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1 General introduction

Imagine that someone from behind you suddenly yells:“Hey, catch this!” You would prob-

ably instantly turn around, look at the person who’s yelling, localize and try to catch

whatever he is throwing at you. That is a typical example of multisensory perception, in-

tegration and action. Everything you perceive is used to determine your reaction towards

the situation. If one of more sources of information would not be there your reaction would

be completely different. If you could not hear the person yelling at you, you probably

would not turn around and get hit. If you can not see the object you should catch, you

do not know what, when and where to catch it. And if you were not able to use haptics

and proprioception, the catching itself would be impossible. So all sensory information is

needed to give a relevant reaction towards the situation.

Multisensory perception is an important factor in perceiving the world around us.

Almost everything we perceive is a combination of multiple sensory inputs. The experience

of perceiving inputs in multiple modalities is not only nescessary, it could also increase

pleasure; e.g., listening to a live concert instead of listening to a recorded part of the same

music. It could also increase intimacy; e.g., having a discussion in person instead of talking

by telephone or skype, and it could increase intensity of an experience; e.g., 3D cinema

with moving chairs. Also in sports multisensory perception is essential, for example a

baseball umpire makes the decision between ‘run’ or ‘out’ on the time differences between

the sound of the ball in the catcher’s glove and the visual information of the player’s

sliding on the home plate.

In the natural world there are hardly any events that produce sensations in a single

modality, but in a technological or virtual world all properties of objects or events could

be adjusted separately. For example, a real object could be seen, touched, and when it

falls you can hear it break or bounce. However, for a virtual object all these aspects can

be changed independently or left out. So you could hear bouncing sounds while you see

that the object is already broken, or there might be odd spatial (different location) or

temporal (different timing) discrepancies between the auditory and visual information.

One of the best known examples of temporal discrepancies is on television, when the

moving lips are not temporally aligned with the sound of the spoken words. Most people

find this really annoying, because they have to invest more effort to try to combine the

sensory input into a relevant percept with auditory and visual information.

Temporal discrepancy might be very annoying in audio-visual stimuli, but how much

do we need to invest in temporal alignment? At this point technology and behavioral
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psychology merge. In behavioral psychology researchers try to find the general proper-

ties and the limits of the human abilities to combine and integrate multisensory input.

Technology can use these findings for improving technical applications and developments.

Besides physical and behavioral psychological research, multiple reseach areas are in-

terested in multisensory perception. For example, neurophysiology (How do we process

and integrate multisensory input on a neural level?), cognition (Why do we interpret our

multisensory perceptions the way we do?), developmental psychology (Are perception and

action based on multisensory input inborn or learned?), technical (How can multisensory

perception be used in multimedia devices?), and medical sciences (Can deficits in multi-

sensory perception be repaired?). All these areas will benefit from accurate theories on

multisensory interactions, and therefore it is important that knowledge, methods and ef-

fects are exchanged and compared between research areas to test multisensory perception

in different settings.

A relevant example is audio-visual synchrony perception. From physics we know that

the speed of light is about a million times as fast as the speed of sound (in air). When

something happens just in front of us, the temporal delay between the auditory input

and visual input will be very small, but when the same event happens at a distance of

20 m from us, the delay of the sound signal is increased to about 60 ms. Therefore,

we have to accept the fact that for the majority of the events we encounter in daily life

sound will arrive a little bit later in our perceptual system than light. However, from

psychological research is known that our perceptual system processes sound much faster

than light (50 ms vs. 10 ms) (e.g., Arrighi et al., 2006; King, 2005). Therefore, not only

physical influences, but also perceptual psychology should be explored to create realistic

virtual worlds.

Let’s focus on this perceptual side of audio-visual synchrony perception. To perceive an

auditory and visual signal as being in synchrony, the signals should be correctly integrated.

This integration of visual and auditory inputs in the human brain works properly only if

the components are perceived in temporal proximity, that is if the relative time difference

falls within the so-called synchrony range. Within this synchrony range we do not judge

the auditory and visual components separately, but we combine them succesfully into one

percept. The midpoint of this range is defined as the Point of Subjective Simultaneity

(PSS), which means that at this relative position the auditory and visual component

are most likely to be perceived in perfect synchrony with each other. This PSS is not

nescessarily the same as the Point of Objective Stimultaneity (POS), which is the point

at which the auditory and visual component have no physical delay and are physically

in synchrony. This physical delay between the auditory and visual component is called

Stimulus Onset Asynchrony (SOA), which is 0 ms for physical synchrony.
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In research on perceptual synchrony these PSS values and synchrony windows (for all

combinations of sensory inputs) are typically measured with the temporal order judgment

task and the synchrony judgment task (for a detailed review, see Vroomen & Keetels

(2010)). In these tasks subjects indicate which signal came first (temporal order judgment)

or if the signals were synchronous or not (synchrony judgment).

Altough a lot of experiments have been done, there is still not much known about

audio-visual interactions in the temporal domain. Most audio-visual experiments are em-

pirical rather than theory-based, and phenomenological effects are named, but hardly

quantified. However, to quantify and predict the human abilities and limits of audio-

visual synchrony perception a theoretical framework about the underlying mechanisms is

necessary. To start with such a theoretical framework it is interesting to use paradigms

known from other, e.g., unimodal, research areas to predict effects in audio-visual stim-

uli. These predictions could be tested in experimental settings and with the results of

these experiments paradigms could be transferred, adapted or discarded for audio-visual

research. The same could be done with methods from other research areas.

Therefore, in this research we designed two experiments based on unimodal research.

In the first experiment we used an observation from both auditory and visual research,

which states that the onset of a stimulus shifts into the stimulus for longer stimuli dura-

tions. If these effects are transferred to audio-visual stimuli, they would influence audio-

visual synchrony perception. In the second experiment we investigated the phenomenon

of auditory capture in audio-visual perception, which is called temporal ventriloquism.

We tested a quantification method known from auditory and speech research to quantify

temporal ventriloquism. Both experiments are were used for the first time in this research

area and should give new insights in audio-visual synchrony perception.
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2 Experiment 1: Effect of stimulus duration on audio-

visual synchrony perception

For real-world events that produce visual and auditory information, like a ball hitting

the ground, the human brain combines the multisensory input into one event. It would

be strange to see a ball hitting the floor at one moment and hear the sound of the ball

hitting the ground several seconds later or from the other side of the room. In normal life

there are hardly any situations in which temporal or spatial discrepancies between sensory

inputs give problems. However, for understanding human sensory processes and creating

perceptually realistic virtual environments, it is necessary to find the exact compensation

ability of the human brain for temporal and spatial discrepancies. In this first part of

the thesis we will focus on the perception of onset synchrony for different durations of

auditory and visual input.

2.1 Introduction

The onset of a sound is important for the characteristics of the sound. For example in

speech, when the orginal onset consonant of a vowel is removed, it is almost impossible

to identify the vowel correctly (e.g., Strange & Bohn, 1998). Also perception of rhythm

is based on the onsets of a sequence of tones or sounds. However, the physical onset does

not necessarily have to be the same as the perceived onset. In both speech and sound per-

ception research it was found that the perceptual onset of a stimulus shifts away from the

Figure 1: Temporal shift ∆t of the perceived
onset for various durations of a signal, using a
constant 25-ms reference signal. Each point rep-
resents the average of six subjects with six mea-
surements each, and the curve represents the
fitted model. Reproduced from Schimmel &
Kohlrausch (2008), Fig.1

physical onset when stimulus duration

increases (Marcus, 1976; Schimmel &

Kohlrausch, 2006; Schütte, 1978). For

short stimuli there is no shift in perceived

onset, which means that the perceived on-

set is at the same position at the physical

onset. For longer stimuli, the onset shift

increases to about 20 ms from the physical

onset as stimulus duration increases from

10 ms to 400 ms (see Figure 1, reproduced

from Schimmel & Kohlrausch, 2008). Al-

though this paradigm had been studied

scarcely in the visual modality, at least

one study observed a comparable effect

of perceived onset shifts for visual stim-

uli (Brenner & Smeets, 2010). Brenner
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and Smeets found that the matched onset asynchrony of two visual stimuli increased for

longer flash durations. This means that the participants matched the onsets of two flashes

differently for different flash durations. In their experiment the shift was even larger than

the shifts found in auditory research. It is of interest to know whether the patterns would

be similar for bimodal stimuli to further explore temporal interactions in audio-visual

stimuli (Van Eijk et al., 2008). Boenke, Deliano and Ohl (2009) measured the effects

of stimulus duration in an audio-visual synchrony perception task. In their experiment,

participants made temporal order judgments (TOJs) for three different durations of the

audio-visual stimuli for different stimulus onset asynchronies (SOAs). They did not vary

the duration of the auditory and visual components independently, but changed them

together between 9 ms and 500 ms. They found for most participants a clear shift in the

point of subjective synchrony (PSS) when the stimulus duration was increased, but the

effect was inconsistent between subjects. Overall there was no effect of stimulus duration.

However, the PSSs of the participants with the most positive PSSs for the short stimuli

decreased when the stimulus duration was increased, whereas the PSSs of the participants

with the most negative PSSs increased when the stimulus duration increased. The authors

suggested that there might be a convergence effect for increasing stimulus duration, per-

haps due to the increased amount of information about the temporal events as duration

increases within a certain range.

The convergence effect for increasing stimulus duration suggested by Boenke et al.

is not completely in line with the expectations based on auditory and visual duration

experiments. For example, Brenner and Smeets (2010) reported that when the duration

of a visual stimulus was increased, the perceptual onset of the visual stimulus shifted in a

positive direction.This means that the perceived onset of the visual stimulus in a bimodal

synchrony judgment task should also increase, and the auditory stimulus would have to

occur later (compared to shorter visual stimuli) to produce perceived onset synchrony. A

similar result has been found in auditory research (Marcus, 1976; Schütte, 1978; Schim-

mel & Kohlrausch, 2006). When the duration of the auditory stimulus is increased, the

perceptual onset of the auditory stimulus shifts in positive direction. This means that

a longer auditory stimulus would have to be presented earlier to preserve apparent on-

set synchrony. The relative size of these effects is not exactly known, and therefore it

is difficult to predict what should happen if both durations are increased. If the effects

are of the same size there would be no effect on the PSS values when both durations are

increased equally. If one of the effects is stronger an increase or decrease in PSS values

for varying equal durations would be seen.

To measure the effects of auditory and visual onset shifts and any interaction effect,

we designed an experiment in which both the audio signal and the visual signal were
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independently varied in duration. The durations of the components were one frame (11.8

ms), which is the shortest period we could create, six frames (70.8 ms), because that is in

the same range of duration in which Brenner and Smeets found a large duration effect on

visual stimuli, and 25 frames (295 ms), which was chosen because it extends the range to

that investigated in earlier studies (Boenke et al., 2009; Schimmel & Kohlrausch, 2006).

A synchrony judgment task with three response categories (SJ3) was used, because this

experimental task results in reduced variance of the PSS estimates between subjects when

compared to those obtained in a TOJ task (Van Eijk et al., 2008).

We expect to find an auditory (decreasing PSSs) and visual (increasing PSSs) main

effect for stimulus duration and an interaction effect from which we could derive the

relative strength of the duration-induced perceived onset shift for auditory and visual

stimuli.

2.2 Method

A simple bimodal stimulus was used which consisted of a flash-click pair. The flash-click

stimulus is very basic and commonly used to measure perceptual temporal order and

synchrony judgments as there are no context cues that could help the participant predict

or anticipate the stimuli (Sternberg & Knoll, 1973; Van Eijk et al., 2008).

2.2.1 Participants

Fifteen participants took part in the experiment (three females). Four of the participants

were experienced in this research area (the author and supervisors) and voluntarily joined

the experiment. The other participants were näıve about the experiment and received a

payment of 30 Euro. All participants reported (corrected-to-) normal vision and normal

hearing. The participants varied in age from 19 to 68 years, with a mean of 39 years.

2.2.2 Design

The design of the experiment was a within-subjects design, which means that all partic-

ipants joined in all conditions. Each conditions was divided into two runs with a short

break in between. Within one run the duration of the auditory and visual components

of the stimuli were constant, but the relative stimulus onset asynchrony (SOA) between

flash and click was varied. There were 15 values, from -350 ms to 350 ms in steps of 50

ms, with negative values indicating audio first and positive values indicating video first

presentations. Physical synchrony was defined as an SOA of 0 ms (the Point of Objective

Synchrony: POS). There were three duration values for both the flash and the noise burst,

which means that nine conditions were measured in a completely crossed design.
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2.2.3 Stimulus

The visual part of the flash-click stimulus consisted of a white disk (97 cd/m2 as measured

using an LMT L1003 luminance meter) shown for one frame (11.8 ms), six frames (70.8

ms) or 25 frames (295 ms) at a central position on the screen. The disk had a diameter

of 49 pixels and subtended an area of about 1.4◦ at an unconstrained viewing distance of

about 60 cm. The total duration of the visual stimulus was 2 s, during which four corners

of a surrounding square were visible, in order to indicate the central location of the flash.

The square was presented to give the participants spatial and temporal information about

the upcoming flash and click. The temporal occurrence of the flash was randomized, with

the restriction that it occurred within the time window of 500−1500 ms after the onset of

the surrounding square. The acoustic part of the stimulus consisted of an 11.8 ms, 70.8

ms or 295 ms white-noise burst with a sound pressure level of 67 dB.

2.2.4 Apparatus

The visual stimulus was shown on a Dell D1025HE CRT monitor at a resolution of 1024

x 768 pixels and at an 85-Hz refresh rate. The auditory stimulus was played through a

Creative SB Live! sound card, a Fostex PH-50 headphone amplifier, and Sennheiser HD

265 linear headphones. Participants were seated in front of the monitor at an approximate

distance of 60 cm and responded using a keyboard. The setting was a dimly lit, sound-

attenuating room (Van Eijk et al., 2008).

2.2.5 Procedure

The participants received written instructions about the response options of the experi-

ment and the use of the keyboard. Participants had to judge the synchrony or asynchrony

of the components of the audio-visual stimulus and respond by pressing a number in the

numeric keypad on the keyboard. For all participants, the number “1” was used to

indicate an audio first decision, “2” was used for synchronous responses, and “3” was

used to indicate a visual first judgment. The response was briefly shown on the screen,

but without any feedback about the correctness of the response. First, the participants

received a practice block, which consisted of 15 audio-visual stimuli with the same dura-

tions of flash and click as in the upcoming trial run. In the practice block each of the

15 audio-visual delays was presented once. After practice, the measurement trials were

presented. Within each block of 225 trials (divided into two parts by a short break), all 15

delays were presented 15 times each, resulting in a total of 225 judgments per condition

for each participant. Measuring one condition, a practice block + measurement block,

lasted around 15 minutes after which the participant could have a break, then a second
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condition, followed by another break, and then the third condition. The three sessions of

about an hour (each consisting of three conditions) were measured on three different days

within a two-week period.

2.3 Results

Figure 2: Lower (gamma) and higher (lambda)
horizontal asymptotes used to fit the psychome-
tric functions

To analyze the data a method was used

comparable to that of Van Eijk et al.

(2008). In this method, the response pro-

portions for all three response categories

were fitted with a psychometric function

of the form γ + (1 − γ − λ)F (α, β), with

F being the cumulative Gaussian distri-

bution with mean α and standard de-

viation β. Fitting was done using the

MATLAB psignifit toolbox, which im-

plements the maximum-likelihood method

described by Wichmann & Hill (2001).

Stimulus-independent lapses (e.g., pressing

the wrong key or blinking during stimulus presentation) are fitted by the γ (lower hor-

izontal asymptote) and λ (higher horizontal asymptote) parameters (Figure 2). Some

of the γ (gamma) and λ (lambda) parameters are later removed from the theoretical or

underlying psychometric function, which is assumed to represent the actual perception of

the participant (rather than the observed performance (Van Eijk et al., 2008)).

The raw data were plotted for each participant for each condition (an example plot for

one subject is shown in Figure 3). Two participants did not score above 50% for synchrony

judgments in all nine conditions and therefore were excluded from further analyses. The

results of a third participant were excluded from further analysis because there were major

differences in the results between sessions. There might have been a switch in response

strategy based on an explanation error from the experimentator.

The data from the remaining 12 participants were analyzed separately for each par-

ticipant and each condition. In the data, the γ and λ parameters were removed for the

audio first and video first curves, because there was a point at which everyone always

responded “audio first” and another point at which they always responded “video first”.

These points could theoretically be outside the range of this experiment, but this was not

a problem in fitting parameters. For the synchronous response set, the data were split into

two data sets, left and right, for which separate fits were made. The data point(s) with

the maximum synchronous response proportion were included in both data sets. These
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Figure 3: Example of data curves for one
condition of one participant, PP3, condi-
tion A2-V3 (audio 70.8 ms - video 295 ms).
The connected dots show the reponse pro-
portions for all three response categories for
different SOAs.

separate curves allowed the underlying psychometric functions to be asymmetric and to

have different slopes from audio first to synchronous responses and from synchronous to

video first responses. For the fit of the underlying synchronous curve the λ parameter

was kept, because theoretically it is not necessary to have a point at which participants

always made a synchronous response (Figure 4).

The PSS values are based on the synchrony range of the measurements. This range

is limited by the synchrony boundaries, which are calculated by the intersections of the

fitted asynchronous curves (audio first and video first) with the synchronous curves. The

PSSs are defined as the mean of the synchrony boundaries (Figure 4). This procedure

was repeated for each condition for each participant separately. The PSS values for each

condition of each participant can be found in Table 1 and the mean synchrony curves for

each condition (Appendix A) show the mean fitted synchrony curves.
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(b) Synchronous curves

Figure 4: Example of the fitted curves through the data points for one condition of one
particpant, PP3 condition A2-V3 (audio 70.8 ms - video 295 ms) (left). The synchronous curve
of the same condition of the same participant with indications of the synchrony boundaries and
the PSS (right)
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Condition A1-V1 A1-V2 A1-V3 A2-V1 A2-V2 A2-V3 A3-V1 A3-V2 A3-V3

Participant

PP0 30.9 40.8 20.1 47.2 42.3 30.6 23.3 20.4 13.4
PP1 3.4 1.3 1.3 -8.7 3.0 -58.1 -53.0 -20.3 -27.9
PP3 -11.4 4.4 1.6 1.1 -10.8 16.3 -31.1 -15.3 11.9
PP5 -44.9 -79.4 -11.5 -51.9 -37.4 -3.4 -25.1 -26.1 -23.2
PP6 8.2 19.8 4.1 -27.6 4.8 22.4 -4.7 -31.5 -9.5
PP7 15.8 41.0 54.1 43.6 28.4 61.1 22.9 3.0 40.4
PP8 52.6 12.1 16.6 59.5 1.1 46.5 28.7 29.7 12.1
PP10 11.8 16.3 13.6 7.5 4.6 20.4 -7.7 3.3 -2.7
PP11 32.1 42.8 31.5 14.8 15.2 58.8 -5.0 -13.4 11.1
PP12 41.6 49.4 61.5 58.4 44.2 65.8 28.4 34.5 52.3
PP13 -14.8 -7.1 25.7 -2.7 -7.5 30.1 4.0 14.7 20.5
PP14 76.2 9.8 4.1 7.0 4.4 29.0 27.8 1.0 23.2

Mean 16.8 12.6 18.6 12.4 7.7 26.6 0.7 0.0 10.1
SE 9.4 9.9 6.3 10.0 6.6 9.7 7.8 6.3 6.8

Table 1: PSS for each condition of each participant. Conditions are indicated by the duration
of the auditory (A) and visual (V) components of the stimuli; A1/V1 = 11.8 ms, A2/V2 = 70.8
ms, A3/V3 = 295 ms

In the analysis we first compared the results from the three conditions with equal

stimulus durations, which amount to 16.8, 7.7. and 10.1 ms, respectively. Paired sample

t-tests showed no differences between PSS values of all three durations (all t-values <

1.0). These results are comparable to those reported by Boenke et al. (2009). However,

they found PSS values of about 20 ms for all conditions, while our results for the equal

duration conditions are on average 10 ms smaller. Furthermore, their variation in the

data was much larger than ours (SE of 10-15 ms with 24 participants in their data vs SE

of 6.6-9.4 ms with 12 participants in the present study). Although the variation and the

width of the synchrony window (Table 2) of the shortest duration conditions are larger

than for the longer duration conditions, we did not find significant evidence to support

the convergence effect suggested by Boenke et al.. However, from the wider synchrony

ranges and the higher SE for the mean PSS value we might conclude that it is harder to

judge short stimuli.

Condition A1-V1 A1-V2 A1-V3 A2-V1 A2-V2 A2-V3 A3-V1 A3-V2 A3-V3

Mean 296.9 271.2 258.6 262.5 260.0 271.9 234.1 262.4 270.7
SE 5.5 6.7 6.4 5.1 7.0 7.9 6.8 7.1 7.0

Table 2: Mean width of the synchrony window for each condition. Conditions are indicated by
the duration of the auditory (A) and visual (V) components of the stimuli; A1/V1 = 11.8 ms,
A2/V2 = 70.8 ms, A3/V3 = 295 ms
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We next compared the effects of the separate duration conditions. An initial analysis

found no significant differences in PSS values nor any interactions involving the short

(11.8 ms) and medium (70.8 ms) duration conditions. The data were therefore combined

into a single “short duration” condition and compared with the data from the 295 ms

duration condition.

Figure 5: Effects of audio and video duration

These PSS values were analyzed with

a 2x2 ANOVA. The analysis found

a significant main effect for both au-

dio (F (1,11)=13.724, p<.01) and video

(F (1,11) = 5.647, p<.05) duration. The in-

teraction effect was not significant (F (1,11)

< 1). The results show that as auditory

duration increases, the PSS shifts towards

the Point of Objective Simultaneity (POS),

and as video duration increases, the PSS

shifts away from the POS (Figure 5).

2.4 Discussion and conclusion

In the present study the influence of stimulus duration on audio-visual synchrony per-

ception was investigated. The main goal was to find if the unimodal effects of duration

for both auditory and visual research are also present in multimodal, audio-visual, con-

ditions. We found that indeed both effects are observed in the multimodal condition

and that there is no net effect for equal duration, as was also found in previous research

(Boenke et al., 2009). However, in previous unimodal research the effects were larger than

we found in this multimodal experiment. In auditory research the perceived stimulus on-

set was typically shifted by up to 20 ms as stimulus duration increased from 10 ms to 400

ms (Schimmel & Kohlrausch, 2006). We found an effect of 12 ms for a stimulus duration

increase from 12 ms to 295 ms. In visual research even larger shifts of the perceived

stimulus onset have been found, up to 50 ms for a stimulus duration increase from 6 ms

to 72 ms (Brenner & Smeets, 2010), while we found an effect of 10 ms for a larger range.

These differences in effect size of the audio and video duration have several explana-

tions. First, in our experiment we had a relative small amount of data points compared

to the previous (auditory) research. This might have increased the amount of noise and

thereby weakened the observer effect. For the visual effect one might question if the effect

found by Brenner and Smeets (2010) was representative. They had fewer participants and

data points than we had. On the other hand they adapted their visual stimuli according

to Bloch’s law and we did not. Bloch’s law states that for visual stimuli shorter than 100
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ms the constancy of the perceived brightness is given if the energy of intensity x stimulus

duration is kept constant (Bloch, 1885). An increase in energy and perceived brightness

would typically increase the responses to the stimuli and it might compensate for part of

the shift effect. This was seen in the results of Boenke et al. (2009) for two luminance

levels. A comparable effect is known for audio perception. If the apparently brighter

stimuli of the middle duration condition compensated for the duration effect between

short and middle stimuli durations, this could explain the lack of duration effect between

the short and middle stimuli duration. So because we did not increase the intensity for

the shortest stimuli, this could explain why our effects were smaller and why there was

no difference between the two shortest conditions. It might be interesting to test this in

further research. A third explanation about our smaller effects could be that it is harder

to focus on two modalities than it is to focus on one. For example, in the Brenner and

Smeets paper, participants had to compare two visual stimuli next to each other, both

near the center of the visual field. A comparison of two stimuli in the same modality

near the center of attention is much more common and therefore easy to focus on for

(näıve) participants than in the design of our experiment, in which input from two sen-

sory modalities had to be compared. The difference between a single and a multimodal

input can be compared with the effect of prior entry. In experimental conditions studying

the effect of prior entry, participants responded faster to a stimulus attended to, than to

an unattended one (e.g., Titchener, 1908; Weiss & Scharlau, 2011). Comparing unimodal

(attended modality) experiments with multimodal (unattended modality) experiments,

might support the smaller duration effect sizes in multimodal experiments compared to

the duration effects in unimodal experiments.

To conclude, in the present experiment we found an audio and video effect of the dura-

tion of the components in audio-visual experiments on the PSS in a synchrony jugdment

task. When the components have unequal durations one should expect a shift in perceived

synchrony. The shift in perceived synchrony will be in negative direction for longer audio

durations and in positive direction for longer video durations. For equal durations of the

components, the absolute durations of the stimuli have no influence on their perceived

synchrony.
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3 Experiment 2: Temporal ventriloquism in audio-

visual rhythm perception

Conflicts from temporal discrepancies between sensory inputs are rare in perception in

normal life events, but we all know at least one example; the annnoyance when the sound

of speech on television is not exactly aligned with the visual information of the moving

lips. This conflict only happens when one of the sensory inputs is delayed by an amount

that is larger than the delay for which the human brain can compensate. In this research

we will explore the possibility to quantify the compensation ability of the human brain

for temporal discrepancies using a paradigm from rhythm perception.

3.1 Introduction

3.1.1 Historical overview of research on temporal ventriloquism

A number of studies focused on spatial conflicts between visually and auditory informa-

tion. For example, in the act of a ventriloquist the sound of the speech and the visual

information of the speech come from different spatial locations (respectively the ventrilo-

quist and the puppet). In these spatial conflicts, vision usually dominates the perceived

location. Alais and Burr found that vision is the most accurate and reliable human sense

for spatial perception. They also found that when vision is blurred, audition becomes

relatively more dominant (Alais & Burr, 2004). The fact that vision usually dominates

in spatial localization is called ‘ventriloquist effect’.

Vision may dominate in the spatial domain, but in the temporal domain audition

is the more dominant sensory modality (Aschersleben & Bertelson, 2003; Bertelson &

Aschersleben, 2003; Morein-Zamir et al., 2003). Shams et al. (2000; 2002) found the

illusory flash effect, in which multiple auditory beeps can make a single flash being per-

ceived as two or more flashes. Also the time of occurrence of a visual signal can be

influenced by asynchronous sounds (Aschersleben & Bertelson, 2003). Morein-Zamir et

al. called this hearing dominance in perceiving temporal localization ‘temporal ventrilo-

quism’ (Morein-Zamir et al., 2003). The effect of temporal ventriloquism has been found

in specific audio-visual experiments, but, when sound was added, it also influenced well-

known visual effects, like four-dot masking (Vroomen & Keetels, 2009), the flash-lag effect

(Vroomen & de Gelder, 2004) and the visual Ternus effect (Shi et al., 2010). In all these

experiments two different percepts are possible depending on the value of a temporal

parameter. Typically, if the time interval is short one percept is seen, and when the

time interval is longer the other percept is seen. When sounds were added in spatial and

temporal proximity to the visual stimuli, the time interval at which the percepts change
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could be influenced. In these experiments the difference between one (preceding) sound

and two sounds (preceding and following) was tested to find out if there was a ‘temporal

ventriloquism’ effect or just an attentional effect. Both effects seemed to be important.

All experiments mentioned above are based on the same basic effect. Transitions of

visual percepts that change when the time interval increases, could be influenced when

they are accompanied by sounds. In some way the sounds influence the steepness of

the psychometric function which led the authors to conclude that the sounds pull the

visual stimuli away from each other in the temporal domain, which indicate some form of

temporal ventriloquism.

These experimental paradigms are based on the results of Fendrich and Corballis

(2001). These authors performed an experiment in which they presented a visual clock

and a single auditory click to measure auditory capture. A marker rotated around the

positions of a clock. Participants had to indicate the position of this marker when a flash

appeared. A click was audible at the same or a different temporal position as the flash, but

was not be attented to. The results showed, however, that this click clearly influenced the

perceived position of the marker and almost completely captured the temporal position

of the flash (Fendrich & Corballis, 2001).

Based on these results Bertelson and Aschersleben (2003) applied a staircase method

to an audio-visual TOJ task to find the point of subjective synchrony. Sound bursts and

light flashes were presented to the participants, who had to indicate which came first. The

sound bursts and flashes were separated in time by varying stimulus onset asynchronies

(SOAs) and delivered either in the same or in different locations. Although some of the

experimental choices made by Bertelson and Aschersleben in this experiment could be

questioned (e.g., analysis of the first 10 reversals only and staircase steps of 10 ms), the

results showed that when the sounds and flashes come from the same spatial location,

the auditory capture is stronger and works for larger SOAs (Bertelson & Aschersleben,

2003). Similar results were found by Choe et al. (1975), who observed that subjects had

a much higher ‘synchronous’ response for presentations of sound and light from the same

location (with different SOAs) than for presentations from different spatial locations.

In the same year as Bertelson and Aschersleben, Morein-Zamir et al. began a program

of research using auditory signals to pull visual flashes towards or away from each other.

Two green led lights were placed in front of the observer and both lights flashed once during

a trial. The observer had to indicate which light flashed first. Two sound bursts were

added, one preceding the first flash and one following the second flash at different SOAs

to find the auditory capture and temporal ventriloquism effect. To provide a baseline

measurement, sounds were presented simultaneously with the onsets of each of the two

lights. In the first experiment the authors found that the just noticable differences (JND)
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were significantly lower when sounds preceded and followed the flashes by 75 ms, 150 ms

or 225 ms than for the baseline condition. In the second and third experiment the effects

of the separated sounds was tested. They found that only in the conditions in which

the second sound followed the second flash by 100 ms or 200 ms and the first sound was

kept synchronous with the first flash, there was a significant influence on performance.

No effect was found for larger delays and for all conditions in which the first sound was

preceded the first flash while the second sound was kept synchronous with the second flash.

Their conclusion was that only the second sound was important to create the temporal

ventriloquism effect. However, this conclusion might be questionable, because they did

not take into account the asymmetry of the multimodal synchrony window. Given that

the Point of Subjective Synchrony (PSS) is positive for most people and therefore the

synchrony window is located more on the positive (video first) side than on the negative

(audio first) side, we would also expect an asymmetry in the results of the first and second

sound. Therefore, this asymmetry might be the cause that there is an effect for a following

sound by 200 ms, but not by a preceding sound of 200 ms and thereby influencing the

results. Furthermore, one might question if the baseline measure with physical bimodal

synchrony is the most reliable baseline. In a fourth experiment they showed that sounds

in between flashes can lead to worse performance in visual TOJ task by pulling the flashes

towards each other (Morein-Zamir et al., 2003).

The effect of sounds pulling flashes toward or away from each other has been used in

several visual tasks (Shi et al., 2010; Vroomen & de Gelder, 2004; Vroomen & Keetels,

2009). For example, Shi et al. recently showed that the effect can be found by using the

visual Ternus stimulus. Ternus apparent motion is produced by presenting two sequential

visual frames; each frame consists of two dots next to each other, and the two frames,

when overlaid, share one common dot at the center. Depending on the Stimulus Onset

Asynchrony (SOA) between the frames, observers report ‘element motion’ (one dot stays

at the center and the other one ‘jumps’ over it) or ‘group motion’ (the dots jump together

to the right or left). Perception of element motion typically occurs for short SOAs (<150

ms) and perception of group motion for longer SOAs (>180 ms). Shi et al. tested three

conditions; outer sounds (sounds were presented 30 ms preceding the first visual frame and

following the second), inner sounds (sounds 30 ms following the first visual frame and pre-

ceding the second) and synchronous sounds (sounds synchronous with the visual frames).

The results showed that the point of subjective equality (PSE), at which the perceptions

‘group motion’ and ‘element motion’ were reported with equal probability, were the small-

est for the condition with outer sounds, followed by the synchronous sounds condition and

largest for the inner sounds condition. In a second experiment they varied the timing of

one of the sounds (30 ms preceding/following one visual frame, or synchronous), while the
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other sound was presented synchronous with the other visual frame. The results showed

that there was only a significant temporal ventriloquism effect for the condition in which

the sound followed the second frame. Our explanantion would be that this result could

be due to the asymmetry in audio-visual simultaneity. In a third experiment Shi et al.

compared the baseline condition with synchronous sounds to a baseline condition without

sounds. Perceived synchronous sounds were found to lead to bias toward group motion

in the audio-visual condition. To test if this was due to difference in perception of dura-

tion between audio intervals and visual intervals, they designed a fourth experiment. In

this experiment they compared perceived motion for visual, auditory and audio-visual (40

ms preceding/following and synchronous) conditions. The results support the hypothesis

that synchronous auditory stimuli expand the (estimated) interval between visual stimuli

(Shi et al., 2010).

A different method was based on people’s sense of rhythm (Bertelson & Aschersleben,

2003; Repp & Penel, 2002). Bertelson and Aschersleben used the sense of rhythm to

find the temporal effect of vision on audition and of audition on vision. Participants

had to tap with their index finger in synchrony with auditory or visual stimuli, while

ignoring the signal in the other modality. They found a huge effect (93%) of the auditory

distractors on the visual task and a small effect (19%) of the visual distractors on the

auditory task. Unfortunately, the authors did not perform a baseline experiment for the

natural individual asynchronies for tapping with a pacing signal. Furthermore, the authors

assumed that the interaction between the visual and the tactile modality is identical to the

auditory-tactile interaction. This might be a bit too hastily assumed. Research suggests

that there is a natural predisposition for rhythmic movement in response to music and

other metrically regular sounds. Infants at the age of 5 months already move rhythmically

to music (Zentner & Eerola, 2010). Unfortunately, for flashing lights this has not been

tested. Besides that, deaf people are able to dance to the beats and vibrations of music.

It is not clear if they are able to dance in synchrony with flashing lights as well, but if it

was as natural as dancing to vibrations, it would be more widely known.

Another line of research leads to questions about the modality assumption of Bertelson

and Aschersleben; the research of visual-hearing synesthesia. Research showed that visual

rhythms produce activation in multimodal cortices (Penhune et al., 1998), which are

not activated by auditory rhythms. Furthermore, visual rhythms might even activate

the primary auditory cortex (Calvert et al., 1997). Guttman et al. (2005) made people

reproduce both auditory and visual rhythms and found that visual temporal structure

is transformed into an accurate auditory representation. This process of transformation

could be considered as a form of synesthesia, wherein stimulation of one modality evokes

sensory experiences in another [Robertson et al., 2003 in Guttman et al., 2005]. Guttman
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et al. concluded that people tend to hear rhythms in the mind’s ear that are synchronized

with rapidly occurring visual changes. So, if a visual rhythm is recoded into an auditory

representation and then send to the sensorimotor cortex to start tapping, it might not

be surprising that a direct auditory signal interferes with it. On the other hand, if visual

rhythms are always recoded into auditory ones, this is the natural way of human rhythmic

perception and therefore worth investigating.

The effect of temporal ventriloquism has been found in many different settings, but

all of the experiments reported qualitative and relative temporal displacements and have

their own difficulties. Burr et al. (2009) investigated the temporal ventriloquism ef-

fect quantitatively. They performed an experiment in which participants did a temporal

bisection task. A signal had to be placed in the middle of two marker stimuli. With

discrepancies between the auditory signal and the visual flash, dominance in temporal

localization was measured. They found that auditory stimuli tend to dominate visual

stimuli, but the domination was not total and varied highly between individuals. The

results were compared with the results predicted by a one-cue threshold model and a

two-cue threshold model. In contrast to spatial localization (Alais & Burr, 2004), tempo-

ral localization could not be predicted by a Bayesian approach (Burr et al., 2009). This

means that there are still no clear baseline measures for temporal ventriloquism.

3.1.2 Present study

In the current study we introduce a different method to quantify the temporal ventrilo-

quism effect. The method is based on the perceptual center hypothesis (Marcus, 1976)

using isochronous reference sounds. This method was used by Schimmel and Kohlrausch

to measure temporal positioning biases (Schimmel & Kohlrausch, 2006). The stimuli pre-

sented to the subjects consisted of five audible marker pulses of which the third pulse was

ommited. The subject’s task was to temporally align an adjustable auditory target on

the missing third marker position. The temporal displacement between the isochronous

position of the third pulse and the perceptual position gives an absolute measure for the

shift in perceptual occurrence. We used this method for different modalities of marker

and target pulses. The difference between the temporal displacement of auditory target

between visual markers and a visual target between auditory markers should determine

the effect size based on this method. When this effect size, and thereby the temporal

displacement, is large enough, this method could be used for quantifying ‘temporal ven-

triloquism’ by systematically changing temporal conflicts between the auditory and visual

components of audio-visual markers and targets.

We began with a baseline experiment to find the accuracy of the perception of rhythmic

sequences of flashes and clicks. With unimodal markers and targets in the same or different
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modality the accuracy and the offset (processing time necessary to perceive a stimulus)

could be found. We expected that the accuracy of the aligned target will increase with

the number of auditory stimuli (marker or target). This gave an order from low to higher

accuracy of respectively visual markers-visual target (v-v), visual markers- auditory target

(v-a), auditory markers-visual target (a-v) and auditory markers-auditory target (a-a).

We expected no offset for the conditions in the same modality, v-v and a-a, because the

processing time to perceive the stimuli is assumed to be equal for all five stimuli. For

the a-v and v-a conditions we expect an offset with the same magnitude, but in opposite

directions. The auditory target between visual markers is expected to be placed later in

time than at the bisection of the temporal positions of the second and fourth markers

and the visual target between auditory markers is expected be to placed earlier in time

than at the bisection of the temporal positions of the second and fourth markers. This

shift was expected to be equal because it is based on the same difference in processing

time between auditory and visual stimuli. The auditory stimuli are processed faster than

the visual ones and this difference is expected to be consistent (Arrighi et al., 2006; King,

2005).

The second part of the experiment used multimodal markers and visual targets. The

visual target had to be aligned with the visual components of the markers. By structurally

changing the stimulus onset asynchronies (SOAs) of the visual and auditory parts of the

markers, we expect to find the boundaries of auditory capture. Based on the assumption

that temporal ventriloquism is based on auditory capture, and auditory capture only oc-

curs when the components of a multimodal stimulus are perceived as being in synchrony,

predictions can be made for this experiment. When the SOAs are within the window of

synchrony we expect that the visual targets should be aligned with the auditory compo-

nent of the markers within the window of apparent synchrony, because people perceive

the components of the markers as single events and auditory input stimulates rhythm

perception processes more than visual input. Outside the synchrony window, however,

an auditory target should still be aligned to the auditory component of the markers, but

the visual target should be aligned to the visual component of the markers. This would

result in comparable results between the av-v condition and the a-v condition of the first

experiment for the SOAs within the window of synchrony, and comparable results be-

tween av-v condition and the v-v condition of the first experiment for SOAs outside the

synchrony window. In this experiment we chose three SOAs which are typically within

the synchrony window (-50 ms, 0 ms, +50 ms) and two that are expected to be clearly

outside the synchrony window (-150 ms and +300 ms).

With this method we expect to be able to quantify the ventriloquism effect. This will

give new insights in multimodal perception.
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3.2 Method

The perceptual rhythm of the stimulus was given by 5 stimuli with an inter onset interval

of 700 ms. On the first, second, fourth and fifth position of the rhythm a marker stimulus

was located. The target stimulus was positioned at a random position between the second

and fourth marker positions and the subject’s task was to exactly align the target in the

rhythm (Figure 6). The stimuli used for the markers and targets were (a combination

of) simple flashes and clicks, which are very basic stimuli and previously used to measure

perceptual temporal order and synchrony judgments as there are no context cues that

could help the participant predict or anticipate the stimuli (Sternberg & Knoll, 1973; Van

Eijk et al., 2008).

3.2.1 Participants

Twelve participants took part in the experiment (four females). Three of the participants

were experienced in this research area (the author and supervisors) and voluntarily joined

the experiment. The other participants were näıve about the experiment and received a

payment of 30 Euro. Two of them had participated in the previous audio-visual duration

experiment. All participants reported (corrected-to-) normal vision and normal hearing.

The participants varied in age from 20 to 69 years, with a mean of 32 years.

3.2.2 Design

Every participant performed two different tasks. In the first and third session the partici-

pants did an adaptation task with audio-visual markers and a visual target. Within one

run the relative stimulus onset asynchrony (SOA) between flash and click of the markers

was varied. There were 5 values (-150 ms, -50 ms, 0 ms, 50 ms, 300 ms), with negative

values indicating audio first and positive values indicating video first. Physical synchrony

was defined as an SOA of 0 ms (the POS). These delays were chosen because the middle

three are expected to be within the synchrony window, while the first and last conditions

should be definitely outside the synchrony window measured in previous experiments (Van

Eijk et al., 2008).

In the second session the participants performed an adapatation task with unimodal

markers and target. There were four different combination of markers and target (audio-

audio (a-a), audio-video (a-v), video-audio (v-a), video-video(v-v)). The conditions were

blocked and ordered in a balanced Latin square design.
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Figure 6: Design of the experiment. In the
upper sequence there are audio-visual mark-
ers and a visual target that should be aligned
to be in synchrony with the visual compo-
nents. The light grey bars indicate the posi-
tion of the physical midpoint between the vi-
sual and auditory components. The second
and third sequence show the unimodal con-
ditions. Because there is a difference in pro-
cessing speed between auditory and visual
information we expect the auditory signal to
be placed between the flashes later than the
physical midpoint and we expect the flash
between auditory clicks to be placed earlier.

3.2.3 Stimuli

The visual part of the rhythm stimulus consisted of a white disk (97 cd/m2 as measured

using an LMT L1003 luminance meter) shown for one frame (11.8 ms) at a central position

on the screen. The disk had a diameter of 49 pixels and subtended an area of about 1.4◦

at an unconstrained viewing distance of about 60 cm. During the experiment four corners

of a surrounding square were visible, in order to indicate the central location of the flash.

The square was presented to give the participants spatial information about position of

the flashes. The temporal occurrence of the markers was set with an inter onset interval

of 700 ms. In the conditions with audio-visual markers, the position of the flash was fixed

at the 700 ms rhythm and the position of the click was relative to that. The acoustic

parts of the stimulus consisted of 11.8 ms white-noise bursts with a sound pressure level

of 67 dB.

3.2.4 Apparatus

The visual stimulus was shown on a Dell D1025HE CRT monitor at a resolution of 1024

x 768 pixels and at an 85-Hz refresh rate. The auditory stimulus was played through a

Creative SB Live! sound card, a Fostex PH-50 headphone amplifier, and Sennheiser HD

265 linear headphones. Participants were seated in front of the monitor at an approximate

distance of 60 cm and responded using a keyboard. The setting was a dimly lit, sound-

attenuating room (Van Eijk et al., 2008).

3.2.5 Procedure

The participants received written instructions about the response options and the use of

the keyboard. Participants had to align the target stimulus to the rhythm of the marker

stimuli. In the first and third session the target (flash) had to be aligned with the visual
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component of the audio-visual markers (flashes). The audio component was a distractor.

In the second session the target (flash or click) had to be aligned with the markers (flashes

or clicks), without any distractors present. At the start of a trial the target was placed at

a random position between the second and fourth (marker-) positions. After perceiving

this start position the participant could start adapting the temporal position of the target

by pressing keys on the keyboard. They had five response possibilities; “1”, which means

a big step earlier, “2”, a small step earlier, “3”, repeat the current situation, “4”, a

small step later, “5”, a big step later. Big and small steps represent 5 and 1 frames,

respectively. After each response the stimulus started again and the participant could

judge the rhythm. Participants were allowed to make as many adjustments as nescessary

to be satisfied with the rhytm. When they were satisfied with the result, “f” could be

pressed to finish the trial and start with the next one.

In the first session participants started with the audio-visual markers and visual tar-

gets. There were five audio delays, each delay was presented 12 times which resulted in

60 trials. The trials were presented randomly. This session lasted around 40-55 min-

utes. In the second session the unimodal conditions were measured. The four conditions

were presented in blocks of five identical trials. Each block was presented four times in a

semi-random order (four different blocks were presented in random order, then again four

different blocks in random order, etc.), this gives a total of 80 trials. This session of 80

trials lasted around 50-60 minutes. The third session was comparable to the first session,

but now each condition was presented 15 times, resulting in 75 trials (45-60 minutes). In

each session participants could take a small break after each trial as they needed it. The

three sessions were run on three different days within a two-week period. After the third

session the participants were asked some general questions about their age, if they play

a musical instrument, and they were asked to describe their tactics in the audio-visual

sessions.
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3.3 Results

First the raw data of the unimodal conditions were analyzed. For each participant the

mean adapted values and standard deviations for the different conditions were calculated

(Table 3). The results of participant 4 were excluded from further analyses because his

standard deviations were about twice as high as the mean of the other standard deviations

and the directions in which this participant shifted the answers seemed to be based more

on guessing than on perception.

The mean adapted values showed that there was hardly any shift for the conditions

with marker and target in the same modality. Also the accuracy for these conditions

was quite high. The mean adapted values of the a-v and v-a condition were shifted in

opposite directions by about 25-30 ms. When the markers were auditory and the target

was visual, the target was placed 31 ms earlier than at the physical midpoint. In the

reverse condition, visual markers and audio target, the target was placed 26 ms later than

the physical midpoint.

The mean adapted values for all participants were analyzed in a 2 x 2 ANOVA (marker

modality x target modality). The analysis found a significant main effect for both marker

F (1,10)=6.732, p<.05) and target (F (1,10)=19.924, p<.01) modality. The interaction

effect was not significant (F (1,10)<1). The results show that the adapted values are

more negative (earlier on the time axis) for auditory markers than for visual markers

and also that the adapted values are more positive (later on the time axis) for auditory

targets compared to visual targets (Figure 7b). These shifts in adapted position give a

(a) Results unimodal conditions (b) Marker and target effect unimodal conditions

Figure 7: Both figures show the mean adapted values of unimodal conditions. The first letter
indicates the marker modality, the second the target modality. The mean values are the position
relative to the physical midpoint between the seond and fourth marker. The values are in ms.
The error bars represent SEs.
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Condition A-A A-V V-A V-V
Participant Mean SD Mean SD Mean SD Mean SD

PP0 -4.7 36.4 -79.1 102.2 21.0 62.7 24.2 79.4
PP1 11.8 70.7 -39.5 105.0 3.5 106.4 -7.1 61.2
PP2 2.4 25.0 -36.6 54.4 15.3 68.8 -3.0 32.9
PP3 5.3 23.8 1.2 56.4 29.5 33.0 -11.2 26.4
PP4 -40.1 119.6 7.1 159.7 24.9 134.7 33.0 136.0
PP5 -11.8 39.0 -73.2 94.8 101.5 57.1 18.3 88.1
PP6 -9.4 22.2 -54.9 85.1 38.9 57.6 -4.7 44.4
PP7 10.0 46.8 -14.8 63.0 11.8 92.2 20.1 62.8
PP8 -4.1 16.4 2.4 30.5 44.6 41.6 -5.3 25.8
PP10 -10.0 30.5 -39.5 85.3 -14.4 71.0 -18.3 42.2
PP11 11.8 19.1 5.3 105.0 78.7 68.6 -4.7 29.0
PP13 -0.6 11.8 -15.9 56.7 56.2 -40.1 56.2 32.8

Mean 0.1 -31.3 26.4 -2.3
SE 2.6 8.6 11.5 5.0

Table 3: Results of experiment 2a; Mean adapted values and standard deviations for each
condition of each participant. The first letter of the condition indicates the modality of the
markers, the second the modality of the target. The values are in ms. Participant 4 was
excluded based on the large standard deviations and therefore this data was not included to
calculate the overall means and standard errors.

measure for the difference in processing speeds for auditory and visual stimuli. It takes

less time to process a sound than a flash, and therefore the conditions with the combined

modalities have equal shifts, but in opposite direction (Figure 7a). The size of these

relative transductive delay is about 25-30 ms, which is larger than the delay found in

previous synchrony judgment tasks, which was about 15-20 ms (e.g., in Experiment 1 of

this thesis, {Van Eijk et al., 2008}).
To analyze the data of the second part of the experiment, the data of the audio-

visual markers and visual target, the mean adapted values and standard deviations were

calculated for each participant for both sessions. Initial tests showed no difference in the

adapted values between the two sessions and therefore the data were combined. Also in

this experiment the data of participant 4 were excluded from further analysis because of

the large standard deviations in all conditions (Table 4).

Of initial interest is the adapted value of the av-v condition with no audio delay (SOA

= 0 ms). If the participants had been able to ignore the sound and align the flash solely

to the visual componets of the markers (flashes) the adapted value would not differ from

zero, as in the v-v condition in Experiment 1. On the other hand, if participants were

not able to align the flash with the flashes, but aligned it to the auditory components, we

would have seen the same shift, due to the differences in internal processing speed, as in

condition a-v in Experiment 1. Initial tests show that the adapted values in Experiment 2
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Audio delay
-150 ms -50 ms 0 ms 50 ms 300 ms

PPnr. Mean SD Mean SD Mean SD Mean SD Mean SD

PP0 -31.5 63.4 -26.2 73.6 -20.1 83.6 -27.5 85.8 15.7 96.6
PP1 -53.3 86.9 -62.5 76.4 -53.8 96.2 -22.7 84.3 4.4 79.2
PP2 -40.2 42.3 -17.9 38.1 -5.9 37.3 2.6 38.5 -8.2 46.9
PP3 -62.5 36.0 -31.9 30.5 -17.9 25.2 3.5 28.5 16.2 29.1
PP4 -24.9 139.8 12.7 142.3 8.3 147.7 -16.6 164.1 42.8 125.2
PP5 -70.4 79.7 -23.6 81.6 -73.9 80.4 -28.8 124.7 -30.2 100.6
PP6 -49.4 50.4 -42.8 40.4 -42.8 44.7 -12.2 41.3 11.4 60.7
PP7 -57.3 38.4 -17.9 66.1 6.1 56.3 8.7 53.7 34.5 87.3
PP8 -15.3 27.0 -9.2 24.3 3.5 31.2 -6.6 31.6 -19.7 32.1
PP10 -17.9 58.1 -41.1 54.0 -5.7 47.5 7.4 53.1 8.3 59.1
PP11 -6.6 42.8 0.9 55.5 21.0 49.9 39.3 43.2 27.1 37.6
PP13 -76.5 32.6 -58.6 29.0 -41.5 38.8 -17.9 37.7 -13.6 27.5

Mean -43.7 -30.1 -21.0 -4.9 4.2
SE 7.1 6.0 8.7 6.1 6.0

Table 4: Result of experiment 2b; Mean adapted position and standard deviations for each
condition of each participant. All conditions had audio-visual markers and a visual target.‘Audio
delay’ indicates the temporal delay of the audio component of the markers relative to the visual
component. The values are in ms. Participant 4 was excluded based on the large standard
deviations and therefore this data was not included to calculate the overall means and standard
errors.

for a SOA of 0 ms are significantly different from zero and from the value found for the a-v

condition in Experiment 1. This mean that the adapted value is based on a combination of

the visual and auditory components of the markers. One could describe this as a weighted

mean over the modalities or as temporal ventriloquism.

After finding temporal ventriloquism in the condition with physically aligned marker

components it is interesting to explore the effects of changes in the SOAs. For the overall

effect of audio delay the mean adapted values of the participants were analyzed in an 1

x 5 (audio delay) ANOVA. The analysis found a significant main effect for audio delay

F (4,7)=7.435, p<.05). This shows the influence of the audio delay on the perceived

isochronous rhythm of the flashes.

The data could be interpreted in different ways (Figure 8). If we assume that the

temporal ventriloquism or auditory influence on visual perception is not limited to the

so-called synchrony range of audio-visual perception, we could do a linear regression with

all 5 data points. In that situation the audio delay significantly predicted the mean

adapted value of the flash, b=.106, t(10)=4.22 , p<.05 . The audio delay also explained a

significant proportion of variance in the adapted values, R2=.856, F(1,10)=17.826 p<.05

(Appendix B, Figure 10a).
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Figure 8: Mean adapted values
of experiment 2b. Conditions rep-
resent audio-visual markers with
an audiodelay relative to the vi-
sual component as indicated on the
x-axis. The mean values are the
positions relative to the physical
midpoint between the seond and
fourth marker. The values are in
ms. The error bars represent SEs.

However, we might question if this analysis provides the most appropriate way to

interpret the data. Initially, we expected an effect of auditory delay within the synchrony

window and no effect outside this window (or, range of synchrony perception). If we take

a look at the data from this point of view we could see that the SOAs of the markers

of -50 ms, 0 ms, and 50 ms are without any doubt within the window of synchrony and

people are not able to identify which of these components (auditory or visual) started

earlier (e.g., in Experiment 1 and {Van Eijk et al., 2008}). The SOA of -150 ms was

expected to be outside the synchrony window, but in Experiment 1 we could see that the

50% boundary of the synchrony curve in the short-short condition was about -120 ms.

Therefore, the SOA of -150 ms might not be large enough to reduce the influence of the

sound on the adapted value of the flash completely (see Appendix B for linear regressions

of four and three datapoints). However, the influence (relative to the SOA) is already

reduced compared to the three values within the synchrony window. Close comparisons of

the differences between these four points showed that the influence relative to the auditory

delay was the largest between the SOAs of 0 ms and 50 ms, about 32%. As expected, this

was the same range in which most subject’s PSS values were in the short-short condition

in Experiment 1. The effect between -50 ms and 0 ms was a bit smaller, about 18%. Closer

to the left boundary of the synchrony window, between -150 ms and -50 ms, the effect

was decreased further to 13%. At the SOA of 300 ms the adapted value was not different

from zero and could be interpreted as not being influenced by the auditory components

of the markers at all. This means that the data found in this experiment are compatible

(although not exclusively) with our initial hypothesis.
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3.4 Discussion and conclusion

In the present study a new method for quantifying temporal ventriloquism was tested. In

the first part of the experiment the main goal was to quantify the differences in processing

speeds of auditory and visual stimuli in the human brain. We found, as expected, that

there was no offset in adapted position for the condition with markers and target in the

same modality (a-a and v-v). Furthermore, the method showed the difference between

auditory and visual processing for both combinations of auditory and visual markers and

targets. The auditory target between visual markers was placed later in time than at the

bisection of the temporal positions of the second and fourth marker and the visual target

between auditory markers was placed earlier in time than at the bisection of the temporal

positions of the second and fourth marker. The size of this relative transductive delay

was found to be 25-30 ms, which is slightly larger than the delay between the auditory

and visual stimuli that led to the strongest synchrony percept (10-15 ms) in previous

experiments with the same stimuli (Experiment 1 and {Van Eijk et al., 2008}). This

difference in effect size might be due to the fact that there was a task shift in Experiment

2 which was not present in previous experiments. In synchrony judgment tasks the subject

is focused on which modality is first stimulated. Although these tasks use two modalities,

no modality switch had to made during the trial. In our experiment subjects had to switch

actively between the marker modality and the target modality and back. Therefore, any

switch costs (e.g., Yeung & Monsell, 2003) might have increased the relative transductive

delays.

Also the standard deviations show interesting results. The accuracy of the a-a con-

dition is in the same range as found in previous auditory experiments (Schimmel &

Kohlrausch, 2006). The standard deviations are increasing when more visual compo-

nents are added (a-v and v-a), but for the v-v condition the accuracy is only slightly less

than it was for audio only condition. This means that it is possible to adjust the temporal

position of a visual target to accurately create an isochronous visual rhythm.

The data of the second part of Experiment 2 are harder to interpret. In this part of

the experiment the adaptation method with isochronous rhythms was used to quantify

the temporal ventriloquism effect and the range of auditory capture. Analyzing the data

shows that mainly two explanations are possible. First, we could say that the auditory

influence on visual stimuli is equal to a constant proportion (11%) of the auditory offset

(at least within the range of SOAs from -150 to 300 ms).

However, this interpretation of a constant influence of the auditory offset is not in line

with earlier findings of temporal ventriloquism (Aschersleben & Bertelson, 2003; Bertelson

& Aschersleben, 2003; Morein-Zamir et al., 2003). A more likely explanation is that the

auditory influence on the perceived position of the visual markers is highest when the SOAs
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are small and lie within the synchrony range. When the SOAs become too large and are at

the boundaries or outside the synchrony window, the net effect of the auditory component

on the perceived temporal position of the flash decreases and finally disappears. Within

the range of perceived synchrony the effect size of temporal ventriloquism relative to the

SOAs might then be predicted from the synchrony curve. This means that the relative

influence is the highest at the SOA of the PSS and decreases to both sides (gradually)

back to zero. To test this theory and be able to quantify the temporal ventriloquism

effect for different SOAs more research should be done. By structurally manipulating the

SOAs of the markers in smaller and equal-sized steps, the complete range of effects of

temporal ventriloquism could be found with this isochronous rhythm method. It might

also be interesting to investigate the temporal ventriloquism effects for higher and lower

frequencies of the rhythm and longer stimulus durations.

To conclude, in the present experiment we tested a new method in audio-visual per-

ception. In the first experiment was found that the method is sensitive enough to give a

clear measure of the transductive delay in processing auditory and visual stimuli. In the

second experiment, we found that the effect size of temporal ventriloquism depends on

the size of the SOA and whether the delay between the auditory and visual component

are within the range of perceptual synchrony. The results of these experiments show

that this method of isochronous rhythm perception is a promising method in audio-visual

synchrony perception and temporal ventriloquism.
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4 General conclusions

This graduation project was designed to find new insights in audio-visual synchrony per-

ception. The main goals of the study were to find the effect of stimulus duration on

audio-visual synchrony perception and to test a new method to quantify temporal ven-

triloquism.

In the first experiment the effect of stimulus duration on audio-visual synchrony per-

ception was measured. From auditory research it is known that the perceptual onset of a

stimulus shifts into the stimulus when the stimulus duration is increased. This effect has

also been suggested for visual stimuli. In Experiment 1 we showed that both effects are

seen in audio-visual perception, but that they are smaller than in the unimodal condi-

tions. The effects are of equal size for the audio component and the video component of

audio-visual stimuli. This means that there is no net effect when both components have

equal durations.

The main goal of the second experiment was to test if the adaptation method with

isochronous rhythm perception could be used to quantify temporal ventriloquism. In

the first part the method was used to find the transductive delays between auditory and

visual processing in the brain. Although there were individual differences, the results

were clear. In the conditions with markers and target in the same modality there was no

offset, and subjects were quite accurate in aligning the target stimulus. In the conditions

with markers and target in different modalities, there were clear offsets in positive and

negative directions, indicating that the auditory component is processed about 25-30 ms

faster than the visual component. The accuracy measures showed that it is harder to

align an auditory target between visual markers than reverse.

In the second part of the experiment, the amount of temporal ventriloquism and

auditory capture in conditions with audio visual markers and a visual target was measured.

The results do not violate the theory and hypothesis that temporal ventriloquism is the

strongest within the audio-visual synchrony window, decreases at the boundaries and is

absent (far) outside this synchrony window. However, the results also do not exclusively

support this theory, because the results also had a strong linear correlation with the

auditory offset. This means that the influence of the auditory component on the visual

stimuli might be equal to a constant proportion of the auditory offset. Despite these

different possible explanations, we think that this method will be able to measure the

expected range and strength of temporal ventriloquism. Further research with more

fine-grained steps in SOAs should give a structural overview of the effects of temporal

ventriloquism.

To conclude, both studies explored new aspects of audio-visual synchrony perception

and gave us new insight in the nature of multimodal perception.
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5 Summary

In this graduation project for the master study Human-Technology Interaction, several

aspects of audio-visual synchrony perception were investigated in two studies.

To perceive auditory and visual signals as being in synchrony, the signals should be

correctly integrated. This integration of visual and auditory inputs in the human brain

works properly only if the components are perceived in (spatial and) temporal proximity,

meaning that the relative time difference falls within the so-called synchrony range. The

midpoint of this range is defined as the Point of Subjective Simultaneity (PSS).

The first experiment was designed to investigate the influence of stimulus duration on

synchrony perception. In Experiment 1, we measured the PSS for audio-visual stimuli

in a synchrony judgment task, in which subjects had to judge a given stimulus using

three response categories (audio first, synchronous, video first). The relevant stimulus

manipulation was the duration of the auditory and the visual components of the bimodal

stimulus to find the effects of stimulus duration on synchrony perception. The motivation

for this manipulation includes results for unimodal stimuli showing that the perceived

onset (the so-called perceptual center of a stimulus) shifts with increasing duration to

points after the physical onset. These unimodal shifts should be reflected in the PSS

values, if audio-visual stimuli of different durations are combined. The results for 12

subjects indeed showed a significant shift of the PSS for different duration combinations

of the audio and the video components. Because the unimodal shifts were found to be

approximately equal for the audio and the video component, no net shift of the PSS was

observed as long as the durations of the two components were equal, independent of the

overall duration (at least within the duration range explored here).

In the second experiment a method based on rhythm perception to quantify tempo-

ral ventriloquism was tested. The first part of the experiment was designed to find the

structural differences in processing speed of audio and visual components in the human

brain. Subjects perform an adaptation task in which they had to align a central tar-

get into an isochronous rhythm constructed by four markers. Both target and marker

modality were manipulated, both could be audio or video signals. For target and mark-

ers in the same modality no offset is expected, but when target and marker modality

are different, the structural differences in processing speed of auditory and visual signals

should influence the results. The results of 11 subjects showed indeed no offsets for the

congruent conditions and clear offsets for the incongruent conditions. The shifts are 25-30

ms and comparable in size, but opposite in direction for the audio markers-video target

and reverse. This baseline experiment is important for interpreting results of following

experiments using this method.

The second part of this experiment was designed to quantify the amount of temporal
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ventriloquism and auditory capture in conditions with audio-visual markers and a visual

target. The design was identical to the first part of Experiment 2, but now the markers

consisted of auditory and visual components. The target was always a unimodal visual

signal. Subjects had to align the visual target with the visual component of the audio-

visual markers. By structurally manipulating the Stimulus Onset Asynchronies (SOAs)

of the markers, we could determine the influence of the auditory components. The results

of 11 subjects yield several possible interpretations, but the most likely explanation seems

to be that the auditory components influence the adapted position of the target when the

SOAs of the markers are within the range of synchrony perception. Outside this range

the effect decreases to zero.

Both studies are important for understanding and quantifying the human ability to

compensate for temporal delays between auditory and visual components in audio-visual

perception. The methods indicate the precision that is nescessary to give an accurate

representation of environmental events and cause-and-effect relations. Future technical

developments for real life games and virtual reality devices could use the results of these

studies to determine the level of precision in which to invest.
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A Experiment 1: Mean fitted synchrony curves

(a) A1-V1 (b) A1-V2 (c) A1-V3

(d) A2-V1 (e) A2-V2 (f) A2-V3

(g) A3-V1 (h) A3-V2 (i) A3-V3

Figure 9: Mean synchrony curves for all conditions. The parameters of the curves are the
means of the fitparameters of individual subjects. Conditions are indicated by duration A1/V1

= 11.8 ms, A2/V2 = 70.8 ms, A3/V3 = 295 ms. Dashed lines indicate the synchrony boundaries
and PSS.
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B Experiment 2: Regression lines

(a) Regression of all the adapted value of all SOAs measured

(b) Regression of the first four SOAs

(c) Regression of the middle three SOAs

Figure 10: Regression lines of the adapted values for all measured SOAs (a), the first four
SOAs (b), and the middle three SOAs (c).
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