [CrossRef] [PubMed]

Cardoso-Leeite, P.; Gorea, A.; Mamassian, P. Temporal order judgment and simple reaction times: Evidence
for a common processing system. J. Vis. 2007, 76, 1-14. [CrossRef]

Heath, R.A. Response time and temporal order judgement in vision. Aust. J. Psychol. 1984, 36, 21-34.
[CrossRef]

Rousselet, G.A.; Pernet, C.R.; Wilcox, R.R. Beyond differences in means: Robust graphical methods to
compare two groups in neuroscience. Eur. J. Neurosci. 2017, 46, 1738-1748. [CrossRef]

Dutilh, G.; Annis, J.; Brown, S.D.; Cassey, P.; Evans, N.J.; Grasman, R.P.; Hawkins, G.E.; Heathcote, A.;
Holmes, W.R.; Krypotos, A.-M. The quality of response time data inference: A blinded, collaborative
assessment of the validity of cognitive models. Psychon. B. Rev. 2019, 26, 1051-1069. [CrossRef]

Morgan, M.; Dillenburger, B.; Raphael, S.; Solomon, J.A. Observers can voluntarily shift their psychometric
functions without losing sensitivity. Atten. Percept. Psychol. 2012, 74, 185-193. [CrossRef] [PubMed]
Sternberg, S.; Knoll, R.L. The perception of temporal order: Fundamental issues and a general model.
In Attention And Performance IV; Kornblum, S., Ed.; Academic Press: New York, NY, USA, 1973; pp. 629-685.


http://dx.doi.org/10.1111/j.0956-7976.2005.00808.x
http://dx.doi.org/10.1073/pnas.1509529112
http://dx.doi.org/10.1371/journal.pone.0175103
http://www.ncbi.nlm.nih.gov/pubmed/28380058
http://dx.doi.org/10.1037/a0014254
http://www.ncbi.nlm.nih.gov/pubmed/19653763
http://dx.doi.org/10.1007/s00221-003-1536-z
http://www.ncbi.nlm.nih.gov/pubmed/12879178
http://dx.doi.org/10.1162/089892999563337
http://dx.doi.org/10.1016/j.tins.2015.12.007
http://dx.doi.org/10.1037/h0045283
http://dx.doi.org/10.3758/BRM.41.4.1149
http://dx.doi.org/10.1163/156856897X00357
http://dx.doi.org/10.1163/156856897X00366
http://dx.doi.org/10.2741/Griffin
http://www.ncbi.nlm.nih.gov/pubmed/11282565
http://dx.doi.org/10.1037/xhp0000535
http://www.ncbi.nlm.nih.gov/pubmed/29733674
http://dx.doi.org/10.1038/srep46413
http://www.ncbi.nlm.nih.gov/pubmed/28429784
http://dx.doi.org/10.1177/0956797619830326
http://www.ncbi.nlm.nih.gov/pubmed/30789796
http://dx.doi.org/10.1177/0956797616645672
http://dx.doi.org/10.1098/rsos.150670
http://www.ncbi.nlm.nih.gov/pubmed/27152209
http://dx.doi.org/10.1167/7.6.11
http://dx.doi.org/10.1080/00049538408255075
http://dx.doi.org/10.1111/ejn.13610
http://dx.doi.org/10.3758/s13423-017-1417-2
http://dx.doi.org/10.3758/s13414-011-0222-7
http://www.ncbi.nlm.nih.gov/pubmed/22033949

Vision 2020, 4, 17 20 of 21

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.
66.

67.

68.

69.
70.

71.

72.

73.
74.

75.
76.

77.

78.

79.

80.
81.

82.

Alcala-Quintana, R.; Garcia-Pérez, M. A. Fitting model-based psychometric functions to simultaneity and
temporal-order judgment data: MATLAB and R routines. Beh. Res. Methods 2013, 45, 972-998. [CrossRef]
[PubMed]

Wallace, M.T.; Woynaroski, T.G.; Steenson, R.A. Multisensory integration as a window into orderly and
disrupted cognition and communication. Annu. Rev. Psychol. 2020, 71, 193-219. [CrossRef] [PubMed]
Grabot, L.; van Wassenhove, V. Time order as psychological bias. Psychol. Sci. 2017, 28, 670-678. [CrossRef]
[PubMed]

Stone, J.; Hunkin, N.; Porrill, J.; Wood, R.; Keeler, V.; Beanland, M.; Port, M.; Porter, N. When is now?
Perception of simultaneity. Proc. R. Soc. B Biol. 2001, 268, 31-38. [CrossRef] [PubMed]

Grassi, M.; Casco, C. Audiovisual bounce-inducing effect: Attention alone does not explain why the discs
are bouncing. J. Expt. Psychol. Hum. Percept. Perform. 2009, 35, 235. [CrossRef]

Grassi, M.; Darwin, C.J. The subjective duration of ramped and damped sounds. Percept. Psychophys. 2006,
68, 1382-1392. [CrossRef]

Schlauch, R.S.; Ries, D.T.; DiGiovanni, J.J. Duration discrimination and subjective duration for ramped and
damped sounds. J. Acoust. Soc. Am. 2001, 109, 2880-2887. [CrossRef]

Vallet, G.T.; Shore, D.I,; Schutz, M. Exploring the role of the amplitude envelope in duration estimation.
Perception 2014, 43, 616-630. [CrossRef]

Mikami, A.; Newsome, W.T.; Wurtz, R.H. Motion selectivity in macaque visual cortex. I. Mechanisms of
direction and speed selectivity in extrastriate area MT. J. Neurophysiol. 1986, 55, 1308-1327. [CrossRef]
Allan, L.G. The perception of time. Percept. Psychophys. 1979, 26, 340-354. [CrossRef]

Matthews, W.J.; Meck, WH. Temporal cognition: Connecting subjective time to perception, attention,
and memory. Psychol. Bull. 2016, 142, 865. [CrossRef] [PubMed]

Wearden, ].H.; Edwards, H.; Fakhri, M.; Percival, A. Why “sounds are judged longer than lights”: Application
of a model of the internal clock in humans. Q. J. Expt. Psychol. A 1998, 51, 97-120.

Purcell, B.A.; Heitz, R.P.; Cohen, ].Y.; Schall, ].D.; Logan, G.D.; Palmeri, T.]. Neurally constrained modeling of
perceptual decision making. Psychol. Rev. 2010, 117, 1113. [CrossRef] [PubMed]

Schneider, K.A.; Bavelier, D. Components of visual prior entry. Cogn. Psychol. 2003, 47, 333-366. [CrossRef]
Bufacchi, RJ.; Iannetti, G.D. An action field theory of peripersonal space. Trends Cogn. Sci. 2018, 22,
1076-1090. [CrossRef]

Bald, L.; Berrien, EK; Price, ].B.; Sprague, R.O. Errors in perceiving the temporal order of auditoryand visual
stimuli. J. Appl. Psychol. 1942, 26, 382-388. [CrossRef]

Schaffer, S. Astronomers mark time: Discipline and the personal equation. Sci. Context 1988, 2, 115-145.
[CrossRef]

Dallos, P. The Auditory Periphery; Academic Press Inc.: New York, NY, USA, 1973.

Lamb, T.D.; Pugh, E.N. A quantitative account of the activation steps involved in phototransduction in am-
phibian photoreceptors. J. Physiol. 1992, 449, 719-758. [CrossRef]

Lennie, P. The physological basis of variations in visual latency. Vis. Res. 1981, 21, 815-824. [CrossRef]
Recanzone, G.H. Response profiles of auditory cortical neurons to tone and noise in behaving macaque
monkeys. Hear. Res. 2000, 150, 104-118. [CrossRef]

Camalier, C.R.; D’Angelo, W.R.; Sterbing-D’Angelo, S.J.; Lisa, A.; Hackett, T.A. Neural latencies across
auditory cortex of macaque support a dorsal stream supramodal timing advantage in primates. Proc. Natl.
Acad. Sci. USA 2012, 109, 18168-18173. [CrossRef] [PubMed]

Schmolesky, M.T.; Wang, Y.; Hanes, D.P.; Thompson, K.G.; Leutgeb, S.; Schall, ].D.; Leventhal, A.G.
Signal timing across the macaque visual system. J. Neurophysiol. 1998, 79, 3272-3278. [CrossRef] [PubMed]
Kohfeld, D.L. Simple reaction time as a function of stimulus intensity in decibels of light and sound.
J. Expt. Psychol. 1971, 88, 251-257. [CrossRef]

Bruner, J.S.; Postman, L. On the perception of incongruity: A paradigm. J. Pers. 1949, 18, 206-223. [CrossRef]
Wallace, M.T.; Stevenson, R.A. The construct of the multisensory temporal binding window and its
dysregulation in developmental disabilities. Neuropsychologia 2014, 64, 105-123. [CrossRef]

Apthorp, D.; Alais, D.; Boenke, L.T. Flash illusions induced by visual, auditory, and audiovisual stimuli.
J. Vis. 2013, 13, 3. [CrossRef]


http://dx.doi.org/10.3758/s13428-013-0325-2
http://www.ncbi.nlm.nih.gov/pubmed/23572250
http://dx.doi.org/10.1146/annurev-psych-010419-051112
http://www.ncbi.nlm.nih.gov/pubmed/31518523
http://dx.doi.org/10.1177/0956797616689369
http://www.ncbi.nlm.nih.gov/pubmed/28485701
http://dx.doi.org/10.1098/rspb.2000.1326
http://www.ncbi.nlm.nih.gov/pubmed/12123295
http://dx.doi.org/10.1037/a0013031
http://dx.doi.org/10.3758/BF03193737
http://dx.doi.org/10.1121/1.1372913
http://dx.doi.org/10.1068/p7656
http://dx.doi.org/10.1152/jn.1986.55.6.1308
http://dx.doi.org/10.3758/BF03204158
http://dx.doi.org/10.1037/bul0000045
http://www.ncbi.nlm.nih.gov/pubmed/27196725
http://dx.doi.org/10.1037/a0020311
http://www.ncbi.nlm.nih.gov/pubmed/20822291
http://dx.doi.org/10.1016/S0010-0285(03)00035-5
http://dx.doi.org/10.1016/j.tics.2018.09.004
http://dx.doi.org/10.1037/h0059216
http://dx.doi.org/10.1017/S026988970000051X
http://dx.doi.org/10.1113/jphysiol.1992.sp019111
http://dx.doi.org/10.1016/0042-6989(81)90180-2
http://dx.doi.org/10.1016/S0378-5955(00)00194-5
http://dx.doi.org/10.1073/pnas.1206387109
http://www.ncbi.nlm.nih.gov/pubmed/23074251
http://dx.doi.org/10.1152/jn.1998.79.6.3272
http://www.ncbi.nlm.nih.gov/pubmed/9636126
http://dx.doi.org/10.1037/h0030891
http://dx.doi.org/10.1111/j.1467-6494.1949.tb01241.x
http://dx.doi.org/10.1016/j.neuropsychologia.2014.08.005
http://dx.doi.org/10.1167/13.5.3

Vision 2020, 4, 17 21 of 21

83.

84.

85.

86.

87.

88.

89.

90.

91.

Conrad, V,; Kleiner, M.; Bartels, A.; O'Brien, J.H.; Biilthoff, H.H.; Noppeney, U. Naturalistic stimulus structure
determines the integration of audiovisual looming signals in binocular rivalry. PLoS ONE 2013, 8, e70710.
[CrossRef]

Roseboom, W.; Nishida, S.Y.; Arnold, D.H. The sliding window of audio—visual simultaneity. J. Vis. 2009, 9,
4. [CrossRef]

Morein-Zamir, S.; Soto-Faraco, S.; Kingstone, A. Auditory capture of vision: Examining temporal
ventriloquism. Cogn. Brain Res. 2003, 17, 154-163. [CrossRef]

Stenzel, H.; Francombe, J.; Jackson, P.J. Limits of perceived audio-visual spatial coherence as defined by
reaction time measurements. Front. Neurosci. Switz. 2019, 13, 451. [CrossRef]

Fujisaki, W.; Shimojo, S.; Kashino, M.; Nishida, S.Y. Recalibration of audiovisual simultaneity. Nat. Neurosci.
2004, 7, 773. [CrossRef] [PubMed]

Simon, D.M.; Noel, J.-P.; Wallace, M.T. Event related potentials index rapid recalibration to audiovisual
temporal asynchrony. Front. Integr. Neurosci. 2017, 11, 8. [CrossRef] [PubMed]

Scharnowski, F.; Rees, G.; Walsh, V. Time and the brain: Neurorelativity: The chronoarchitecture of the brain
from the neuronal rather than the observer’s perspective. Trends Cogn. Sci. 2013, 17, 51-52. [CrossRef]

Gu, J.; Kanai, R. What contributes to individual differences in brain structure? Front. Hum. Neurosci. 2014, 8,
262. [CrossRef] [PubMed]

Hayashi, M.].; Kantele, M.; Walsh, V.; Carlson, S.; Kanai, R. Dissociable neuroanatomical correlates of
subsecond and suprasecond time perception. J. Cogn. Neurosci. 2014, 26, 1685-1693. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1371/journal.pone.0070710
http://dx.doi.org/10.1167/9.12.4
http://dx.doi.org/10.1016/S0926-6410(03)00089-2
http://dx.doi.org/10.3389/fnins.2019.00451
http://dx.doi.org/10.1038/nn1268
http://www.ncbi.nlm.nih.gov/pubmed/15195098
http://dx.doi.org/10.3389/fnint.2017.00008
http://www.ncbi.nlm.nih.gov/pubmed/28381993
http://dx.doi.org/10.1016/j.tics.2012.12.005
http://dx.doi.org/10.3389/fnhum.2014.00262
http://www.ncbi.nlm.nih.gov/pubmed/24808848
http://dx.doi.org/10.1162/jocn_a_00580
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Background 
	Impetus for the Present Study 

	Methods 
	Participants 
	Stimulus and Equipment 
	Procedure 

	Results 
	Staircase Sequences 
	Psychometric Curves 
	PSS Estimates 
	JND Estimates 
	Response Times 

	Model-Based Estimates of Rate and Bias 
	Discussion and Conclusions 
	References

