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CHAPTER 1
INTRODUCTION



INTRODI.'CTION

1.1 Introduction
Most natural events are processed by a number of different sensory mechanisms. The
most famous everyday-hfe example in this comes from the speech domain, in which
seeing and hearing a talker provides the listener with multisensory information that is
initially processed by specialized visual and auditory neural pathways. Another
intersenson' example that concerns more different senses simultaneously, involves the
clapping of your hands. When doing so, the brain receives visual, auditory, and tactile
information about the hand-clapping experience, and is furthermore provided with
efferent copies of motor commands. In other words, you will see your hands reaching to
each other, hear the clapping sound when the hands hit, feel the hands touching, and
while doing this your brain constantly registers what the position of the hands is in
reference to the body. The point is that although the information from the different
senses is initially processed by different sensory pathways, the brain eventually combines
these information streams and forms one coherent multisensory 'hand-clapping' percept.

The question how the sensory modalities cooperate and form coherent
representations of the environment is the focus of much recent behavioural and
neuroscientific research (Calvert et al, 2004; Spence & Driver, 2004). The common
approach for exploring intersensory pairing is by studying conflict situations in which two
or more sensory modalities receive incongruent data concerning one aspect of a source.
The question is then whether and how the perceptual system resolves the conflict. One
well-known example of such a conflict is the ventriloquist situation, in which an observer
typically perceives the speech sound as coming from the mouth of the puppet, while it
actually originates from the ventriloquist performer's motionless mouth. Here, the spatial
conflict between the auditory and visual input is perceptually resolved by the visual
'capture' of the location of the sound (Howard & Templeton, 1966). In the present thesis,
the temporal analogue of this ventriloquist situation, called temporal ventriloquism is used to

examine crossmodal pairing. Instead of a spatial conflict between modalities, a temporal

incongruent situation is created by presenting auditory and a visual stimuli at slightly
different onset times. The typical outcome in this temporal ventriloquist situation is that
the sound 'captures' the onset time of the light in order to maintain temporal coherence

(Morein-Zamir et al, 2003; Scheier et al, 1999; Vroomen & de Gelder, 2004b). This
illusion, and the effects of it on the longer term (i.e., temporal recalibration) are used in the
present thesis to explore the conditions under which intersensory integration in general
occurs.

In the rest of this chapter, the following issues will be discussed: First, the function of
intersensory pairing (§1.2) and the approaches to explore it (§1.3) are described. Then, a
short review of intersensory integration studies is given (§1.4), and the constraints on
intersensory pairing are discussed (§1.5). Finally, some theoretical models (§1.6) and the
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CHAFIER 1

neural substrates of temporal intersensory pairing are described (§1.7), and an overview of

the thesis (§1.8) is given.

1.2 The function of intersensory pairing
The possession of multiple sensory systems, and the integration between these senses

provide human observers with clear behavioural advantages (Miller, 1982,1986; Odgaard
et al., 2004; Stein et al, 1996; Sumby & Pollack, 1954; Summerfield, 1979). The most

obvious benefit results from the complementary nature of the different senses. This
means that due to each sense's specialization in processing different kinds of information,
more precise percepts of the external world can be formed. Vision for example possesses

die modali)  spedfic proper(y of seeing colour, whereas only audition is specialized in hearing
different pitches, and taste typically can separate differences in sweetness. Another
perceptual gain that results from combining information from the different sensory

systems concerns the fact that the different senses provide the receiver with redundant
information about events. In other words, more robust multisensory percepts can be
obtained since the different modalities also process similar stimulus properties. Examples
of these so-called ' amodal'  properties are spatial location, intensity, shape, texture, duration,

temporal rate, size, and rhythm (Lewkowicz & Knebel, 2004). Unlike modality specific
and amodal properties which are perceived independently by the different sensory

modalities, the perceptual system is also provided with information that emelges when two

or more sensory inputs are concurrently available. An example of such an 'emegent' property
for intersensory pairing is temporal synchrony, which cannot be perceived independently

by the different senses but only exists when information from different modalities is
combined (Lewkowicz & Kraebel, 2004). Crossmodal integration on the other hand, is in
some cases also necessao for the processing of information within modalities. Vision for
example is dependent on proprioceptive information, since without afferent copies of the
motor system no stable visual images can be formed (Gibson, 1966).

1.3 Examining intersensory pairing
Intersensory pairing is typically studied by the use of conflict situations in which
incongruent information about potentially the same distal event is presented to different
modalities. An example of such a conflict situation that is frequently used in intersensory
speech research, concerns the McGurk effect (McGurk & MacDonald, 1976). Here, a
particular visual speech token is presented in synchrony with another auditory token and
typically modifies the auditory percept  (see  also §1.4.1) Generally, two kinds of effects
can be observed when participants are exposed to such conflicting inputs; namely

immediate bias', and after-effects.

10



INTRODUCTION

Immediate bias
Immediate effects are direct changes in the perception of stimuli in a target modality that

are produced by the presentation of incongruent information in another modality. In
temporal ventriloquism for example, a sound and a light are presented at slightly different
onset times, and what typically occurs here is that the perceived onset time of the light is

shifted in time towards the timing of the sound (Morein-Zamir et al., 2003; Scheier et al.,
1999; Vroomen & de Gelder, 2004b). Other studies in which immediate bias' are

examined (or used in order to examine intersensory pairing) are discussed more
extensively in the next section (e.g., McGurk effect, spatial ventriloquism, crossmodal

dynamic capture, 'flutter-driving-flicker', 'illusory flash' effect, 'bounce illusion' etc.).
Although immediate effects can be very informative about the way intersensory

perception works, one should always be careful with its interpretations since response
conflicts, and strategic or cognitive factors might possibly change responses while
perception is unaffected. Response conflicts reflect changes in responses due to
competition at the level of response selection. A well known example of a response
conflict in vision is the Stroop interference task in which participants often make mistakes
in    naming the colour in which   a   word is written (Stroop,    1935).    In    this    task,   two

conflicting stimuli are presented together, such as when a word 'blue' is written in red ink,
there is competition at the level of response selection, rather than at a perceptual level.

Strategic or cognitive factors might also unintentionally affect responses in intersensory
pairing studies. When a sound and a light are presented at slightly different timings for
example, and the participant is asked to judge which modality came first, while he/she is
instructed to attend vision, the participant might possibly adopt a post-perceptual strategy

in answering with more vision-first responses (Shore et al, 2001; Spence et al, 2001)
When studying immediate bias' in crossmodal perception, these post-perceptual strategies,
and response conflicts are not informative about the integration process itself, while these

do affect the results. The experimenter should thus find ways to check on these, or to
circumvent them (by for example using orthogonal response dimensions; Cairney, 1975;

Drew, 1896; Shore et al., 2001; Spence et al., 2001).

After-effects
After-effects are changes in perception that occur after exposure to intersensory conflict

situations. In after-effect studies, a participant is typiCally exposed to an intersensory
conflict for some time (i.e., exposure phase), followed by a unimodal test-phase in which
a response is required. An after-effect is then measured as a perceptual modification in
the unimodal post-test-phase, when compared to a baseline test-phase prior to exposure.
The occurrence of after-effects implies that exposure to conflicting inputs recalibrates

processing in the respective modalities, eventually resulting in a reduction of the
experienced conflict. An example of an after-effect in spatial crossmodal processing,
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CHAPTER 1

concerns an auditory localisation shift after being exposed to synchronous sounds and
lights that are spatially separated (i.e., ventriloquism after-effect; Canon, 1970; Radeau &

Bertelson,  1969, 1974; Recanzone,  1998;  see  also §1.4.2) Given that after-effects  are

generally measured as changes in perception after being exposed to a particular stimulus-

conflict, cognitive strategies or response conflicts are mostly not involved here. Another
advantage of using after-effects for studying intersensory pairing is the possibility to test
whether the after-effect generalizes to different test stimuli than the ones used during
exposure (see Chapter 9; Keetels & Vroomen, in press-a). The occurrence of
generalization can be informative about the level at which the crossmodal integration
processes take place. Frissen and co-workers (Bertelson et al, 2006,2003; Frissen et al.,
2005) for example explored the conditions under which after-effects of spatial
ventriloquism can be obtained, and it was shown that after-effects generalize, within
certain limits, to different frequency sounds and to sounds at different locations.

1.4 Overview of intersensory studies
In the present paragraph a short review of the literature concerning intelsensory pairing is
given. Examples of intersensory pairings in speech, space, and in the temporal domain
will be discussed. Given that the present thesis concerns intersensory pairing in the
temporal domain mostly, studies relating this issue will be described most extensively.

1.4.l Speech
Immediate bias. Speech processing is one of the most famous examples of auditory-visual
integration in a natural scene. The fact that visual speech (a face that articulates speech)
can dramatically enhance the intelligibility of auditory speech in noise, demonstrates the

importance of vision for speech processing (Sumby & Pollack, 1954; Summerfield, 1979)
It is also well-known that visual speech can alter the perception of perfectly audible
speech sounds when visual speech stimuli are mismatched, as demonstrated by the
M(Gurk efect (McGurk & NiacDonald, 1976). Here, a visual consonant is dubbed onto a
different auditory consonant and the incongruent visual stimulus modifies the auditory

percept. For example, when a visual /ga/ is dubbed onto an auditory /ba/, participants
frequently report to 'hear' a different consonant /da/, despite the fact that participants
would clearly perceive /ba/ if they closed their eyes. In this situation, the auditory token
is biased toward the lip-read visual distracter, and the intermodal conflict is resolved by

perceiving an intermediate solution.

After-effects. Recently, after-effects of incongruent auditory-visual speech stimuli have also

been demonstrated. Bertelson et al. (2003) showed recalibration of auditory speech by lip-
read information. When an ambiguous sound intermediate between /aba/ and /ada/ (AP)
was dubbed onto a face articulating either /aba/ or /ada/ (Vb or Vd), the proportion of
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responses consistent with the visual stimulus increased in subsequent unimodal auditory
sound identification. For example, when participants were exposed to APVb (ambiguous

sound, clear visual /aba/), listeners reported more /aba/ responses in subsequent
auditory testing. This shows that the visual information has shifted the interpretation of
the ambiguous auditory phoneme in its direction. This shift, then, is observable in
subsequent unimodal testing, revealing recalibration.

1.4.2 Space
1mmediate bias. Another frequently examined example of intersensory discrepancy involves
spatial localisation. In this case, participants are presented with spatially incongruent
information about a distal event. Probably the most-studied phenomenon in this field is
the ventriloquist dect, named after the performing ventriloquist who creates the illusion that
the produced speech originates from the puppet's mouth (Howard & Templeton, 1966).
In the laboratory, the effect also occurs when a visual stimulus is presented

simultaneously with an auditory stimulus at a slightly disparate spatial location. Generally,
the participant has to indicate the location of the auditory input by pointing, gaze, or
some kind of verbal response, while he/she is instructed to ignore the spatially discordant
visual input. The typical result reported is that the location of the sound is perceived to be
displaced in the direction of the visual input (Bertelson, 1994,1999; Bertelson & Radeau,

1981; Radeau, 1994; Radeau & Bertelson, 1978; Welch, 1978).
Spatial intersensory bias' also occur between other pairs of modalities: for instance

between vision and touch (the so-called visual capture of touch), vision and
proprioception (e.g., Pavani et al, 2000; Pick et al, 1969), audition and proprioception
(Pick et al., 1969), and audition and touch (Cactin et al, 2002). In the visual-tactile case,
vision typically modifies the perceived location of the tactile stimuli, whereas in the
auditory-tactile stimulus situation, tactile stimuli bias' the location at which a sound is

presented.
Dynamic stimuli (i.e., motion stimuli) may also induce ventriloquist-like effects.

Mateeff, Hohnsbein, and Noack (1985) observed that a light that moves on a frontal
screen creates the impression that a static sound is moving as well, a phenomenon they
called dynamic visual capture. Kitajima and Yamashita (1999) also reported auditory motion
perception to be influenced by visual motion. They showed this to occur even when the
physical motion directions of the auditory and visual stimuli were perpendicular or
opposed to each other. Recently, Soto-fat:aco, Spence and Kingstone (2004) reported
similar effects for apparent motion stimuli. Here, participants were presented with an
apparent visual motion display while at the same time auditory apparent motion was
presented, either congruent or incongruent with the direction of the visual motion. The
participant's task was to judge the direction of the auditory motion. The results showed a

strong congrueng €ffect, visual motion interfered with auditory motion, as if the perception
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of the auditory motion was 'captured' by the visual motion. That is, sounds were
perceived to move in the same direction as the visual motion, whether these were

congruent or not (see also Sanabria et al., 2005a; Soto-Faraco et at, 2002; Strybel &
Vatakis, 2004). Using the same crossmodal dynamic capture paradigm, Craig (2006) showed
comparable results for visual-tactile motion integration as visual motion interfered with
tactile motion (see also Lyons et al, 2006). Sanabria, Soto-Faraco and Spence (20051))
furthermore showed crossmodal dynamic capture effects on auditory apparent motion to
be larger when two irrelevant dist:racter modalities were presented (tactile plus visual

motion)

After-effects. Besides the immediate effects of spatial disparity, much research has explored

whether the reduction of spatial discrepancy in a ventriloquist situation outlasts the
intersensory stimulation long enough to be observable as after-effects. Radeau and
Bertelson (1974) tested participants' auditory localisation abilities by use of a pointing task
that was performed before and after exposure to a series of spatially disparate sound-light
pairs (i.e., the visual stimulus was virtually displaced by prisms). Although none of the
participants noticed the spatial disparity during exposure, a unimodal auditory localisation
shift in the direction of the prismatic displacement was measured after adaptation (see

also Canon, 1970; Radeau & Bertelson, 1969; Recanzone, 1998). It is now generally
agreed that after-effects of long term exposure to spatial disparity reflect a recalibration
process that results in a reduction of the perceived discrepancy. It may play an important
role in achieving and maintaining a coherent intersenson' representation of space (Held,
1965; Welch, 1978). Radeau and Bertelson (Radeau & Bertelson, 1977) explored the
consequences of temporal de-synchronisation on the after-effects and showed a
significant reduction of the effect when the sound lagged the visual input by 350 ms
during exposure.

Although adaptation to Stimult in the horizontal plane has been studied most
extensively for static stimuli, motion studies have also been performed On this topic. By
using the paradigm of contingent auditory motion after-efect (CAMA·, Dong et al., 1999),
Vroomen and de Gelder (2003) reported an effect of visual motion exposure on auditory
motion perception afterwards. In a CARiA paradigm, participants are typically exposed to

rightward moving sounds with falling pitch alternating with leftward-moving sounds with
rising pitch (or vice versa). After exposure, unimodal auditory motion perception typiCally
shifts in the opposite direction as the exposure-sounds. When for example, a static sound
with rising pitch was presented after exposure, the sound was perceived as moving
rightward. Vroomen and de Gelder explored how this phenomenon was affected by
visual motion. Their results showed that auditory after-effects (i.e., the shift in the
unimodal auditory perception after adaptation) were bigger when a visual stimulus moved
in the same direction as the sound during adaptation than when no visual stimuli were

14



INTRODUCTION

presented. When the visual stimulus moved in the opposite direction, after-effects became

contingent upon the visual motion, demonstrating strong perceptual links between visual
and auditory motion-processing systems. Kitagawa and Ichihara (2002) reported similar
auditory after-effects whenever participants were exposed to auditog-visual motion in depth.
In their study participants were exposed for a few minutes to an auditory-visual motion
stimulus that could either be looming or receding (the visual part inclined or declined, and
the sound became more or less loud). Afterwards, a steady sound was perceived as
changing in loudness in the opposite direction. A control condition showed that an
auditory-alone exposure stimulus did not result in after-effects, which made the authors
conclude that for the processing of motion in depth, the auditory system responds to

both auditory and visual motion.

1.4.3 Temporal
The temporal domain consists of different stimulus features, like temporal synchrony, rate
and duration. Studies relating these different features will be discussed separately.

Temporal synchrony
In order to integrate st:imuli from the different senses, the brain needs to deal with
differences in physical and neural transmission times between the senses. Sounds for
example travel through air much slower than visual information does (i.e., 300,000,000
m/sec for vision, versus 330 m/sec for sounds), whereas there is virtually no physical
transmission time through air in touch as tactile stimuli are always presented directly at
the body surface. The neural processing of visual information on the other hand typically
takes more time than neural auditory processing does. This is caused by both the slower
chemical phototransduction of visual stimuli in the retina compared to the mechanical
transduction of sound waves by the hair cells of the inner ear (King & Palmer, 1985), and
by the longer visual neural transmission times compared with auditory stimulus
transmission times (Fain, 2003). For tactile stimulation though, there is even variation
within the modality as information from the toes has to travel a longer distance to the
somatosensory cortex than a touch on, for example, the nose.

Both the differences in physical transmission time through air, and the differences in
neural processing speed require the brain to be flexible on intersensory timing (Arnold et
al, 2005; King, 2005; Kopinska & Harris, 2004; Spence & Squire, 2003). The studies
discussed below indeed provide evidence for the idea that intersensory synchronization is
flexible. These studies demonstrate that the brain typically shifts the point at which
crossmodal simultaneity is perceived when slightly asynchronous stimuli are presented
(immediate bias), and that this shift is still observable following prolonged exposure to

asynchronous intersensory inputs (after-effect).
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Immediate bias.· Temporal I·'entnloquism.  When a sound  and a light  are  presented at slightly
different onset times (usually   in the order   of approximately    100    ms), the perceived
temporal asynchrony is typically reduced in such a way that the onset of the light is
shifted towards the flash. This phenomenon is called temporal ventriloquism (Morein-Zamir
et al., 2003; Scheier et al., 1999; Stekelenburg & Vroomen, 2005; Vroomen & de Gelder,
2004b).

Scheier, Nijwahan and Shimojo (1999) demonstrated temporal ventriloquism by use
of a visual temporal order iudgement (TOJ) task. Participants were presented two lights,
one above and one below a fixation point, at various Stimulus Onset Asynchronies
(SOAs) mnging between 60 ms up-first and 60 ms down-first. The task was to iudge
which light came first, the upper or the lower. In order to induce temporal ventriloquism,
Scheier et al. added two sounds to this visual task that could either be presented before
the first and after the second light (condition AVVA),or in between the lights (condition
VAAV). Their results showed that visual temporal resolution improved (i.e., participants
became more sensitive on the TOJ task) in the AVVA condition, compared to the VAAV
condition. Due to temporal ventriloquism, the two sounds presumably attracted the
temporal occurrence of the two lights, and thus effectively pulled the lights further apart,
or closer together in time, respectively. The temporal resolutions of additional one-sound

conditions, AVV and VVA, were not different from a visual-only baseline, suggesting that
the effects were not due to the initial sound as a warning signal, or some cognitive factor
related to the observer's awareness of the sounds. By running more experiments with the
same methodology, Morein-Zamir, Soto-Faraco and Kingstone (2003) replicated the
temporal ventriloquist effect found by Scheier et al., and furthermore explored the time-
window at which the temporal ventriloquist effect occurred. Sound-light intervals of 100
to 600 ms were tested, in which case either the first sound preceded the first light by that
interval and the second sound was simultaneous with the second light, or the first sound
was simultaneous with the first light and the second sound trailed the second light with a
100 to 600 ms interval. The results showed that the second sound induced temporal
ventriloquism up to sound-light intervals of 200 ms, whereas the first sound did not affect
TOJ sensitivity at all (see Figure 1.1 for a schematic illustration of the conditions).

Another demonstration of the auditory attraction of the perceived visual onset time

(i.e., temporal ventriloquism) comes from a study of Vroomen and de Gelder (2004b). In
their study, temporal ventriloquism was demonstrated by use of the pasb-lag' paradigm. In
the typical flash-lag effect (FLE; Nijhawan, 1994; Nijhawan, 1997,2002), a flash appears

to lag behind a moving visual stimulus even though the stimuli are presented at the same
physical location. In order to induce temporal ventriloquism, Vroomen and de Gelder
added a sound to the flash which could either be presented simultaneously, or slightly
before or after the flash (intervals of 33,66 and 100 ms). The results showed that the
sound attracted the temporal onset of the flash; a sound presented before the flash, made
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the flash appear earlier, and therefore reduced the FLE, whereas a lagging sound
increased the FLE. The effects were in the order of a 5°6 shift. By using this similar FLE-
temporal ventriloquism-paradigm, Stekelenburg and Vroomen (2005) investigated the
time-course of the electrophysiological correlates of the temporal effect by using Event
Related Potentials (ERPs) Their results demonstrated that the amplitude of the visual Nl
was systematically affected by the manipulation of the tempc,rat interval between the
visual target and the task-irrelevant sc,und in the FI.E paradigm, reflecting facilitation of
visual processing. Based on the latency of the crossmodal effect (190 ms) and its
localisation in occipitoparietal cortex, this study confirmed the senson nature of temporal
ventriloquism.

0 ms AI'-interval:   <SCr

9                              J                                                        I  =Light .[ = Sound
Time

Timing oj first sound manipulated 'rimingol second sound manipulated

100 ms AV-inten·al: 100 ms AJ'-interval:
b .0 D b ..9  J 3 , P 1   J    ,*

200 ms AV-interval: 200 ms AT'-interval:

b                        b          3.8   J .3 9 ;  ' *

>200 ms AV-interval: >200 ms AV-inten·al:
b .9 ,    r             3 0        J:9---a-----         9
Fiw,re 1.1 A schematic illustration of the conditions used by Morein-Zamir et al.
(2003) in Experiment 3. The first sound preceded the first light by 100, 20(1,450, or 600
ms while the second sound was simultaneous with the second light. The second sound
trailed the second light   by   li)0,200,450  or  60() ms, while the first sound appeared
simultaneous with the first light. The baseline condition consisted of the presentation of
two sounds simultaneous   with the light-onsets. Visual  T().1   sensitivitr·   only   improved
when the second sound trailed bv  100 and 200 ms  (see *).

The results described here are consistent with earlier findings of Fendrich and
Corballis  (2001).  Here,  temporal  capture  of vision by sounds  was  demonstrated  in  a
paradigm in which participants iudged when a flash occurred by reporting the clock

position of a rotating marker. The flash was seen significantly earlier when it was
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preceded by a click and significantly later when the click lagged the visual stimulus. It was

reported that when the tlash and click occurred in temporal proximity to each other, the
perceived timing of both events was shifted in such a way that temporal convergence was

perceived.

After-effects: Temporal Recalibration. Besides the immediate temporal ventriloquist effect that
occurs when asynchronous stimulus pairs are presented, long-term effects of adaptive

temporal changes have also been demonstrated. In a study that was performed in parallel,
and published simultaneously with the study described in Chapter 8 (Vroomen et al,
2004), Fuiisaki et al. (2004) demonstrated temporal after-effects on auditory-visual
synchrony perception. In their study, participants were exposed for 3 minutes to a
repeatedly presented tone pip and ring flash, separated by a constant time lag (235 ms

auditon· lead, 235 ms visual lead, or simultaneously). Following exposure, an auditon--
visual simultaneity judgement task (SJ) or a temporal order judgement task (TOJ) was
performed on tone-flash stimuli with particular temporal offsets ranging between 412 ms

auditory lead and 412 ms visual lead. Participants judged whether the sound and light
were simultaneously or not (SJ task), or whether the sound or the light came first (TOj

task). The results showed that the point of subjective simultaneity (PSS; the point, or
interval at which temporal alignment between the sound and the light was perceived), was

shifted in the direction of the exposure lag. So, after exposure to a train of sound-first
stimulus pairs, participants perceived sound-first trials as more simultaneous, and after

light-first exposure, more simultaneous responses were given to light-first trials, showing

that synchrony perception is recalibrated after exposure to auditory-visual asynchrony (see

Vatakis   et al, 2007 for similar PPS-shifts with more complex speech consonant stimuli;

see Chapter 8, or Vroomen et al., 2004 for similar results). This recalibration process
reflects the flexibility of synchrony perception as it is shown to compensate for small

temporal differences between stimuli from different senses. In additional experiments,
Fu jisaki et al. demonstrated that the effect of adaptation to an intersensory temporal
misalignment was even effective when the stimulus was fundamentally changed between

exposure and test (i.e., generalization). The authors adapted participants to asynchronous

tone-flash stimulus pairs and later tested them on the 'bounce' illusion. In this task, two
visual targets that move across each other can be perceived either to bounce off or to
stream through each other. The presentation of a brief sound at the moment that the
visual targets coincide biases visual perception in favour of a bouncing motion, while

without sound most observers report a streaming percept (Sekuler et al, 1997) Fuiisaki et
al. demonstrated that following exposure to asynchronous sound-light pairs, the optimal
delay for obtaining the bounce illusion was shifted in same direction. Temporal
recalibration was thus shown to generalize to different stimuli along the same dimension.
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Although Fujisaki et al. (2004) showed realignment of senson signals in time
manifested by a shift in the point of perceived temporal synchrony, other studies suggest
a different mechanism to compensate for intersensory temporal asynchronies. In a study
of Navarra, Soto-Faraco and Spence (2006) participants were exposed to a 3.5 minutes
train of brief auditory stimuli and tactile vibrations that were presented either in temporal
synchrony or with the sounds leading the vibrations by 75 ms (asynchronous condition).
After exposure, participants performed a series of auditory-tactile TOIs in which the
SOAs (Stimulus Onset Asynchronies) ranged from -240 ms to +240 ms (in which
negative values indicated that the sound preceded the tactile stimulus). Their results
showed that participants required a longer interval (i.e., a higher JND; Just Noticeable
Difference) to correctly perceive the order of the sound and vibration after monitoring
the asynchronous stimulus pairs rather than after synchronous exposure. No shift of
perceived temporal synchrony was found (i.e., no shift of the PSSs). Navarra et al. (2005)
found similar results in a study in which they examined whether monitoring asynchronous
auditory-visual speech could induce temporal recalibration. Higher JNDs were found
when subiects were exposed to desynchronized speech (or music), compared to
synchronized speech (or music) (see also Vatakis & Spence, 2006a, 20061)). In both
studies, Navarra and colleagues suggested a perceptual explanation for these results,
namely the widening of the temporal window due to asynchronous exposure. An
alternative explanation though, with no perceptual basis, might be that higher JNDs were
found because participants became confused by the asynchronous exposure, resulting in
overalllower temporal sensitivity.

Rate perception
Immediate bias. Gebhard and Mowbray (1959) reported a case of crossmodal rate
perception that is currently known as the 'flutter-driving-flicker'-phenomenon. In their study,
participants were required to judge the rate at which a light was flickering, while that light
was presented together with a repeating 'fluttering' sound. The results showed that by
increasing or decreasing the flutter rate, the apparent flicker-rate was increased and
decreased in tandem (see also Shipley, 1964; Turner & Smart, 1964). There was no
indication of the reverse phenomenon; the perception of the auditon rate could not be
biased by the visual sequence (see Wada et al, 2003 for opposite results).

By using a somewhat different methodology, Recanzone (2003) also demonstrated the
modifying effect of sound rate on visual temporal rate perception. Here, participants were
presented with two successive sequences of four auditory stimulus pips and/or four
flashes, of which the first sequence was presented at a constant rate of 4 Hz, while the
second sequence could range from 3.5 Hz to 4.5 Hz. While attending to one modality and
ignoring the other, the participant had to judge whether the attended stimulus of the
second sequence was presented at a lower or higher rate than the first stimulus sequence.
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The results sho„·ed that even when participants had to ignore the auditory sequence, the

perceived visual rate was influenced by what was heard, demonstrating clear influences of

auditor>· distracters on visual temp(,ral rate perception.

..1/)er-e# rts. In an after-effect study, Recanzone (20(,3) examined the effect of 20 minutes

of expc,sure tc) short auditory-visual sequences of which the auditory rate could either be

simultane(,us with the visual rate, or 0.6 Hz faster, or slower than the visual sequence.

Before and after this exposure-phase, participants were presented with auditon·-visual
sequences of which they had to decide whether these were temporally aligned or not.
When auditc,n· stimuli were presented at a faster temporal rate than visual stinnuli during

the exposure period, a shift u·as measured in the perceived visual temporal rate
afterwards. In other words, after training with a faster auditon· condition, visual temporal

rate percepticin is shifted towards a temporal rate that is faster than it actually is. When

auditory rate was slower than visual rate however, no reliable after-effect could be shown.

Duration perception
Immediate bias. t\\though duration perception has been studied less extensively compared
tc, the tempc>ral features discussed above, Walker and Scott (1981) demonstrated audition

to be dominant over vision in determining the perceived duration of time intervals (see

also Dc,novan et a/, 2004). A natural conflict in duration perception was adopted, namely
the phenomenon that sounds are perceived as lc,nger than lights when presented with

equal lengths (Behar & Bevan, 1961; Goldstone et al, 1959; Goldstone & Lhamon, 1974).
Auditory dominance was demonstrated by showing that the perceived duration of an
interval that was filled with both a visual and an auditon· signal was close to that of an
interval filled with sound alone. In line with these findings it was shown that a silent gap

in an c,therwise continuous sound-light stimulus was perceived equally long as a gap in a
unimc,dal auditory signal. It was concluded that auditory-visual conflicts in perceived

duration, whether occurring in filled intervals or gaps, were resolved in favour of the
auditory modatin. The reverse effect though, was also found; visual dominance occurred

when the intensin· of the tone was reduced.

Sound  alters  other  aspects  of vision
The intersensory studies in the temporal domain discussed above overall demonstrate

modifications of visual temporal information by audition. Below, some studies will be

discussed in which auditory influences on non-temporal aspects of vision are shown (see

Shimc,i(, et al, 20(11 for a review).
Vrc,omen and de Gelder (2()()()) dem ,nstrated, by use of the freedng phenomenon, that

the presence of an abrupt sound improves the perceptibility of a synchronously presented
visually masked target (see also XkDonald et al, 20(11)).  fore specifically, a high tone that
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rr'as embedded in a sequence ot Ic,w tones was fc,und to improve the detection of a
synchronously presented visual target, while no such enhancement cc,uld be shown when
only lc,w tc,nes were used. These results demonstrate that the perceptual organization
within the auditory modality can have an effect (,n the perceptibilin·of stimuli in the
visual modality. These results might be related tc, the finding that the perceived intensin
of a visual stimulus can be enhanced by the presence of a sc,und (Stein ct al., 1996)

Shams, Kamitani and Shimc4o (200(ja) repc,rted an intersensc,n· effect in which
auditon· stimuli changed the phenomenological quality of the percept ok- a non-
ambiguous   visual   stimulus.   1 n   the    'sound-induced  ilhtson'./lasb  f»t'  or  fc,r  short   the   'i#uson,

flasbeffed'. onc tc, four brie f tlashes were accompanied b,· multiple auditc,n- beeps (0-4
beeps), and the participant's task was to judge how· m.iny visual flashes were presented.
The results show that participants consistently and incc,rrectly reported tc, see multiple
flashes whenever a single flash was presented in combination with mc,re than one beep
(see also Courtney et al, 2()07; and Alishra et al, 20(17; Shams et al, 2001 fc,r
neurophysic,logical studies). Cc,ntrol and catch trials indicate that the illusory flashing
phenomenon is a perceptual illusic,n and is not due tc, the difficulty ot- tlic task, cognitive
bias' or other factors. In a later stud>·, Shams, Kamitani and Shimoic, (2002a) replicated
their results and furthermore revealed that the tempc,ral window for the illuson, flash

effect  was  approximately   100 ms. Recently, Bresciani  et  al.   (2005) and Bresciani,
Dammeier and Ernst (2006) dem(,nstrated an auditor>·-haptic and a visual-haptic analogue
of the illuson· flash effect. In the former case the auditory stimuli systematically
modulated tactile tap perception at the index finger; participants' responses were thus
influenced by the number of delivered beeps. In the visual-haptic case, the perceived
number of flashes was modulated by the number of tactile taps, and the reverse alsc,
occurred, althc,ugh less strongly.

The interpretation of ambiguc,us visual motion perception can also be modified by the
presence of auditory information, as has been shown by use of the so-called  'bounce-illusion'
(Sekuler et al., 1997). In this illusion, two identical visual targets that move acri,ss each
other can be perceived either to bounce off or to stream through each other, since their
trajecton· would be nearl>· identical. Nonetheless, the maiority of observers report a
percept of streaming motion. However, when a brief sound is presented at the moment

that the visual targets cc,incide, the visual perception is strongly biased in favour of a
bouncing modon (see also Fuiisaki et al., 2004; Sanabria et al, 2007). Since reports on this
effect rely mostly on subjective responses, Sanabria et al. (2004a) recenth· used a slightl>·
different experimental design that was less prone to respc,nse biases in order to provide a
more objective measure of the bounce illusion. In their study, instead (, f ambiguous visual

motion, unambiguous streaming and bouncing trials were presented. As before. m'c, disks
moved towards each other, but n()W the point (,f coincidence was hidden behind an
occluder. \ -hen emerging from behind the occluder, the disks (one red, the other blue)
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could either follow the same trajecton' (streaming) or else move in the opposite direction
(bouncing). In a speeded response design, participants were shown to respond faster on
streaming trials when no sound was presented, compared to similar trials in which a
sound came synchronous with the ball's cross-over point. On bouncing trials responses
were faster when the sound coincided.

1.5 Constraints on intersensory pairing
Ir'hat are the conditions under which information from different senses is combined? In
other words, how does the perceptual system 'know' that, say, a specific auditory and
visual event belong together and should be combined? The general notion on how
information from different sense organs is assigned to a multisensory event is usually
referred to as the 'assumption    Of  unity'.   It states that as events from different modalities
share more amodal properties, it is more likely that they originate from a common object

or source, and thus should be integrated for perceptual gain (Bedford, 1989b; Bertelson,
1999; Radeau, 1994; Stein & Meredith, 1993; Welch, 1999; Welch & Warren, 1980).
Generally, the most important constraints on crossmodal integration are considered to be
communali) in space and time. The prime example of this at the neurological level was
reported by Stein, Meredith and Wallace (1993) in which cats were trained to make an
orienting response towards auditory stimuli. The importance of the spatial and temporal
constraint were demonstrated by studying the firing rates of cells in the superior colliculus

(i.e., a midbrain structure that responds to viSUal, auditory and tactile stimulus inputs).
Stein and colleagues showed that when auditory and visual stimuli occur in close temporal
and spatial proximity, the firing rates of the cells in the superior colliculus (SC) exceeded
12-fold increases in firing rate beyond that expected by summing the impulses exhibited
by each unimodal input in isolation. In contrast, crossmodal stimuli that were spatially
and/or temporally disparate induced a response depression. In the present section, both
the spatial and temporal constraints on intersensory pairing are discussed.

1.5.1 Spatial constraint
Niuch debate in crossmodal research concerns the role of spatial disparity in crossmodal
integration (Spence & Driver, 2004). Given that different sensory streams that originate
from one natural external event are usually spatially aligned, it might seem only logical
that communality in space is an important constraint on crossmodal integration. There
are though, also some reports of crossmodal effects that are unaffected by spatial
disparity between the senses (e.g., Bertelson et al, 1994; Colin et al, 2001; Murray et at.,

2004; Stein et al., 1996; Teder-Saleiarvi et al, 2005; Welch et al, 1986) Below we will first
discuss studies in which spatial co-localisation between the senses was demonstrated to be
of importance, and then some studies will be discussed that demonstrate no effects of
spatial disparity on the multisensory integration process.
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Spatial disparih impairs crossmodal integration. Although the spatial rentriloquist efpet
demonstrates that crossmodat integration still occurs with small spatial disparities
(Bertelson, 1994, 1999; Bertelson & Radeau, 1981; Radeau, 1994; Radeau & Bertelson,
1978; Welch, 1978; see also §1.4.2), this effect has been shown to decline dramatically
whenever the spatial separation exceeds approximately 15 degrees of separation (Godfroy
et al., 2003; Slutsky & Recanzone, 2001). Another well-known example in which spatial

congruency between stimuli from different modalities is involved, concerns crossmodal

spatial attention, In a npical visual-tactile congruency paradigm, the participant holds two
cubes, one in each hand, on which a vibrotactile stimulator and a I.ED (light emitting
diode) are embedded in its upper and in its lower surface (upper vibrotactile stimulus to
the index finger, and lower  at the thumb).  On  each  trial, a single vibrotactile target  and  a

visual distractor are presented randomly (and independently) from one of the four
possible stimulus locations. The participant's task is to make a speeded iudgement about
the elevation (up/down) of the vibrotactile target, while trying to ignore the visual
distractor. Faster and better discriminations are typically demonstrated when the

distractor is presented with congruent elevation, and especially when it is presented from
the same location (for recent reviews see Driver & Spence, 2004; Spence & McDonald,
2004; Spence & Walton, 2005). The results are typically explained in the light of spatial

attention. The visual distractor attracts exogenous spatial attention towards the location at
which the light comes, which results in the faster and better processing of stimuli that are

presented at that similar location. Similar results have been demonstrated for auditory-
visual (Spence & Driver, 1996, 1997; Spence et al, 2000) and auditory-tactile (Lloyd et al,
2003; Lloyd et al, 1999) modality combinations, thus demonstrating the supra-modal

nature o f spatial attention.

No effects Of spatial disparity. Recently though, some studies demonstrated intersenson·

phenomena that do not rely on spatial alignment. Integration of speech signals for
instance, occurs regardless of spatial discrepancies between the auditory and visual
sources of the signal (Bertelson et al., 1994; Colin et al., 2001; jones & Munhall, 1997).
Furthermore, Stein et al. (1996) found that auditory stimuli alter judgements about
perceived visual intensity of a light (with the position of the light known in advance) both
when the sound was spatially coincident with the visual stimulus and when it was
displaced by 45 degrees to the left or right (see also Vroornen & de Gelder, 2000)
Similarly, Welch, DuttonHurt, and Warren (1986) reported that a fluttering sound altered

the perceived rate of a flickering light (see also §1.4.3), regardless of whether the sound

and tight were emanating from a single spatial locus (straight ahead) or whether they were
separated by 45 or 90 degrees (see also Recanzone, 2003). Furthermore, Teder-Salejarvi et

al. (2005) presented simultaneous auditory and visual stimuli from either same or different
locations while participants made speeded responses to infrequent targets with greater
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intensities. The results demonstrated deviant detection to be better for multisensory
stimuli than for unisenson control stimuli (i.e., the redundant target effect), and this
effect was, at the behavioural level, also independent of spatial alignment.

Overall, it should be noted that spatial attention or spatial responses ate in plab· in studies
that demonstrate the importance of intersensory co-localisation, while these are both not
involved in the studies in which no spatial disparity effects were shown. Therefore, it
might be the case that the spatial rule on intersenson' integration may not apply if spatial
attributes of the experimental task or spatial attention are not critically involved. It may
thus be the case that spatial co-localisation is not required for deciding whether stimuli
from different senses belong together, but possibly it does affect performance when a
spatial response is required (an effect occurring at the response level rather than at
perceptual level), or when spatial attention is involved.

1.5.2 Temporal constraint
The temporal window within which intersens(,ry integration occurs has been the object of

study in much multisenson· research (Calvert et al, 2004; King, 2005; Levitin et al, 1999;
Spence & Driver, 2004; Spence & Squire, 2003). The classical paradigm for examining the
temporal window is one in which stimuli from different modalities are presented with

varying stimulus onset asynchronies (SOA; Dixon & Spitz, 1980; Hirsh & Sherrick, 1961;
Sternberg & Knoll, 1973). Participants are typically required to iudge which stimulus
comes first (i.e., temporal  order judgement  task. or TO.1 task), or whether the stimuli were
presented simultaneously or not (i.e., simultaneity judgement task, or SJ task). Two features
regarding the temporal window can be measured, namely the width of the window, and
the point at which participants perceive exact simultaneity.

Just Noticeable Difference (ND)
The width of the temporal window for intersensory pairing is represented by the smallest
interval participants can reliably notice, also called the Just Notiuable Difference (henceforth
the JND) Hirsh and Sherrick (1961) were the first to explore the time window of
crossmodal integration by use of the TOJ paradigm and reported JNDs to be
approximately 20 ms, irrespective of the modalities used (e.g., auditory-visual, visual-
tactile, and auditory-tactile). Several more recent studies, though,   did    find   differences
between sensory modalities. For simple crossmodal stimuli like auditon· tones and visual

flashes, the JND has been found to be in the order of approximately 25 ms to 50 ms
(Zampini    et al, 2002; Zampini et 4., 20032). For auditory-tactile pairs, JNDs are

approximately 80 ms (Zampini et al, 2005a), and approximately 65 ms JNDs are reported
for visual-tactile integration (Spence et al., 2001). The temporal window for more
complex stimuli though, shows a wider window of integration. Several studies have
shown that the window for speech stimuli ranges from approximately -40 ms auditory
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lead tc, 240 ms visual lead (see jones & Jarick, 20(}6: ran Wassenhove et al, 2007 for
recent studies).

,/.rl)S affected bi st),itial dist)arih. Ir has typically been shown that spatial separation between
different modalin· stimuli of which the tempc,ral c,rder has to be judged can improve
sensitivity on a T()J task (i.e., lc,wer INDs; Bertelson & Aschersleben, 2003; Spence et al,

2003; Zampini et al, 20056, Zampini et al, 20()3a, 2003b). Bertelson and Aschersleben for
example reported JNDs to be lower at auditog-visual T()}s when a sound and light were
presented from different locations rather than from a common central location. Spence et
al. (2(}()1) furthermore demonstrated  enhanced  TC).1  sensitivity  for  spatially  separated
visual-tactile stimulus pairs, though Zampini et al. (2005a) failed to demc,nstrate such
effects for the auditc,n·-tactile pairs.

In crossmodal literature, twc, accc,unts have been proposed for explaining the
enhanced T().1  sensitivity for spatially separated stimulus pairs (Spence et al., 20()3).  First,
it has been stated that multimodal pairing impairs T()1 sensitivity (i.e., higher JNDs) when
stimuli arc presented at the same lc,catic,n. Possibly, same location stimuli presented dose
in time are more likely to be paired tc,gether intc, one single multimodal event if compared
tc, stimuli presented far apart (see e.g., Radeau, 1994). Any such tendency tc) pair stimuli
could make the relative temporal onsets of the components lost, and paired stimuli would
thus be 'ventrilc,quized' in time (Alcirein-Zamir et 11., 2003; Scheier et al., 1999; Vroomen
& de Gelder, 20046). Secondl>·, the patial redundang explanation has been proposed,
which claims that when bimodal stimulus pairs are presented from different locations,
participants may actually have extra spatial information on which to base their responses

(i.e., the spatial redundancy account). Mox specifically, participants may initially not know
which modalin· had been presented first, but still know on which side the first stimulus
appeared, and what the relative positions of the modalities were. So, because of this

spatial redundancy, participants may infer which modality had been presented first, and
therefore performance might become better when stimuli are spatially separated
compared to spatially aligned stimulus pairs (Spence et al., 2001). Hence that the
multimodal pairing account suggests a perceptual basis for the observed effect, while the
spatial redundancy account explains the results at the response level.

The  Point of Perceived  Simultaneity  (PSS)
The point at which participants perceive different modality stimuli as synchrc,nous, also
called the Point of Subjectire .Simultaneity (henceforth the PSS), partly depends on the
difference:  in physical transmissic,n time between the different modalities, but is also
affected by differences in processing speed between the different neural pathways.
Although PSSs. like JNDs differ substantially between studies, the overall finding in
auditory-visual studies is an asymmetn· towards a visual lead stimulus (e.g., 1.ewaid &
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Guski, 2003; Slutsky & Recanzone, 2001; Zampini et al, 2005b; Zampini et al, 2003a,

2005c). For perceiving  temporal  synchrony,  lights  thus  have  to  be  presented  slightly
before auditory inputs, which is in line with the longer neural processing time of visual
stimuli compared to sounds (King & Palmer, 1985). Dixon and Spitz (1980) for example
demonstrated this asymmetry by showing that participants could more easily detect

auditon·-visual asynchrony when a sound preceded a picture compared to a visual-leading
condition. This visual-lead asymmetry has also been demonstrated for speech stimuli as
this window of integration typically ranges from approximately -40 auditory lead to 240
ms visual lead (lones & Jarick, 2006; van Wassenhove et al., 2007).One should notice

though that the absolute value of the PSS is rather subjective to various stimulus

properties (e.g., like intensities, lightness, loudness, length of the stimuli), to the nature of
the response that participants have to make (e.g., 'Which stimulus came first?' vs. 'Which
stimulus came second?' see Frey, 1990; Shore et al., 2001), to individual differences

( follon & Perkins, 1996; Stone et al., 2001), and possibly also to the sensory modality on
which attention is directed Biattes & Ulrich, 1998; Schneider & Bavelier, 2003; Shore et

al, 2001; Shore et al., 2005; Stelmach & Herdman, 1991; Zampini et al, 2005c).

PS Ss   afected   by attention. Recently, Spence, Shore and Klein (2001) performed a series of
experiments in which a visual-tactile TO.1 task was performed while the modality at which
attention was directed was varied. The underlying idea here is the 'law €f prior entry'

(Titchener, 1908), which states that stirnuli that are the object of attention come to
consciousness more quickly than objects that we are n(,t attending to. Spence et al.
reasoned that according to the law prior entry, attending to one sensory modality would
speed up the perception of stimuli in that modality, resulting in a change in the PSS (see

also Mattes & Ulrich, 1998; Schneider & Bavelier, 2003; Shore et al, 2001; Shore et al,
2005; Stelmach & Herdman, 1991; Zampini et al, 2005c). The results were as predicted by
prior entry and showed that when attention was directed to touCh, visual stimuli had to
lead by a much greater interval (155 ms) for the PSS to be achieved, compared to when
attention was directed to vision (22 ms). Additional experiments demonstrated that
attending to a side (left or right) speeded up the perception of stimuli presented at that
side. The authors claimed that the effects could not be explained by response biases since

attention was always manipulated in a dimension (mi,dality, or side) that was orthogonal
to that of responding (side, or modality, respectively). In order to investigate the
mechanisms underlying selective attention electrophysiologically, Vibell et al. (2007)
recently used a cross-modal visual-tactile TI)) task in which attention was shifted between

the visual and tactile modality. Their results indicated that he neural processes during

visual perception were speeded up by attention, thereby providing strong
electrophysiological support for the prior entry hypothesis.
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Morec,ver, it should be mentioned that there is sc,me debate going on the literature
about whether prior-entry effects are pure perceptual or may have stemmed from
response biases, changes in decision criteria, or 1(,w-level senson· interactions between the
attention-mc,dulating cue and target stimuli (Schneider & Bavelier, 2003; Shore et al,
2001; Spence et al, 2001; Zampini et al, 2005c).

Crossmodal effects depending on temporal synchrony
Besides studies that directly explore the effect of temporal (a)synchrony on intersensory
pairing, there are other studies that have indirectly shown the importance of temporal

synchrony fc,r a varien· of crossmc,dal integration effects. Bertelson and Aschersleben
(1998) for example, studied the perceptual basis of spatial rentriloquism \* de-
synchronisatic,n of the sounds and lights by 40(}-800 ms. It was shown that the
ventriloquist effect declined when different modality stimuli were tempc,rally separated

(see also Radeau & Bertelson. 1987). Slutsky and Recanzone (2001) also demonstrated the
importance of temporal synchrony for spatial ventriloquism; they showed that a visual
stimulus only affected auditc,n· spatial acuity at temporal disparities of 0, 50 and 100 ms,
but  not  at  150  and  250  ms. Similar results were reported by Caclin  et  al.  (2002)  in  the
tactile-auditon· case; here the apparent location of a sound was only biased toward tactile
stimulation when the stimuli were presented synchronously, but not when these were
presented asynchronously at 200 or 300 ms offsets. Another example of the crucial role
of temporal synchrony in crossmodal integration is given by Shimoio et al. (2001). In their
study,  the streaming-bouncing phenomenon (Sekuler et al., 1997) was shown to depend on
the timing of the sound relative to the coincidence of the moving objects. A brief sound
was found to induce the visual bouncing percept most effectively when it was presented
about 50 ms before the moving objects coincide. Their data furthermore showed a rather
large temporal window of integration, since intervals ranging from 250 ms before visual
coincidence  to  150 ms after coincidence also induced the bouncing percept. Remiin,  Ito
and Nakaiima (2004) further qualified these findings as they showed that it is important
that at least the onset of the auditon· stimulus, but preferably both the onset and offset,
occurred in close temporal proximity to the moment of exact coincidence of the moving

objects. Shams, Kamitani, and Shimojo (2002a) showed approximately similar results for
the illusory-jlasb illusion. Here, participants were presented with one flash that was
accompanied with two beeps, of which one was always physically simultaneous with the
flash, while the timing of the other was varied; ranging from 25 ms to 250 ms either
before or after the flash. It was shown that the illuson· flash illusion is strongest for
temporal offsets of 70 ms and smaller (see Bresciani et al, 2005 for an auditory-tactile
case).

In the speech domain though, Munhall et al. (1996) demonstrated that exact temporal
coincidence between the auditon· and visual parts of the stimulus was not a very strict
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constraint on the AicGurk effect (AkGurk & MacDonald, 1976). Although their results
demonstrated the eft-ect tc) be stronger when the vowels were temporally matched (see
also McGrath & Summerfield, 1985), it was furthermore shown that visual perceptic,n was
still strongly biased b>· u·hat was heard when the auditon- stimuli lagged the visual
stimulus by  180 ms. These results  are not surprising since a wider temporal window  of
integration has been suggested fc,r more complex stimuli like speech (lones & J grick,

2006; Spence & Squire, 2003: van Wassenhove et al., 2007).
Although somewhat contradicton·, these studies clearly demonstrate the importance of
approximate temporal synchrony for intersenson· pairing, while they are also indicative of
the brain's flexibility on intersenscm· timing.

1.6 Theoretical models
In mc,st studies described above, information presented in one modality affected
perception in another sensory modality. It may appear, then, that one modality dominates

the other when an intersens(,ry percept is formed. In the spatial ventriloquist situation for
example, information presented in the visual mc,dality typically dominates, resulting in

auditor>· stimulus mislocalization. In multisenson· literature, several models have been
proposed for explaining modality dominance in intersenson· interactions. Below, the two
most influential ones are discussed, namely the Afc,dality Appropriateness Hypothesis
model (Welch, 1999; Welch & Warren, 1980; Welch & Warren, 1986), and the Afaximum
Likelihood Estimation model (Ernst & Banks, 2002). Furthermore, the inverse

effectiveness rule will be discussed.

1.6.1 Modality Appropriateness Hypothesis
The modality appropriateness hypothesis (henceforth AIAH) states that modalin

dc,minance in crossmodal perception is determined by tbe most appropriate modalitY for tbe

task at band OK'elch, 1999; Welch & W'arren, 1980; W'elch & W'arren, 1986). The notion is
that the most reliable channel for a certain task dominates the less reliable modality. In
Spatial tasks for example, vision is generally more reliable than the other senses, and the
hypothesis therefore holds that vision dominates the other senses in all spatial tasks.
Numerous examples of visual dominance for spatial judgements in the literature are in
line with this model (e.g., Bertelson, 1994,1999; Bertelson & Radeau, 1981; Radeau, 1994;

Radeau & Bertelson, 1978; Soto-Faraco et al., 2004; Welch, 1978, see als(, § 1.4.2 for
examples).  Given that human temporal resolution in audition is estimated to be about  1 -2

ms (Buunen & van Valkenburg, 1979; Forrest & Green, 1987; Ronken, 1970) whereas

visual temporal resolutic,n is only about 20 ms (Kelly, 1971 a, 1971b), the NIAH states

audition to be dominant over vision in the teniporal domain (e.g., Fendrich & (:c,rballis,
2001; Aforein-Zamir et al., 20()3; Scheier et al., 1999, see also § 1.4.3 for examples) Hence
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that temporal ventriloquism. or the auditon· capture of vision when sounds and lights are
temporally misaligned, can be perfectly explained by the AIAH model.

There are though, several recent reports of intersensory pairing that are in conflict

with the JiAH hype,thesis. Alais and Burr (2004) for example reported a case of auditc,n·
dominance in a spatial task (see also Bertelson & Radeau, 1981; Radeau & Bertelson,
1987; W'arren et al, 1981). In their study it was demonstrated that when visual localization
is gc,c,d, vision dominates and therefore captures sound location. Howe\·cr, for ser·ereh
blurred visual stimuli that are poorly k,calizable, the reverse holds: sound captures visual
location. Analogc,usly, in the temporal domain m(,st studies report auditory dominance,
while there are a few studies that repc,rt the oppc,site: visual dominance in the temporal
domain OK'ada et at., 2(1()3: W'alker & Scott, 1981). W'ada et al. (20()3) for example
demonstrated that a change in visual stimulus frequency can induce a change in the
perceived frequency of auditon· stimuli, ty ambiguous auditory temporal cues are
presented.

1.6.2 Maximum Likelihood Estimation
An intersensory integration model that does account for the auditory dominance reports
in space and the visual capturing in the temporal dimension is the Maximum Likelihood
Estimation account (henceforth AILE; Ernst & Banks, 2002). In this Bayesian model,
maximum-likelihood estimation has been proposed as an underlying mechanism for
multisensory integration. According to this account, the brain relies on the different
sensory modalities according to their relative precision, that is in a statistically optimal
manner.  The final multimodal percept is the result of the different modalities' estimates of
an environmental event or property, in which each estimate has its own weight that is
inversely proportional to its variance (Alais & Burr, 2004; Banks, 2004; Bresciani et al.,
2006; Ernst et at:, 2000; Ernst & Bulthoff, 2004: Hillis et al.. 20(}2).

Ernst and Banks (2002) demonstrated the AILE model to apply for visual-haptic
stimuli in a task in which participants had to judge the height of a felt and seen obiect.
Visual dominance was shown when the variance associated with visual estimation was
lower than that assi,ciated with haptic estimation (i.e., a case in which the visual stimulus
has more weight). By introducing visual noise, the visual stimulus was made less reliable

(i.e., more val:iance and therefore a lower weight) and the reverse phenomenon was
induced; the haptic capture Of vision (sce Bresciani & Ernst, 2007 for an auditory-tactile

case). Bresciani, Dammeier, and Ernst (2006) showed the strength of the AILE model by
demonstrating haptic and visual stimuli even to be integrated when one of the signals was
explicitly task-irrelevant. In an auditon·-visual stud>·, Alais and Burr (2004) investigated
whether  the  AtI.E  model also applied  to the spatial ventriloquist paradigm.  As  in  the
visual-haptic case, vision dominated and captured of the location of the sound (i.e., spatial
ventriloquism). The reverse was shown when severely blurred, poorly localizable visual
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stimuli were presented; the sound was now shown to capture vision (see also Heron et al,
2004). Ir'ada et al. (2003) demonstrated the suitability of  II.E. in the temporal domain by
demonstrating the reverse of the typical auditon dominance in the flutter-driving flicker
paradigm (Gebhard & Mowbray, 1959). They reported that changes in thc perceived

auditory flutter rate could also be induced by the visual flicker rate, in case auditory
stimuli were ambiguous. Walker and Scott (1981) demonstrated comparable results by
showing visual dominance in auditc)n--visual stimulus duration perception whenever
sound intensity was reduced, while without this intensin reduction sounds typicall)
dominated the duration percept

1.6.3 Inverse Effectiveness
Unlike the models described above, the inverse elfectiveness rule is not concerned with one
modality dominating the other in cross-modal perception, but rather predicts the intensity
of the crossmodal facilitation. The inverse effectiveness rule states that intersenso,l
enhancement is maximal uitb minimally e#ective stimuli. According to this mle it is the
uncertainn· of individual modalities that determines to what extent information from each

modality is considered when forming a percept (Gillmeister & Eimer, 2007; Heron et al.,
2004; Aleredith & Stein, 1986; Stein & Meredith, 1993). The finding that multisensory
neurons show proportionally greater response enhancement when unimodal stimuli are
less effective (i.e., lower intensity; Stein et al., 1996), is perfectly in line with this rule.

1.7 Neural substrates in temporal intersensory pairing
Although temporal correspondence is frequently pointed out as one of the most
important constraints on crossmodal integration (e.g., Bedford, 1989b; Bertelson, 1999;
Radeau, 1994; Stein & Ateredith, 1993; Wielch, 1999; Welch & Wrarren, 1980), the neural
correlates for the ability to detect and use temporal synchrony remains largely unknown.
There are how·ever some studies that explicitly examined the brain areas involved in
auditory-visual temporal synchrony perception by using human brain imaging techniques.

Calvert et al. (2001) used functional magnetic resonance imaging (fAIRI) for studying
brain areas that demonstrated facilitation and suppression effects in the blood
on·genation level dependent (13()1.D) signal responses for temporally aligned and
temporally misaligned auditon·-visual Stimuli. In their study, the auditor>·-visual stimulus
consisted of a reversing checkerboard pattern of alternating black and white squares with
sounds presented either simultaneously with the onset of the reversals (synchronous

condition), or randomly phase shifted (a-synchronous condition). Participants were
instructed to ccincentrate on the projection screen, and to passively attend to the auditon'
and visual mc,dalities equally. The results showed that the superior collialli (SC)
demonstrated the most highly significant super-additive response enhancement for
temporally matched and corresponding response depression for temporally mismatched
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auditon·-visual stimuli. ()ther crossmodal interactions were identified in a network of
cortical brain areas that included several frontal cortical sites; the ribt  inferior frontal gints,

multiple sites within the right lateral sulcus, and ventromedial »ntal gyms. Furthermore,
significant response enhancement and depression was observed in the insula bilaterally,

right superior parietal lobule, rigbt inferior parietal sulcus, left superior occipital gyms and left superior
temporal  sukus  (STS)

The finding that the SC is involved in temporal crossmodal processing is in
accordance with previous animal studies showing that the firing rate of cells in the SC
increase dramatically (and above what can be expected by summing the unimodal
impulses) when auditory and visual stimuli occur in close temporal and spatial proximity
(Aferedith et al, 1987; Stein et al., 1993). Meredith, Nemitz and Stein (1987) furthermore
showed this response enhancement to be at maximum when the peak discharge periods
evoked by each modality were overlapping, and showed the effect to decline
monotonically, and even to change intc, response depression when stimuli were gradually
more temporally disparate. The cortical regions identified by Calvert et al. are also
consistent with previous literature, since anatomical studies in monkeys have shown that
all these areas, with the exception of the superior occipital gyrus, receive afferent
connections from more than one modality or are monosynaptically connected to
multisensory association areas (jones & Powell, 1970; Mesulam & Mufson, 1982; Seltzer
& Pandya, 1989). Electrophysiological studies have furthermore shown that these regions
contain cells responsive to stimulation in more than one sensory modality (Andersen et al,
1997; Bruce et al, 1981; Colby & Duhamel, 1991; Hikosaka et al, 1988; Watanabe & Iwai,
1991).

Bushara et al. (2001) examined the effect of temporal asynchrony by use of positron
emission tomography (PET) in which it was explored which brain areas can detect
auditory-visual stimulus onset asynchrony. Here, participants had to decide whether a
visually presented coloured circle was presented simultaneously with an auditory tone or
not. Stimulus pairs could either be auditory-first (AV) or visual-first (VA) with three levels
of SOAs that varied in difficulty. Furthermore, a control condition (C) was presented, in
which the auditory and visual stimuli were presented simultaneously, and in which
participants performed a visual colour discrimination task, whenever there was a Sound
present. The brain areas involved in auditory-visual synchrony detection were identified
by subtracting the activity in the control condition from that in the asynchronous

conditions (AV-C and VA-C). Results revealed a network of heteromodal brain areas that
included the rigbt anterior insular cortex, rigbt ventrolateral prefrontal cortex, right inferior parietal
to be,  and left (mbellar bemispbere. The activity in the areas that correlated positively with
decreasing asynchrony revealed a cluster within the right insula, suggesting that this region
is most important for the detection of auditory-visual synchrony. Given that interactions
were furthermore found between the insula, the posterior tbalamus and the SC, it was
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suggested that intersenson' temporal processing is mediated via subcortical tecto-tbalamo-

insula pathways.
Taken together, these studies support a prominent role for the J'C, the insula, and

some regions of polysensort cortex (especially the parietal and frontal cortex) in the
processing of intersenson stimuli based on their temporal correspondence.

1.8 Overview of the thesis
The intend of the present thesis was to explore intersenson· pairing rnore extensively by
the use of immediate bias' (Chapter 3,4,5,6,7) and after-effects (Chapter 8, 9,10) of
temporal (a)synchrony. The major point of interest concerns the effect of spatial
(mis)alignment between senson· signals on temporal inter.sensory pairing. This topic has
been examined most extensively with auditory-visual stimulus pairs (Chapter 2,3,4,9),
but   was also studied by using visual-tactile stimuli (Chapter   6). Also, temporal
recalibration was explored with auditon'-visual (Chapter 8,9) and tactile-visual pairs

(Chapter  10).  Additionally, we explored whether auditory-visual temporal ventriloquism
was affected by intra-modal integration (Chapter 4), or by presenting stimuli at different
locations within the visual field (Chapter 5), and also the occurrence of temporal
ventriloquism between the auditory and tactile modality   was    examined    (Chapter    7)

Below, a more elaborate description of each chapter is given.

Chapter  2.  Tbe  Role   of  Spatial  Disparity   and  Hemifields   in  Audio-I 'isual  Temporal  Order

Judgements. (In: Keetels, M., i- 1.'roomen, J·, 2005, Experimental Brain Research, 167,635-640.)

The aim of this study was to explore how spatial disparity between auditory-visual stimuli
affects temporal integration. Participants iudged the order (TO-1 task) and amount of
fusion of auditory-visual stimulus pairs that could either come from one location, or were
separated with small or large disparities from either the same or different hernifields. This
experiment elaborated on earlier studies, which showed that spatial separation between
stimuli of which temporal order has to be judged can affect TOj sensitivity (i.e. lower

.INDs when st:imuli are spatially separated; Bertelson & Aschersleben, 2003; Spence et al.,
2003; Zampini et al., 2003b). Participants made TOJS about noise bursts and light flashes,
and judged whether the stimuti came from the same location or not. TOjs became more
accurate (i.e., the just noticeable difference, JND, became smaller) when spatial disparity
increased and when hemifields were crossed. Location discrimination of the sound and
light was affected similarly. These results demonstrate that audio-visual TOJs are critically
dependent on both the relative position frorn which stimuli are presented and on whether
stimuli cross hemifields or not.
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Chapter  3. Tbe  Spatial Constraint  in Intersensort  Pairing: No Role  in 'Iemporal l'entriloquism.  (In:
I 'rot)men,  J·,  e  Keetels,  Al.,  2006,  Journal  of Experimental  Psychology:  Human  Perception  and

Performance, 32,1063-1071.)
Given that a common origin of different modality stimuli is considered as an important
determining factor for crossmodal integration, we examined in five experiments whether
this spatial rule also applied to crossmodal pairing in the temporal domain; i.e., ternporal
ventriloquism. Temporal ventriloquism was induced by using the same paradigm as was
used by Scheier et al. (1999), in which sensitivity on a visual TOj task is enhanced (i.e.,
lower JNDs) by presenting a sound iust before the first and one just after the second
light. In the present study, the results demonstrated that temporal ventriloquism was
unaffected by whether sounds either came from the same location as the lights or from
different locations, with sounds either being static (Experiment 3.1), or moving
(Experiment 3.2), from same or different sides of fixation with small (Experiment 3.3) or
large (Experiment 3.4) spatial disparities. In an additional experiment the effect of spatial
attention was explored (Experiment 3.5), and here it was demonstrated that discordant
sounds interfered with speeded visual discrimination. These results challenged the view
that intersensory interactions in general require spatial correspondence between the
stimuli.

Chapter 4. Auditory Grouping Occurs Prior to Intersensor, Pairing; Evidence from -remporal
Ventriloquism. (In Keetels, M., Stekelenbu% J. J., e Vroomen, J.. In press, Experimental Brain

Research.)

The goal of this series of experiments was to explore how temporal ventriloquism is
affected by intramodal auditory processing. As before, temporal ventriloquism was
demonstrated by using the same visual TOJ paradigm as in the study described in Chapter
3, in which two capturing sounds enhanced TO.1 sensitivity. The sounds in the present
study, however, were embedded in a sequence of flanker sounds which either had the
same or different frequency (Experiment 4.1), rhythm (Experiment 4.2), or location
(Experiment 4.3) as the capturing sounds. The results demonstrated that temporal
ventriloquism only occurred when the two capture sounds differed from the flankers,
demonstrating that grouping of the sounds in the auditory stream took priority over
intersensory pairing. By combining principles of auditory grouping with intersensory
pairing, we demonstrate that capture sounds were, counter-intuitively, more effective
when their locations differed from that of the lights rather than when they came from the
same position as the lights.
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Chapter  5.  Examining Auditoty-Visual  Temporal  Ventriloquism   in  Foveal  versus  Peripheral  T'isual

"Fields.  On preparation)
Given that several crossmodal effects are stronger when presented in the peripheral visual

field as opposed to when presented in fovea (Shams et at., 2002a; Shams et al, 2003;
Shams   et al, 2002b), we examined here whether this peripheral-foveal difference matters

for temporal ventriloquism. Temporal ventriloquism was again induced by use of the

visual TOj task in which capturing sounds preceded and lagged the visual stimuli. The
lights were presented in fovea or in the periphery (i.e., 5 degrees left and right of fixation

in Experiment 5.1, and 5 degrees above fixation with 2 degrees light-light distance in

Experiment 5.2). The results of Experiment 5.1 demonstrate overall lower TOj sensitivity
(i.e., higher JNDs) for peripheral stimuli, and a trend towards bigger temporal

ventriloquist effects in the peripheral visual field, compared to the foveal field. In

Experiment 5.2, when light-light distance was kept constant between conditions, no
difference in overall TOJ sensitivity, nor a difference in temporal ventriloquism between

periphery and fovea could be demonstrated. Given that ceiling effects might have been in

play whenever light-light distances were small, no clear conclusions can be drawn from
the present study about the role of foveal versus peripheral visual fields in temporal

ventriloquism.

Chapter 6. Tactile-Visual Temporal Ventriloquism; No   ect of Spatial Dispari(y.  (In  Keetels, M.  6

i 'roomen, J., In press, Perception and Psycbopbysics.)

So far, temporal ventriloquism was only studied with sounds that captured the onsets of

lights (Fendrich & Corballis,  2001;  Morein-Zamir  et  al., 2003; Scheier  et  al.,  1999;
Stekelenburg & Vroomen, 2005; Vroomen & de Gelder, 2004b). In the present study we

explored whether temporal ventriloquism would also occur between visual and tactile

stimuli (Experiment 6.1 & 6.2), and whether spatial disparity between the vibro-tactile

stimuli and lights modified this effect (Experiment 6.3 & 6.4) Given that tactile stimuli,
are spatially better defined than tones due to their somatotopic instead of tonotopic initial
coding, this study provided a particular strong test-case for the notion on whether spatial

co-occurrence between senses is required for intersensory temporal integration. The
results demonstrated that temporally misaligned tactile stimuli captured the onsets of the

lights thereby improving sensitivity on the visual TOJ task (i.e., temporal ventriloquism).
Spatial discordance between the tactile stimuli and the lights did, as in audio-visual

temporal ventriloquism (Vroomen & Keetels, 2006), not harm this phenomenon. Tactile

stimuli thus behaved like auditon· stimuli, demonstrating that spatial co-occurrence is not
a necessary requisite for intelsensory interactions to occur.

34



INTRODC (:TIC)X

Chapter 7.  Examining Auditory-Tactile Temporal L 'entriloquism.  (In preparation)
Given that we demonstrated temporal ventriloquism to occur between auditory and visual
stimuli (Chapter 3,4, & 5), and between tactile and visual stimuli (Chapter 6), we made
the logical step towards exploring whether the temporal ventriloquist effect could also be
demonstrated between auditory and tactile stimuli. As before, we adopted the paradigm
that was first used by Scheier et al. (1999), in which we replaced the visual TC)) task with a
tactile one. Participants judged the temporal order of two vibro-tactile stimuli while two
capturing sounds were presented. These sounds could either come simultaneously with
the tactile stimuli, or could be presented before the first tactile stimulus, and after the
second one with an auditon·-tactile interval of 100, 200, 300, or 400 ms. Surprisingly,
highest JNDs (i.e., lowest TOJ sensitivity) were obtained when the sounds came
simultaneously with the vibrations, while there was no sign of auditory-tactile temporal
ventriloquism  as  TOJ  performance  did  not differ between  the  100,  200,  300,  and  400  ms
auditory-tactile intervals. Moreover, the interference by the simultaneous sounds became
less when the distance between the touched fingers was increased. This may suggest that
the sounds interfered with the spatial coding of the fingers.

Chapter  8.  Recalibration  of Temporal  Order Perception  by  Exposure  to  Audio-i'isual  Asynchrony.  On:

t'roomen, J., Keetets,  M.,  de Gelder, B.,  e Bertelson,  P.,  2004, Cognitive Brain Research,  22,32-35.)
Here, we explored whether the perceptual system is able to adaptively recalibrate itself to
audio-visual temporal asynchronies. Participants were exposed to a train of sounds and
light flashes with a constant time lag (either sound-first or light-first), followed by
auditory-visual test stimulus pairs of which participants either judged whether the sound
or the light was presented first (TOj task), or whether the sound and light were presented
simultaneously or successively (Simultaneity judgement task). The point of subjective
simultaneity was, in both cases, shifted in the direction of the exposure lag, indicative of
temporal recalibration.

Chapter 9. No effect of Auditog-Visual  Spatial Disparity on Temporal Recalibration.  (In  Keetels,  M.
e Vroomen, j., In press, Experimental Brain Research.)
In the present study we explored the role of auditory-visual spatial disparity in temporal
recalibration. Participants were exposed to a train of asynchronous auditory-visual
stimulus pairs (either sound-first  or   light-first) of which sounds and lights either   came
from one location or were presented with spatial disparity. After exposure, participants
performed an auditory-visual TOJ task, in which sounds and lights either came from the
same location or were spatially separated. By using this experimental design, two
important questions regarding the role of space in crossmodal integration could be
addressed; first whether temporal recalibration is affected by spatial disparity between
auditon· and visual stimuli, and secondly whether temporal recalibration generalizes to
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stimuli presented at different locations than the exposure stimulus. Results showed that

temporal recalibration was unaffected by spatial disparity during the exposure phase, and

there was, moreover complete generalization to test stimuli presented at different
locations. These results therefore provide Strong evidence for the claim that spatial co-

locahsation is not a necessary constraint for temporal crossmodal pairing

Chapter   10.   Temporal   Recalibration   to   Tactile-i'isual   Asynchronous   Stimuli.    (In   Keetels,   M.   e

I·   women,  J.,  Accepted pending minor revisions,  Xeurosaence  1-.etters.)

Here, it was explored whether temporal recalibration also occurs for the visual-tactile
case. The same methodology as described in Chapter 8 was used, with the exception that

tactile instead of auditon· stimuli were presented, and only a TOJ task was performed.

The results demonstrate a shift in the point at which participants perceive simultaneity

(the PSS) in the direction of the exposure lag. More specifically, subjects gave more
visual-first responses after tactile-first exposure, and more tactile-first reports after visual-

first adaptation. These results are in line with the auditory-visual recalibration effect

described in Chapter 8 groomen et at., 2004), and indicate that besides temporal
recalibration to auditory-visual asynchronies, the brain can also correct for temporal

incongruencies between the tactile and visual modality.
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C HAPTER 2

2.1 Abstract
We explored whether sensitivity to audio-visual temporal order iudgments (TO.Js) was
affected by the amount of spatial separation between a sound and light, and by whether
the sound and light were presented in the same or in different hemifields. Participants
made TOJs about noise bursts and light flashes, and iudged whether the stimuli came
from the same location or not. Flashes were presented either in the left or right hemifield

(at  t 10 degrees from central fixation), and sounds either came  from  the  same  location as
the lights, or at small or large disparities (20 or 40 degrees from the light, respectively),
thereby crossing the hemifields or not. TOjs became more accurate (i.e., the just
noticeable difference, JND, became smaller) when spatial disparity increased and when
hernifields were crossed. Location discrimination of the sound and light was affected
similarly. These results demonstrate that audio-visual TOJs  are critically dependent on
both the relative position from which stimuli are presented and on whether stimuli cross

hemifields or not.

38



THE ROI.F. OF SPATIAL DISPARITY AND HIWIFIELDS IN AUDIO-VISUAL TOJS

2.2 Introduction
Temporal synchrony, along with spatial coincidence, may provide one of the most salient
cues regarding whether information from different sensory modalities refer to a single
multimodal percept, or rather should be treated as separate and independent perceptual
objects or events (cf. Radeau, 1994; Radeau & Bertelson, 1987). Yet, the perceptual
svstem can correct for some amount of spatial and temporal discrepancy between
modalities and still provide the observer with a unified perceptual experience. For
investigating sensitivity to temporal asynchronies, a maiority of research in the temporal
domain has used the temporal order judgment (TOJ) task. In a typical multisensory TOJ
task, participants are presented with pairs of target stimuli in different sensory modalities
at various stimulus onset asynchronies (SOAs) and are asked to judge in which modality a
stimulus appeared first. Analysis of the responses across the range of SOAs allows one to
calculate the just noticeable difference (.IND), the minimal interval a participant needs for
correctly iudging which of the two stimuh had been presented first.

In many crossmodal TO.1 studies, pairs of stimuli were presented from different
spatial locations (e.g., auditon· stimuli via headphones, visual stimuli from somewhere in
front of the participant, and tactile stimuli somewhere at the participant's skin; see Bald et

aL, 1942; Dinnerstein & Zlotogura, 1968; Hamlin, 1895; Jaskowski et al, 1990;
Rutschmann & Link, 1964; Smith, 1933; Teatini et at:, 1976; Whipple et al, 1899).
Recently, though, it has been shown that temporal precision in these studies might have
been overestimated, as spatial separation between stimuli of which temporal order has to
be judged can improve TOI accuracy (Bertelson & Aschersleben, 2003; Spence et al.,

2001). For example, Bertelson and Aschersleben showed that audio-visual TOj accuracy
improved when a sound and light were presented from different locations rather than
from a common central location. Spence et al. also demonstrated enhanced performance
for spatially separated visual-tactile stimulus pairs, and similar findings were reported for
the audio-visual case (Spence et al., 2003; Zampini et al., 2003a), though not for the
audio-tactile  one  (Zampini  et al, 2005a).

Two ma or accounts have been put forward to explain improved audio-visual

temporal precision when stimuli are spatially separated (Spence et al., 2003). First, it may
be that when bimodal stimulus pairs are presented from different locations, participants
may actually have extra spatial information on which to base their responses. Participants

may initially not know which modality had been presented first, but still know on which
side the first stimulus appeared, and what the relative positions of the modalities were. So,
because of this spatial redundang, participants may infer which modality had been
presented first. Second, it may be that multimodal pairing makes TOJs less accurate when
stimuli are presented at the same location. Possibly, same location stimuh presented close

in time are more likely paired together as a single multimodal event if compared to stimuti
presented far apart (see e.g., Radeau, 1994). Any such tendency to pair stimuli could make
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the relative temporal onsets of the components lost, and paired stimuli would thus be
'ventriloquized' in time (see e.g., Bertelson & Aschersleben, 2003; Aforein-Zamir et al.,
2003; Vroomen & de Gelder, 2004b; Vroomen et al., 2004). Spatial redundancy and
multimodal pairing therefore both predict better TOJ performance when audio-visual
stimulus locations differ.

The finding that spatial discrepancy enhances audio-visual TOJ accuracy has,

however, recently been qualified by Zampini, Shore and Spence (2003b). Like others, they
observed that TOJ accuracy improved when sounds and lights were presented from
different locations, but only so wben tbe locations crossed bemifields. Thus, when a sound and
light were presented at the left and right of fixation (at -24 and +24 degrees), JNDs
improved from 73 ms to 58 ms for same versus different locations, respectively. In
contrast, when the stimuli were presented, with the same spatial separation, verticalb (ar
+24 and -24 degrees) or within one bem ield (at -14 and -62 degrees, or at +14 and +62

degrees), no improvement was found UNDs were 88 ms and 92 ms for same versus
different locations in the vertical arrangement, and 68 ms and 85 ms for same versus
different   locations    in the horizontal arrangement   in   the    same   hemifield).   This    made

Zampini et al. conclude that the critical factor for the TOj improvement was that the
individual components of an audio-visual stimulus were presented in different hemifields.
They hypothesized that whenever stimuli are initially processed by different cerebral
hemispheres, more resources would be available for processing these stimuli, leading to
better   TOI   performance (i.e. lower   JNDs).   On this account,   it   is    thus not spatial
Separation as such that affects TOJ performance, but it is the initial proiection to the
different cerebral hemispheres that matters.

We considered the possibility, though, that the results of Zampini et al. (2003b) were
confounded by the fact that the visual stimuli were presented at different eccentricities
across the experiments. It is known that audio-visual fusion areas are larger in the
periphery than at central locations, and since they also depend on whether the direction
of the disparity is vertical or horizontal (Godfroy et al., 2003), it is conceivable that there
was more bimodal fusion when stimuli were presented in the periphery or vertically rather
than centrally. Furthermore, in conditions in which the hemifields were crossed, visual
stimuli were always presented   at 24 degrees from fixation, while   this  was   14   and   62

degrees for visual stimuli that did not cross hemifields. Given that visual resolution

(Wandell, 1995), accuracy of visual stimulus localization (Hairston et al, 2003), and speed
of visual processing varies with retinal eccentricity (Carrasco et al, 2003; Rutschmann,
1966), it seems conceivable that spatial and/or temporal cues of the visual stimuli were
not comparable across conditions (in defence, though, in a post-hoc test Zampini et al.
did  not  find a difference between TO.ls  for  visual stimuli presented  at 14 versus  62
degrees). Finally, the hemispheric effect reported by Zampini et al. was essentially based

on a comparison between different experiments and participants using a blocked design.
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We felt it necessary to explore the phenomenon in a potentially rnore sensitive
randomized within-subjects design.

In the present study, participants performed a TOJ task about audit(,n·-visual stimulus
pairs presented either at the same location, or at 20 of 40 degrees disparity, in which case
the sound and light either crossed the hemifields or not (see Figure 2.1). The amount of
spatial disparity between the sound and the light was varied as a critical test for the
hemispheric accc,unt, as it predicts that TE)J accuracy will i,nly imprc,ve when sounds and
lights are presented in different hemifields, and thus irrespective of their spatial disparity.
As an alternative, though, we considered the possibility that, all other things being equal,
the perceived distance between sound and light might increase when hemifields are crossed.
If so, then an effect of hemifield in the T(11 task might be explained by a difference in
perceived spatial separation (smaller in the same hemifield than in different hemifields).
To obtain an independent measure of perceived spatial disparity, participants judged, in a
different part of the experiment, in a location discrimination task whether the sound and
light were presented from the same or from different locations.

2.3 Method

Partiapants. Fifteen students from Tilburg University participated. All reported normal
hearing and normal or corrected-to-normal seeing. They were tested individually and were
naive as to the purpose of the experiment. They gave informed consent tc, pgirticipate in
the study according to the Declaration of Helsinki and the ethics committee.

Stimuli. The auditon- stimuli consisted of two white noise bursts of 20 ms duration each
with a 5 ms linear fade-in and fade-out (ISI = 1000 ms) presented at 73 dB(A) by either
one of six hidden loudspeakers. The speakers (FRWS 5 8 OHAI, peak pou·er 5 W, with a
diameter of 4.5 cm) were placed at eye-level 10, 30 and 50 degrees to the left and right of
fixation. The visual stimuli consisted of two 20 ms flashes of a red LED (diameter of 1
cm, luminance of 40 cd/m2, ISI = 1()()0 ms), placed directly in front of the loudspeakers
at  10  degrees  on  the  left and right. A small green  1.ED was placed at eve-level,  at  central
location, 57 cm in front of the participant and served as a fixation point.

Procedure. Participants sat at a table in a dark sound-proof booth. Head movements were
precluded by a chin. and forehead-rest. The fixation light was illuminated at the beginning
of the experiment, and participants were instructed to maintain fixation on this central
green I.ED during testing. Each trial consisted of the presentation of two noise bursts
and two light flashes with a variable Stimulus Onset Asynchrony (SOA) between the
sounds and flashes. The flashes were presented at 1() degrees from central fixatlc,n

unpredictably on the left or right, and the sounds were presented, unpredictably, either
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from the same location as the lights, or at 20 or 40 degrees separation, thereby crossing

the hemifields or not.
The study consisted of two parts. In the main part of the experiment, TOls were

made about which modality was presented first (sound or light). In the other part,
participants judged whether the sounds and lights were presented from the same location
or not. In both tasks, participants made an unspeeded response by pressing one of two
designated keys on a response box at the table. The next trial started 2(100 ms after a

response was made.

.. ......m ....

50° -30° -10° 100 30° 50°

  Speaker
0 LED
+ Fixation

Fig.un 2.1 The experimental set-up. Participants were presented with two flashes
on the left or right (10 degrees from central fixation) and two sound bursts from one of
six hidden loudspeakers. There was a variable stimulus onset asynchrony (SOA) between
the sound and light. The sound either came from the same location as the light, or it was
presented at 20 or 40 degrees separation, either crossing the hemifields or not. In the
temporal order judgment (TC )1) task, participants iudged whether the sound or the light
was presented first. In the location discrimination task, participants iudged whether the
sound and light came from the same location or not.

Design. In the TOI task, three within-subiect factors were used: Spatial disparity  (five
levels, sound and light either from the same location, or at 20 or 40 degrees spanal

separation in the same or in different hemifields), Side of light (left or right) and SOA (-

240, -120. -90, -60, -30, 0, 30, 60, 90, 120 or 240 ms; negative values indicate that the
sound was presented first). These factors yielded  110  equi-probable  conditions.  Each
condition was  presented 16 times  for a total o f 1760 trials, presented in 16 blocks of 110
trials each. Within blocks, all combinations of SOA, side o f light, and location were varied

randomlv.
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In the location discrimination task, stimulus presentation was as in the TOJ task,
except  that, in order to reduce testing  time,  only  SOAs  of -120,  -60,0,  60  and  120  ms

were used, and the number 01- trials per condition was reduced to eight instead of sixteen.
Total testing lasted approximately 2 hours, divided over 3 days.

To acquaint participants with TOj task, experimental blocks were preceded by a
training session in which 40 trials were presented with SOAs of -240, -120, 120 or 240
ms, presented at the ten possible combinations of location and side of light. During
training, participants received corrective feedback (the green fixation LED flickering three

times) whenever they made an erroneous response. Blocks continued until the proportion
of correct responses was 85°/0 or above. For the location discrimination task, 20 practice
trials were given.

2.4 Results

roJ-task. Data of the TOI task were analyzed as in Zampini et al. (20039, 20031,). Trials
of the training session and trials with an SOA of -240 ms and +240 ms were excluded
from further aiialyses, because most participants performed nearly perfectly at this
interval, and therefore no additional variance was accounted for by these measurements

(see also Zampini et al., 20031)). The proportions of 'vision-first' responses were
calculated for each participant, and were converted into equivalent Z-scores assuming a
cumulative normal distribution. For each condition, the best-fitting straight line was then
calculated over the nine SOAs. The lines' slopes and intercepts were used to determine

the JND (IND= .675/slope) and the PSS (the point of subjective simultaneity). The JND
represents the smallest interval between two stimuli needed by participants to judge
correctly which stimulus came first on 75% of the trials. The PSS represents the average
interval by which one stimulus had to lead the other for being perceived as simultaneous.
An overall 5 (spatial disparity) x 2 (side of light) ANOVA on the JNDs and on the PSSs
showed that there was no effect of side of light, both Fs < 1, nor did it interact with

spatial disparity, F(4, 56) = 2.12, P = .90, and F(4,56) = 1.12, P = .36, respectively. The
proportions of 'vision-first' responses were therefore pooled over side of light. In an
ANOVA on the PSSs, the effect of spatial disparity was not significant, F(4,56) = 1.47, P
= .22 (average PSS = +7.71 ms). Further analyses were therefore restricted to the INDs
(see Table 2.1). To obtain a measure of the effect of hemifield and distance on the .INDs,
difference scores were calculated for each participant with the JND of 'same location' as

baseline. In a 2 (hemifield) x 2 (distance) ANOVA on the JND difference sc ,res, a
significant overall effect was found, I-(1,  14)  =  11.19, P < .005, indicating thatjNDs were
indeed smaller (i.e., sensitivity increased) whenever the stimulus pairs were spatially
separated. There was  also a significant main effect of hemifield,  F(1,14)  =  4.97, P <  .05,
as JNDs were lower when sounds and lights were presented in different hernifields rather

than in the same (a 9.1 ms vs. 5.5 rns improvement, respectively). Importantly, there was
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an effect of distance, F(1, 14) = 5.70, P < .05, indicating that JNDs for stimuli at 40
degrees separation were lower than at 20 degrees (a 9.9 ms vs. 4.7 ms improvement,

respectively). The interaction between hemifield and distance was not significant, F(1,14)
= 1.24, P = .29.

Location discrimination task. To examine the extent to which the spatial disparity between
the sounds and lights was perceived, we calculated the percentage of 'same location'

responses for each disparity. The overall 5 (spatial disparity) x 2 (side of light) x 5 (SOA)
ANOVA showed that there was no effect of side of light, F < 1, an effect of spatial

disparity, F(4,56) = 58.57, P < .001 (less same responses when pairs were spatially
separated), and an effect of SOA, F(4, 56) = 3.01, P < .05 (on average, 3% more 'same'
location responses at 0 ms SOA than at the largest SOAs). To obtain an overall measure
of perceived distance that could be compared with performance on the TOJ task,
difference scores were computed pooled over side of light and SOA with the 'same
location' condition as baseline (Table 2.1, right panel). In the 2 (hemifield) x 2 (distance)
ANOVA on these difference scores, there was a main effect of distance, F(1, 14) = 18.40,
P < .001, because the perceived distance at 20 degrees separation was smaller than at 40
degrees (after correction for baseline, 73% vs. 88% of the trials were judged to be at
different locations, respectively). There was no main effect of hemifield, F <  1  (77% vs.
84% for same vs. different hemifielcls, respectivel>), but the interaction between hemifield

and distance was marginally significant, 171, 14) = 4.38, P = .055. The interaction
indicated that the spatial disparity at 40 degrees was perceived more reliably when sound
and light were presented in different hemifields rather than the same (93% vs. 82%,
respectively).

To compare performance on the two tasks, and to test whether location discrimination

and TOJs were affected similarly by hemifield and distance, difference scores of both
tasks were converted into Z-scores. The normalized scores were then entered into a 2

(task) x 2 (hemifield) x 2 (distance) MANOVA. A main effect of hemifield was found,
F(1, 14) = 5.86, P < .05, showing that in both the TOJ task and the location
discrimination task the effect of spatial separation was largest when stimulus pairs were

presented in different hemifields. There was also a main effect of distance, F(1,14) =
14.79, P < .01, showing that when distance increased, JNDs were lowered and less 'same
location' responses were given. All other interactions were not significant (task and
hemifield, F < 1; task and distance, F < 1, hemifield and distance, F < 1, task, hemifield
and distance, F(1, 14) = 3.03, P = .104, indicating that the effects of distance and
hemifield were essentially the same for both tasks.
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lable 2.1 Nlean S ensitiliti on thr.litditos-I 'i.guallemporal urder judgment -Fask (1'0.1),and tb<,
13}cahon Ilisctimination 7 ask as a funt-tion of the 1 8,·ations of tbe .-luditog-1 imal Stimulus Pairs.

'r()1 ta.sk Location discrimindhon task

Separation .INDI Difference  P(Same)2 Difference  

Same 1 1,(ation                 00 47.6 0.97

.\ame Hemifield 2()° 45.5           2.1 0.25 0.72

4()° 38.8 8.8 0.15 0.82

Diffen,it Hemifteld 20° 4(1.4 7.2 0.23 0.74

44-)° 36.7 1().9 0.03 0.93

1 IXI) = .\lean just Noticeable Iliffen,nre (in ms)
2 P(Name) -  MN,1 pirportioit of ' ame 10,-ation' irsponses

' Differen,e = Difference seores compared to famr location

2.5 General Discussion
We explored whether sensitivity  to  audio-visual  temporal  order  judgments   (TC)Js)   was
affected by the amount of spatial separation between a sound and light, and by whether
the stimuli were presented in the same or in different hemifields. As observed before,
sensitivity improved (i.e., lower JNDs) when the individual components of an audio-
visual stimulus were presented in different locations rather than the same location (see
also Bertelson & Aschersleben, 2003; Spence et al., 2003; Spence et al., 2001; Zampini et
al., 2003a, 2003b). Moreover, and in line with the hemispheric redundancy hypothesis
proposed bv Zampini et al. (2003b), INDs were lower when sounds and lights were
presented in different hemifields rather than in the same hemifield. Importantly, .INDs
also improved when the distance between the sound and the light increased from 20 to 40
degrees, independent of whether the stimuli were presented in different hemifields or not.
The latter is in clear contradiction with a strict interpretation of the hemispheric account,
and it thus requires further elaboration.

Here we considered the possibility that what underlies the hemifield effect is that

spatial disparity is more salient when sounds and lights are presented in different
hemifields rather than in the same hemifield. On this view, the crucial feature is the extent

to which sounds and lights are actually perceived to emerge from different locations. To

check On that, and to obtain an independent measure of perceived distance, participants
performed a location discrimination task. The results showed that even though the TOI
task and the location discrimination task were affected about equally by distance and
hemifield, there was no strict one-to-one relation between the two (as there was a main
effect of hemifield in the TOJ task, and an interaction between hernifield and distance in
the location discrimination task). Most likely, then, two mechanisms underlie TOI
improvements: the perceived distance between sound and light, and whether or not the
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stimuli cross the hemifields (and possibly, hemispheres, although it is not clear to which
extent sound processing is lateralized in a free-field listening situation, e.g., Woldorff et al,
1999).

The question remains why in the study of Zampini et al. (2003b), no improvement
was found when stimuli were presented at different locations within the same
hemisphere, as they used a spatial separation that was even larger than the one used here.
One potential critical difference is that a trial in our set up consisted of a train of two
sounds and two flashes instead of iust one. We observed earlier that participants become

more sensitive (i.e., lower jNDs) when the audio-visual stimuli are presented more than
once (Morein-Zamir et al, 2004). More importantly, we also found that location
discrimination of the sound and flash becomes more accurate. For example, performance
in the spatial discrimination task was only 59.4% correct (chance level being 50%) when
the audio-visual stimulus pair was presented once (Keetels & Vroomen, 2004), while it
was 83.6°/0 correct in the present case where each stimulus pair was presented twiCe. It
may thus well be that in the study of Zampini et al., spatial separation between the sound
and light was not perceived reliably because their stimuli were presented only once, which
on its turn might explain the absence of a spatial separation effect. It should be noted,
though, that with two stimulus presentations, participants had a chance to move their eyes

towards the (second) flash. However, if it were indeed the case that participants, despite

instructions, moved their eyes towards the visual stimuli, flashes would become central
and the difference between 'same' versus 'different' hemifields should disappear. Since we

found and effect of hemifield, we presume that participants followed instructions and
fixated centrally.

The    finding   that   TOJ s improve    and that spatial separation is perceived    more

accurately when stimuli are presented at large compared to small separations, is in line
with both the spatial redundancy and the multimodal pairing account. Thus, whenever
stimuli are presented at large separations, redundant spatial cues might be more
distinctive, and/or multimodal paring might occur less, compared to when pairs are

presented with small separations. Both accounts are for the time being possible, and at

present no distinction can be made between multimodal pairing or spatial redundancy.
The two accounts differ in that multimodal pairing is critically dependent on that sound

and light are presented in close temporal proximity of each other (say t200 ms), while

this is, in principle, not the case for spatial redundancy. However, given that TOJ
accuracy is npically examined within the temporal fusion window of multimodal pairing,

it is at present difficult to disentangle the tWO accounts. This puzzle, though, might be

solved if, for example, multimodal pairing but not spatial discrimination could be

prevented.
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3.1 Abstract
A sound presented in temporal proximity to a light can alter the perceived temporal

occurrence   of   that   light   (temporal   ventriloquism). W'e explored whether spatial
discordance between the sound and light affects this phenomenon. Participants made
temporal order judgements about which of two lights appeared first, while they heard

sounds before the first and after the second light. Sensitivity was higher (i.e., a lower just
noticeable difference) when the sound-light interval was - 100 ms rather than -0 ms. This
temporal ventriloquist effect Ii'as unaffected by whether sounds came from the same or a
different position as the lights, whether the sounds were static or moved, or whether they
came from the same or opposite sides of fixation. Yet, discordant sounds interfered with
speeded visual discrimination. These results challenge the view that intersensorv
interactions in general require spatial correspondence between the stimuli.
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3.2 Introduction
The question of how senson· modalities cooperate to fc,rm a coherent representation of
the environment is the focus of much behavioural and neuroscientific research (Calvert et
al, 2004). The most commonly held view among researchers in mull:isensory perception is
what has been referred t() as the assumption of tinity, which states that as events from
different modalities share more (amodal) properties, the more likely it will be that they
originate from a common obiect or source (e.g., Bedford, 1989b; Bertelson, 1999; Radeau,
1994; Stein & Aferedith, 1993; Welch, 1999; Welch & Warren, 1980). Although there is
some dispute as to what counts as a common property (e.g., Bertelson), without doubt
the two most important ones are considered to be commonality in .pace and time  (e.g.,
Radeau). Indeed, in the real world, signals in different modalities from a common obiect
or event will often be spatially and lemporally aligned, and it seems only logical that
multisensory integration is constrained by these two factors. Following this notion,
intersensory integration should be reduced or absent when stimuli are too far apart in
space or time, because in that case two Obiects or events will be perceived rather than a
single multimodal one.

Constraints on intersenson· perception have mostly been studied with cc,nflict
situations where incongruent information about potentially the same distal event is
presented to different modalities (de Gelder & Bertelson, 2003). A well-known example is
the ventriloquist efect where the perceived location of target sounds is displaced toward light

flashes delivered simultaneously at some distance, despite instructions to ignore the lights
(for recent reviews, see de Gelder & Bertelson, 2003; Vroomen & de Gelder, 2004a).
Several behavioural and physiological studies have shown that the ventriloquist effect
disappears when the audiovisual synchrony exceeds approximately 300 ms or when the
disparity between the sound and light exceeds 15 degrees (e.g., Godfroy et al., 2003;
Hairston et al., 2003; Lewald & Guski, 2003; Radeau & Bertelson, 1977; Slutsky &
Recanzone, 2001), although the specific degree of tolerated disparities ranges widely (e.g.,

Wallace et al., 2004).
Similar constraints on intersensori perception have been demonstrated at the

neurophysiological level, in particular multisensory neurons in the superior colliculus. As
shown by the work of Stein and co-workers (Stein & Meredith, 1993), a subset of these
neurons shows the greatest increase in firing rates (compared to unimodal baselines)
when a sound and a light are approximately synchronous and come from approximately
the same position in space. At large spatial disparities, the audit()ry stimulus loses its
capacity to enhance the effectiveness of the visual stimulus, and can actually become an
inhibitor of its satience. These principles of multisenson integration are not only believed
to underlie behaviour where the superior colliculus is likely to be involved, like attentive
and orientation behaviour or saccadic reaction time (Frens & Van Opstal, 1998), but in
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recent years they have become the prime example as to how intersensory integration in
general  is  organized  in the brain (Calvert  et al,  2004)

Here, though, we will question whether the spatial rule should be considered as a general

cc,nstraint on multisensory integration. Most of- the studies that demonstrated spatial

congruency effects on intersenson· processing either required a spatial response (as in the

spatial ventriloquist situation where participants localize a target sound), or it was likely

that some form of spatial attention was critically involved. For example, it is known that

participants become faster to detect or discriminate a light at an unknown location when a

sound is presented briefly before the light at the same location rather than a different one

(for recent reviews, see Driver & Spence, 2004; Spence & McDonald, 2004). Some
intersensory phenomena, though, like the well-known McGurk effect whereby a heard

speech sound is affected by seen lip movements BkGurk & AlacDonald, 1976), are
almost exclusively affected by temporal synchrony rather than by the relative spatial
location of the auditory and visual stimuli (Bertelson et al., 1994; Colin et al., 2001).
Temporal and spatial constraints in audiovisual speech processing are thus separable, and

this has been confirmed in a PET study where violations of temporal and spatial

constraints activated different   brain   regions   Blacaluso   et  al,   2004).Other  examples   of

intersensory phenomena that do not rely on spatial alignment were reported by Stein et al.

(1996) who found that auditory stimuli alter judgments about perceived visual intensity of

a light (with the position of the light known in advance) regardless of whether the sound

was coincident with the visual stimulus or displaced by 45 degrees to the left or right (see
also Vroomen & de Gelder, 2000). Similarly, Welch, DuttonHurt, and Warren (1986)
reported that a fluttering sound altered the perceived rate of a flickering light, regardless

of whether the sound and light were emanating from a single spatial locus (straight ahead)

or whether they were separated by 45 or 90 degrees (see also Recanzone, 2003). Detection

of infrequent deviants has been shown to be better for multisensory stimuli rather than

unisenson- ones (the redundant target effect), and this effect is, at the behavioural level,

also rather independent of spatial alignment (A urray et al, 2004; Teder-Saleiarvi et al,

2005). From those examples, it thus seems reasonable to assume that the spatial rule on

intersensory integration may not apply if spatial attributes of the experimental task or

spatial attention are not critically involved.
To examine this issue more systematically, we conducted a series of experiments on

temporal ventriloquism, which is an intersensory illusion in the temporal domain. The basic
phenomenon is that a sc,und in temporal proximity of a light can attract the temporal

occurrence of the tight (Aschersleben & Bertelson, 2003; Bertelson & Aschersleben, 2003;

Fendrich & Corballis, 2001; Morein-Zamir et al., 2003; Scheier et al., 1999; Stekelenburg

& Vroomen, 2005; Vroomen & de Gelder, 20041,). As an example, Vroomen and de
Gelder (2004b) studied this phenomenon Using the flash-lag effect (FLE). The FLE is a
visual illusion wherein a flash and a moving object that are presented in the same location
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are perceived to be displaced from one another. When the flash and the moving stimulus
are physically aligned, observers typically report the flash as lagging behind the moving
stimulus. The authors observed that when a noise burst w·as synchronized with the flash,
it reduced the magnitude and the variability of the Fl.E, relative to a silent condition.
Moreover, when the sound was presented before, at, or after the flash (+-100 ms), the
size of the FLE varied linearly with the delay of the sound, thus indicating that an isolated
sound sharpened the temporal boundaries of a flash, and when desynchronized with the
flash, attracted its temporal occurrence in the order of about 5% of the temporal
discrepancy.

Here we examined whether spatial discordance between a sound and light affects
temporal ventriloquism. If the common notion on intersensory integration -spatial
congruency always matters- is correct, one expects no or less temporal ventriloquism
when there is a spatial mismatch between the auditor,· and visual inputs. If, in contrast,
there is no such effect, it would demonstrate that the dominant view on intersensory
integration needs to be qualified, and that it does not apply in the temporal domain. To
explore this, we adopted a visual temporal order judgement task (TOJ) developed by
Scheier et al. (1999) and Morein-Zamir et al. (2003). Participants were presented pairs of
visual stimuli at various stimulus onset asynchronies (SOAs) and were asked to iudge
which of two lights (upper or lower) appeared first. Task-irrelevant sounds were
presented before the first and after the second light so that, due to temporal
rent:riloquism, the lights would seem to occur farther apart in time, thereby improving
sensitivity (i.e., lowering the Just Noticeable Difference, .IND). The sounds themselves
were completely orthogonal to the task at hand, and did not predict in any sense which
light appeared first. Response conflicts between the position of the sounds and the lights
could therefore be excluded.

-1-able 3.1 Mean Just Noticeable  Differences (IND) in ms, and Standard  limrs of tbe Alean  (in
Parentheses)  of  tbe  Pilot  Experiment.   Capturing  /luditor,   Stimuli  u,ere  Presented  at  -0,  -100,  -200,

-300,   -400    ms   1nten,als,   or   no   Auditort   stimuli   wen   presented    (1 'isual-only);   Tbe   'leniporal
i. 'en triloquist  Efect (11 7 -) is  tbe In,protement in 1X D  wben compared  to  tbe  -0 ms  Interval.

Pilot Exp.    Al '-Inten,al JND TVE.

0 ms. 25.0 (1.9)
100 ms. 18.5 (1.0) 6.5**

200 ms. 21.2 (1.9) 3.8*

300 ms. 25.9 (3.1)        -.9
400 ms. 25.8 (4.0)         ..8
T 'isual-()ni¥ 32.3 (3.0)

./ P < .001 *P<.1
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In a pilot study (N = 14), we determined the optimal sound-light interval for obtaining a

temporal ventriloquist effect by varying the interval from -0 ms to -400 ms in steps of

-100 ms. Results showed that, compared to the -0 ms condition, the effect was biggest

when the audiovisual interval was  - 100 ms, and that it became smaller when the interval

was further increased (see Table 3.1). This fits well with the results of Aforein-Zamir et al.

(2003)  who also found  that the temporal ventriloquist effect was biggest around  the  - 100

ms  interval.  The  -100 ms interval was therefore chosen  as the condition in which

temporal ventriloquism should be at maximum, and it was compared to the -0 ms
interval that served as baseline. Note that in this comparison two sounds were presented

in both conditions. This allowed to measure the effect of audiovisual temporal

discordance (the difference between  a  - 100  ms  vs.  a  -0 ms interval)  in  its  putest  form,
while other more general effects that sounds might have on visual processing (facilitatory

or inhibitory) were subtracted.

EXPERIMENT I
Static  Capture  Sounds  either Central  or Literal

Two lights were vertically aligned in the median plane while sounds were presented at eye

level either centrally, or far to the left or right at -90 or +90 degrees (see Figure 3.1).

Participants judged whether the upper or lower light was presented first, ignoring the

sounds. The orientation of the lights (up vs. down) was orthogonal to the direction of the
sounds (left, right, or middle) so that response conflicts between the sounds and lights

were excluded. If spatial correspondence between sound and light were critical for
intersensory integration to occur, one would expect more temporal ventriloquism (i.e., a
larger improvement  at  the  - 100 ms interval if compared  to  the  -0 ms interval) if sounds

were presented centrally rather than laterally

3.3 Method
Participants. Twenty students from Tilburg University received course credits for their

participation.

Stimuti. Two red LEDs (diameter of 0.5 cm, Iurninance of 40 cd/m2) were positioned
vertically at 5 degrees above or below central fixation, with fixation at eye level and at 90

cm distance. Sounds were presented via either one of two speakers. One speaker was

positioned in between the tWO lights, the other was placed either at the far left, or at the

far right (at 90 degrees), also at eye-level and at 90 cm distance. The auditory stimuli

consisted of a short white noise burst of 5 ms presented at 70 dB(A). A small green LED
on the center of the middle loudspeaker served as fixation.
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Desi.gn. Three within-subjects factors were used: Sound location (Same or different
azimuth as the lights), Audiovisual interval (-0 or -100 rns), and SOA between the two
visual stimuli (ranging from -75 ms to +75 ms in steps of 15 ms, with negative values
indicating that the lower LED was presented first). The audiovisual interval represents the
time between the onset of the first sound and first light, and the time between the onset

of the second light and the second sound. Thus, in the -100 ms condition, the first sound
preceded the first light by -100 ms and the second sound traded the secc,nd light by
-100 ms, while in the - 0 ms condition sounds and lights were synchronous. A silent
visual-only condition was added to test whether the presence of a sound as such helped
or interfered with performance. This resulted in 50 unique trials, each randomly presented
20 times in 4 blocks of 250 trials each. The side at which the lateral loudspeaker was
placed varied between blocks. For half of the participants, the lateral speaker was
positioned on the right in the first two blocks, and on the left in the other two blocks,
whereas the order was reversed for the other half of the participants.

Exp 3.1 Exp 3.2

 * 50 up                                              +A .+ 5° down

90 cm

V--

I -2         1       gl                    lij
Exp 3.3 Exp 3.4 and 3.5

0   +  0                                                            1$    111:: 11                 ©
4-lt 4 I

left 5° 5° right left 16° 16°  right

0     0
     =  Speaker          0     =  I.I:D

Figure 3.1 Schematic top view of the setup in Experiment 3.1 to 3.5.

Procedure. Participants sat at a table in a dimly lit and sound-proof booth. The fixation light
was illuminated at the beginning of the experiment, and participants were instructed to
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maintain fixation on this central green LED during teSting. Trials consisted of the onset

of the first LED, and after the SOA, the second LED was turned on. Both LEDs
remained lit until a response was made. The two sounds, if present, were presented
according to the sound-light interval condition. The participants' task was to judge

whether the lower or the upper I-ED was presented first by pressing one of two
designated keys with the right thumb or index finger, respectively. Responses were
unspeeded and participants were informed that the sounds should be ignored, as they did
not predict in any way which light came first. The next trial started 2000 ms after a

response was detected.
To acquaint participants with the TOI task, experimental blocks were preceded by a

practice session. The practice block consisted of 30 trials in which each combination of
audiovisual interval and sound location at the +45,+60 and +75 ms SOAs was presented
once. During practice, participants received verbal feedback ("Correct" or "Wrong")
about whether they had pressed the correct key or not.

3.4 Results and Discussion
Trials of the practice session were excluded from analyses. The proportion of up-jirst

responses was calculated for each combination of condition and SOA for each
participant. To compute JNDs, proportions were converted into equivalent Z-scores
assuming a cumulative normal distribution (Finney, 1964). For each condition, the best-
fitting straight  line  was  calculated  over  the   10 SOAs. These lines' slopes and intercepts
were used to determine the JND (ND = 0.675 / slope) and the point of subiective

simultaneity (PSS). The JND represents the smallest interval between the onsets of the
two lights needed for participants to be able to iudge correctly which stimulus had been
presented first on 75% of the trials. The PSS represents the average interval by which the
upper light has to lead the lower one for being perceived as simultaneous.

In  the 2 (Sound location)  x 2 (Audiovisual interval)  AN( )VA  on  the  PSSs, no effect
was significant (Sound location, F(1,19) = 3.54, P = .075; Audiovisual interval, F < 1; and
the interaction, F(1, 19) = 2.09, P = .16; average PSS = +0.8 ms). This was as predicted,
because there was no reason to expect that either one of the two lights (upper or lower)
would be differentially affected by the sounds, thus creating an overall shift towards 'up'
or 'down' responses. In the AN()VA on the.INDs (see Table 3.2), there was an overall

effect of the audiovisual interval, /(1, 19) = 16.08, P < .001, as INDs in the -100 ms
interval were lower (i.e., better performance) than in the -0 ms interval (a 6.5 ms overall

temporal ventriloquist effect). There was also an overall effect of sound location, F(1,19)
= 7.36, P < .025, because performance was less accurate when sounds were presented
from lateral positions ratlier than the central one  (a 2.4 ms difference). Afost importantly,
the interaction between sound location and audiovisual interval did not approach

significance, F(1, 19) = 1.69, P =.21, indicating that the temporal ventriloquist effect was
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essentially the same for sounds presented from the same versus different positions as the
lights. Separate t-test comparing  the  -0 ms versus  - 100  ms intervals indeed confirmed
that the 5.0 ms ventriloquist effect for sounds presented from the same position, t(19) =
3.13, P < .005, and the 8.0 ms effect for sounds presented from different positions, t(19)
= 3.45, P < .005, were both significant. Note also that, if anything, temporal

ventriloquism was actually bigger when sounds were presented from a different rather
than the same position as the lights. A comparison between the central synchronous
condition and the silent condition also showed that the presence of- a sound enhanced
rather than interfered with performance, t(19) = 2.35, P < .05.

The results of Experiment 3.1 thus essentially showed that there was no sign that
temporal ventriloquism was attenuated when sounds were presented from a different
rather  than  the same position  as  the  lights.  In both cases, J NDs improved about equally.

This indicates that spatial co-localization is not a critical factor for audiovisual temporal
ventriloquism to occur. Another relevant finding was that JNDs in general were worse
when sounds were presented from a different position as the lights rather than the same.
One plausible explanation for this overall disturbing effect of laterally presented sounds is
that they distracted attention away from the target lights (Spence et at., 1998), thus
interfering with performance (see also Experiment 3.5). Whatever the interpretation of
this effect, it shows that the incongruent location of the two sounds could not be totally
ignored. Sound location was thus noticeable and affected JNDs; it just did not affect
temporal ventriloquism. In the following experiments, we explored more variants of
audiovisual spatial discordance.

Table 3.2 Mean Just Noticeable Diferences GND) in ms, and Standard Errors of tbe Mean (in
Parentbeses) for tbe Auditory-I'isual  Conditions  Mtb  Sounds  from  tbe  Same  or a  Different  Lucation  as  tbe

1-igbts  at Auditory-Visual  (Al°')  inten,als  of -0 ms and -100  ms, and  tbe L 'isual-only C.ondition. Tbe

Temporal I''entriloquist Efect  (n 'T.)  reflects  tbe Dgerence between  tbe  -0  and -10()  ms Al '-Inten,als.

Location  of Capturing Sounds r 'isual-only
Same as Lights Difterent as Lights

AV-Interval JND TVE JND TVE

EXP 3.1 0 ms. 26.2 (1.3 5.0 30.1 (2.8) 8.0 32.7 (3.4)

100 ms. 21.2 (1.5) 22.1 (1.4)

EXP 32 0 ms. 33.5 (2.8) 8.6 38.1 (3.0) 8.6 41.3 (3.5)

100 ms. 24.9 (1.7) 29.5 (2.4)

Exp 3.3 0 ms. 24.3 (1.6) 4.4 24.9 (1.7) 4.8 29.2 (2.8)

100 ms. 19.9 (0.8) 20.1   (0.7)
Exp 3.4 0 ms. 32.3 (2.4) 4.6 32.8 (2.9) 5.3 28.2(2.6)

100 ms. 27.7 (1.8) 27.5 (2.7)
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EXPERIMENT II

Static-Central versus Moving-Literal Sounds

In  Experiment  3.2,  we  compared 'moving' versus static sounds.  The  two  accessor>"
sounds were presented either centrally (i.e., from a static position), or the first sound was

presented from the far left, and the second from the far right (or vice versa). The latter

gave the impression that the sounds moved from left-tc,-right (or right-to-left). The
question was whether temporal ventriloquism would be affected by such a clear

difference in spatial attributes of the sounds (static-central vs. moving-lateral)

3.5 Method

Partiapants. Sixteen new students participated.

Stimuli and Design. All experimental details were as in Experiment 3.1, except that the two
loudspeakers were placed one at each side of the participant's head (at 90 degrees, eye-
level, and at 90 cm distance, see Figure 3.1). For the central sound location, a stereo

sound was presented from both loudspeakers so that the two sounds appeared to OCCur

from the middle. For the moving sounds, in half of the trials the first (equally loud) sound

was presented from the right speaker and the second from the left; for the other half ot-
the trials the order was reversed. The position of the first sound (central, left-sound first,
or right-sound first) varied rand(,mly.

3.6 Results and Discussion

-INDs and PSSs were computed as before. A 2 (Sound location) x 2 (Audiovisual interval)
ANOVA on the PSSs showed that there was  a main effect of sound location,  /(1,15)  =
8.01, P <  .025, a marginally significant effect of audiovisual interval, F(1,  15)  =  4.32, P =
.055, and no interaction,  F(1,  15)  =  2.94, P -  .11. The effect of- sound location indicated
that there were more 'up' responses for moving sounds than central ones, a finding for
which we have no clear explanation. Alore importantly, in the ANOVA On the INDs the
effect of audiovisual interval was again significant, F(1,15) = 18.30, P < .001, as
performance was more accurate in the -100 ms interval than in the -0 ms interval (an 8.6
ms overall temporal ventriloquist effect). There was also a main effect of sound location,

1(1, 15) = 8.50, P < .025, because moving sounds distracted overall performance (a 4.6
ms effect) compared to StatiC sounds. Most impc,rtant, the interaction between sound

lc,cation and the audie,visual interval was again nonsignijicant,   F   <   1, indicating that the

temporal ventriloquist effect was virtually identical for static versus moving sounds.
Separate t-test confirmed that the 8.6 ms effect fc,r static sounds, t(15) = 3.48, P < .005,
and the 8.6 ms effect for moving sounds, t(15) = 3.39, P < .005, were both significant.
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Clearly, then, even auditory apparent lateral motion did not attenuate intersensory
integration of centrally presented lights.

In the following tu·o experiments, we tested yet another variant of audiovisual spatial
discordance by checking whether it matters if sounds and lights are presented from the
same or different sides of central fixation.

EXPERIMENT III
Sounds at  Same  or Opposites  Sides  of tbe  Lights

The set up of- Experiment 3.3 was changed so that the sounds and lights were presented
either to the left or right of central fixation (see Figure 3.1). This allowed to measure
temporal ventriloquism for audiovisual stimuli whose components were presented from
either the same or the opposite sides of the median. There were two reasons for
presenting stimuli this way. First, this setup is very similar to the one used in the cross-
modal orthogonal cueing paradigm introduced by Spence and Driver (Spence & Driver,
1997; Spence & Driver, 1994), where it has been shown that sound location is highly
relevant for speeded visual target discrimination. In one of their conditions, spatially non-
predictive auditory cues were presented from either the left or right of a central fixation
point, while after a variable SO.1, visual targets were presented from one of four locations
directly above or below the cue on either side. A robust finding from that literature is that
the speeded up-down discrimination of the visual target is improved (i.e., faster reaction
times) when the auditory cue is presented from the same side as the light at short SC)As
(e.g., Experiment 1 of Spence & Driver, 1997). The location of the sound is thus highly
relevant in this speeded detection taSk, presumably because it reflexively shifts spatial
attention towards the target light. The question here was whether the location of the
sound -and spatial attention- would be relevant for temporal ventriloquism. It has, for
example, been argued that spatial attention modulates intersenson binding, as indicated

by the fact that the neural response enhancement of audiovisual stimuli is bigger when
stimuli are attended rather than unattended (Talsma & Woldorff, 2005). If this is of
relevance at the behavioural level, one could expect more temporal ventriloquism if
sounds and lights were presented from the same side rather than opposite sides of the
median.

The second reason for presenting the audiovisual stimuli at different sides of the
median is that it has been shown that for audiovisual temporal  order, it matters whether the
sound and light cross the median or not. In an audiovisual TOJ-task, participants are
presented a sound and light at various SOAs and are asked to iudge which came first
(sound-first or light-first) Performance is better (i.e., lower JNDs) when sounds and
lights are presented at different sides of fixation (Keetels & Vroomen, 2005; Zampini et
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al., 2003a, 2003b) rather than the same side. One interpretation of this effect is that there

is less intersensory binding (or less fusion) whenever stimuli are presented to the different
hemispheres (Zampini et al.). This so-called hemispheric account would thus also predict

less temporal ventriloquism for sounds and lights presented at different sides of fixation,
because the stimuli were processed by different hemispheres. Three accounts (the
assumption of unity, spatial attention, and the hemispheric account) thus all predict less

temporal ventriloquism if sounds and lights are presented at different sides of the median

rather than the same.

3.7 Method

Partiapants. Twenty new students participated.

Stimuli. Stimuli were as before, except that the setup now consisted of 4 LEDs. Two
LEDs were vertically aligned on the left at 5 degrees from central fixation, the other two
LEDs were placed in symmetric positions on the right (see Figure 3.1). The two
loudspeakers where positioned at eye-level in between the vertically aligned LEDs, with
their centres also at 5 degrees to the left or right. The horizontal separation of spatially

incongruent sound-light stimuli  was  thus 10 degrees. A centrally positioned LED served

as fixation.

Design. There were four within-subiects factors: Side of the light (Left or right), Sound

location (Same or different side as the lights), Audiovisual interval (-0 ms or -100 ms),
and SOA between  the two visual stimuli (ranging  from  -75  ms  to  +75  ms in steps  of 15

ms, with negative values indicating that the lower LED was presented first). A silent

condition (side of light left or right) was added to test whether a sound helped or
interfered with performance. This resulted  in 100 unique trials, all randomly presented  10

times in 5 blocks of 200 trials each. Participants were instructed to keep their eyes on

fixation, and to illdge whether one of the lower or one of the upper LEDs was presented

first -ignoring side- by pressing one of two designated keys with their right thumb or
index finger, respectively.

3.8 Results and Discussion

JNDs and PSSs were computed as before.  A 2 (Side of light left or right) x 2 (Sound at
same or different side as light) x 2 (Audiovisual interval -0 or -100 ms) ANOVA on the
PSSs showed that no effect was significant (all Fs < 1). The same ANOVA on the JNDs
showed that the Side of the Light (left or right) had no overall effect, F < 1, nor did it
interact with I.ocation, F(1, 19) = 1.64, P = .22; or with Audiovisual interval, F < 1. The
data were therefore pooled over side of light. In the 2 (Sound location same or different
as light) x 2 (Audiovisual interval -0 or -100 ms) ANOVA on the jNDs, there was main

effect of audiovisual interval,  F(1,   19)   =   14.32,  P  <   .001,  as  performance  was  more
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accurate in the -100 ms interval than in the -0 ms interval (a 4.6 ms overall temporal
ventriloquist effect). Sound location (Same or different side) had no overall effect, F < 1,
nor was the theoretically important interaction between the sound-light interval and
sound location significant, F < 1. Separate t-test confirmed  that the  4.4 ms effect  for
sounds presented from the same side, t(19) = 3.35, P < .005 and the 4.8 ms effect for
sounds presented form the opposite side, t(19) = 3.37, P < .005, were both significant.

Results thus showed that there were equal amounts of temporal ventriloquism for
sounds presented from the same versus the opposite side of the lights. The prediction
drawn from the assumption of unity, the spatial attention account, and the hemispheric
account was thus not supported by the data, indicating that audiovisual spatial
correspondence plays a much less critical role in intersensory pairing than might be
expected on the basis of these theories. In the following experiment, we further explored
this important observation.

EXPERIMENT IV
1_ager Auditog-&'isual Spatial Disparity

Experiment 3.3 showed that for temporal ventriloquism it did not matter whether sounds
were presented from the same or from the opposite side of the lights. Somewhat
surprising, though, there was also no overall disturbing effect of the incongruent sound
location on the JNDs, while this effect was present in Experiments 3.1 and 3.2. A
possible reason for this might be that the spatial separation of the incongruent sound-

light pairs was relatively large in Experiments 3.1 and 3.2 (i.e., 90 degrees separation),
while this was much smaller (i.e., 10 degrees) in Experiment 3.3. The value of 10 degrees
was chosen because we considered that the TOJ task might become too difficult when
the lights were presented too far out in the visual periphery. To check, though, whether
participants actually noticed the audiovisual spatial discordance, we conducted another
experiment in which the difference between the spatially congruent and incongruent trials
was further increased.

3.9 Method

Partiapants. Sixteen new students participated.

Stimuli    and Design. Stimuli and design were as in Experiment 3.3, except that the
horizontal separation of the spatially incongruent sound-light stimuli was increased from
10 degrees to 32 degrees (see Figure 3.1), while the vertical separation of the congruent

sound-light stimuli was further decreased from 5 degrees   to 1.5 degrees.   This
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manipulation should further increase the difference between the spatially congruent and

incongruent trials.

3.10 Results and Discussion
The data were analysed as in Experiment 3.3. In the 2 (Sound location at same or
different side as light) x 2 (Audiovisual interval -0 or -100 ms) ANOVA on the PSSs, no
effect was significant (all Fs <  1). The same ANC)VA on the JNDs showed that there was
a main effect of audiovisual interval, 171, 15) = 10.20, P < .01, as performance was more
accurate in the -100 ms interval than in the -0 ms interval (a 4.9 ms overall temporal

ventriloquist effect). Sound location  (Same or different  side) had again no overall effect,  F
< 1, nor was the theoretically important interaction between the sound-light interval and
sound location significant, F < 1. Separate t-test showed that the 4.6 ms ventriloquist
effect for sounds presented from the same side was marginally significant, 415) = 2.11, P
= .051, while the 5.3 ms ventriloquist effect for sounds presented from the opposite side
was significant, t(15) = 2.48, P < .025. The results thus again showed that temporal
ventriloquism was unaffected by whether sounds were presented from the same or the
opposite side of the lights. Yet, despite that the horizontal separation of the incongruent
st:imuli was further increased, there was again no overall effect of sound location on the

JNDs.

Betiveen-experiments analysis.

We also conducted an omnibus ANOVA to check whether the size of temporal
ventriloquist effect of the Experiments 3.1 - 3.4 were different. A 2 (Sound at same or
different location as light)   x 2 (Audiovisual   interval   -0   or   -100 ms) ANOVA   with
Experiment (3.1-3.4) as a between-subiects factor showed that there was a main effect of
Experiment F(3, 68) = 6.57, P = .001, as the overall JNDs were somewhat worse in

Experiment 3.2. There was also a main effect of Sound location, F(1, 68) = 10.11, P <
.005, that interacted with Experiment, F(3,68) = 2.88, P < .05, indicating that spatially
discordant sounds interfered with overall performance in Experiments 3.1 and 3.2, but
not so in Experiments 3.3 and 3.4 There was, furthermore, a highly significant main effect

of Audiovisual interval, F(1,68) = 59.12, P < .001, (i.e., the temporal ventriloquist effect)
that, importantly, did not interact with Experiment, F(3, 68) = 1.23, P = .30, thus
indicating that the size of the temporal ventriloquist effect was the same across

experiments. Finally, and most important, there was no interaction between Sound
location and Audiovisual interval, and no second-order interaction between Sound

location, Audiovisual interval, and Experiment (both Fs  < 1), showing that, essentially, in
all four experiments temporal ventriloquism was unaffected by audiovisual spatial
discordance.
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EXPERIMENT V
Speeded T 'isual Discrimination  I ask

The between-experiments comparison showed that while in Experiments  3.1  and  3.2

there was an overall effect of sound location on the JNDs, this was not the case in
Experiments 3.3 and 3.4 This leaves the possibility that participants in Experiments 3.3
and 3.4 were able to effectively ignore sound location. As a further control on this, we
changed the T<)1-task into a speeded discrimination task. By stressing speed, the taSk

becomes very similar to the cross-modal orthogonal cueing task of Spence and Driver
(1997) where it has been shown that sound location is relevant for visual target
discrimination. This final control experiment allowed us to check whether the absence of
an effect of sound location in the T().1 task of Experiments 3.3 and 3.4 was due to either
the specific setup used here, or rather that the effect of sound location -and presumably
refiexive spatial attention- is task-dependent. If indeed an effect of sound location were
found in speeded discrimination while not in temporal order judgement, it would indicate
that temporal ventriloquism can be dissociated from where spatial attention is attracted.

The task of the participants in Experiment 3.5 was to make speeded discriminations
about which of two lights (upper/lower) appeared first, ignoring their side (left or right).
The stimuli were as in Experiment 3.4, except that the SOA between the two lights was

kept at +75 ms or -75 ms. This was an interval for which it could be relatively easy
decided which of the two lights appeared first, so that speed rather than accuracy could be
emphasized. The two sounds were presented as before, at either -0 or -100 ms intervals.
It should be noted that the stimuli of the -100 ms interval are like the ones used in  the
cross-modal orthc,gonal cueing task of Spence and Driver (1997, Experiment 1 with
auditory  cues preceding visual targets  at  100  mS),  the main difference being that their
stimuli consisted of a single sound (the cue) and a single flash (the target) rather than tWO
sounds and two light onsets. Spence and Driver did also not use the -0 ms cue-target
interval. The relevant finding of their experiment was that participants were faster when a
sound was presented from the same side rather than the opposite side of a visual target at

-100 ms SOA (a 33 ms spatial cueing effect). The question here was whether similar
effects  o f sound location would  show up in our setup if we used their task.

3.11 Method

Partiapants. Thirteen new students participated.

Stimuli and Design. The setup was as in Experiment 3.4, but to emphasize speed while
keeping errors within limits, we only used the +75 ms or -75 ms SOA between the two
lights. The two sounds were presented at either -0 or -100 ms intervals before the first
and after the second light at either the same or the different side. This resulted in four
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unique conditions, each presented 80 times in randomized order (20 for each of the four
possible  LEDs)  in two blocks  of 160 trials  each. A short practice session preceded  the

experimental trials. Reaction times were measured from the onset of the first light.

3.12 Results and Discussion
Incorrect responses and reaction times (RTs) above  1000  ms were discarded  from  the  RT
analysis. The intersubject means of participants' mean RTs and the corresponding error
rates are shown in Table 3.3. In the 2 (Sound location at same or different side as light) x
2 (Audiovisual interval  -0  or  - 100 ms) ANOVA  on  the RTs, there  was  a main effect  of
sound location, F(1,12) = 11.85, P < .005, because RTs were faster when the sound was
at  the  same  side  as the visual target rather than the opposite  side  (a  15 ms overall spatial
cueing effect). RTs were also faster in the -100 ms interval rather than the -0 ms
interval, F(1, 12) = 8.14, P < .025, while the interaction between sound location and
sound-light interval was not significant, F(1,12) = 2.68, P = .12.

Tile error rates were analyzed in the same way as the RTs. In the 2 (Sound location at
same or different side as light) x 2 (Audiovisual interval -0 or -100 ms) ANOVA on the
error rates, only the interaction was significant, F(1, 12) = 9.15, P < .025. Inspection of
the table shows that performance was most accurate when the first sound preceded the
visual target  from  the same position  as the light  at  the  -100 ms sound-light  interval.
Separate t-tests confirmed that less errors were made at the -100 rns sound-light interval
when the sound came from the same position as the target rather than the other side,

t(12) = 2.24, P < .05, while there was no difference at the -0 ms sound-light interval.
The results of Experiment 3.5 thus showed that there were clear effects of sound

location on speeded discrimination, as participants were faster and made less errors when
the sound came from the same position as the visual target. These results are in close

correspondence with those of Spence and Driver (1997, Experiment 1), and thus show
that it is not the specific set up used here, but the task that determines whether effects of

spatial correspondence and refiexive spatial attention emerge.

3.13 General Discussion
We explored whether spatial correspondence between a sound and light affects temporal
ventriloquism. Participants' judgements about which of two lights appeared first were
more sensitive (compared to synchronized sounds) when a sound was presented before
the first and after the second light, thus demonstrating temporal ventriloquism (Morein-
Zamir et al., 2003; Scheier et al., 1999; Vroomen & de Gelder, 2004b). In four
experiments, we observed that spatial discordance between the sounds and lights had no
effect whatsoever on this phenomenon. Thus, whether the sounds came from the same
medial position as the lights, or at 90 degrees to the left or right (Experiment 3.1),
whether the sounds were presented statically or moved laterally (Experiment 3.2), or
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whether the sounds were presented from the same or the opposite side of the median
(Experiments 3.3 and 3.4), in all cases temporal ventriloquism was unaffected. Aforeover,
Experiment 3.5 showed that spatially incongruent sounds nevertheless attracted spatial
attention. Taken together, these results challenge the view that intersensorv integration in
general requires commonality in space or that it is strongly dependent on spatial attention.

Table 3.3 Mean Reaction Times  (RTs; in Milliseconds) and Percentages of Errors for Speeded Visual

TaGet Discrimination in Ex»'iment 3.5.
1- cation  Of tbe  Sounds
Same as Ligbts Dgerent as Lights

AI-intend RT                            °/0                       RT                            °'.I

Exp 3.5 0 ms. 608         15       617          13

100 ms. 580         12       602         15

A possible concern about these data might be that this interpretation is mainly based
on null-effects of sound location, and that the manipulations might not have been
powerful enough, or that the method might not have been sensitive enough to measure
any effect of sound location. This seems unlikely, though, for several reasons. First, it
should be noted that in all experiments we did obtain a temporal ventriloquist effect

(lower JNDs at -100 ms sound-light interval rather than -0 ms) thus indicating that we
were actually measuring in the sensitive range (i.e., an improvement was possible).

Second, it is unlikely that sound location was not perceived or could be totally ignored,
and that for this reason it had no effect on performance, as in Experiments 3.1 and 3.2
incongruent sounds did harm overall sensitivity, but not temporal ventriloquism. Third,
while there was no overall disturbing effect of incongruent sounds on jNDs in
Experiments 3.3 and 3.4 (sounds and lights to the left or right of fixation), there was
nevertheless an effect on reaction times when the task was changed into speeded
discrimination. The latter result is important as it demonstrates that sounds were
effectively attracting spatial attention, thereby showing that temporal ventriloquism may
not be strongly depending on spatial attention.

Another potential concern is related to the question whether the temporal

vena:iloquist effect as shown here is actually distinct from a more general warning or
altering effect that sounds might have on visual processing (e.g., Posner, 1978). One
possibility is that the first sound acted as a warning signal, thus alerting participants that
visual stimuli were about to be presented. Such a warning signal might improve TOJ
performance more at -100 ms SOA than at -0 ms SOA, which might imply that the
observed JND improvements were not related to temporal ventriloquism as such, but
rather to a more general attention phenomenon. Several observations, though, provide
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evidence against this possibility. As shown by Morein-Zamir et al. (2003, Experiments 2

and 3), when the first sound is presented either before or simultaneous with the first light,
and the second sound either simultaneous with or after the second light, it is mainly the
second sound presented after the second light that contributes to the effect. This thus
essentially refutes the 'warning' interpretation. Aforeover, a 'warning' account will have
difficulty to explain that sounds may not only help, but also interfere with performance if
the sounds intervene in between the two lights. Performance than actually gets worse,
presumably because the lights are now pulled together (Morein-Zamir et al., Experiment
4; Scheier et al., 1999). Finally, a last observation that is difficult to fit with the warning
account is that a single sound presented either before the first light, after the second light,
or in between the tWO lights, has is no effect on TOJ performance (Morein-Zamir et al.,
Experiment 4; Scheier et al., 1999). This indicates -as would be expected by intersensory
integration proper- that the two lights must be paired with two sounds.

The results are also relevant to the issue whether intersensory integration is a pre-
attentive phenomenon or not. Several authors have argued that intersensory integration

requires attention, as it has for example been observed that the amount of intersensory
bias gets smaller when limited att:entional resources are devoted to a secondary task

(Alsius et al, 2005; but see Tiippana et al, 2004; and Vroomen et al, 2001 c). Effects of
spatial congruency on multisensory processing have also been observed in
electrophysiological measures. For example, intersensory integration effects in event-
related potentials (ERPs) tend to be larger in amplitude for attended rather than
unattended stimuli (Talsma & Woldorff, 2005), although there is very little if any effect at
the behavioural level (Murray et al., 2004; Teder-Sale jarvi et al., 2005). The present results,
though, seem to contrast with the idea that spatial attention is important for intersenson·
integration. As shown here, spatially discordant sounds were effectively attracting spatial
attention away from the target lights, yet there was no effect on temporal ventriloquism.
These results are therefore more in line with studies on spatial ventriloquism (i.e., the
apparent location of a sound is shifted towards a spatially incongruent but synchronized

flash) where it has been shown that intersensory integration occurs in a more automatic

fashion, independent of where spatial attention is focused or attracted (Bertelson et al,
200Oa; Bertelson et al, 200Ob; Driver, 1996; Stekelenburg et al, 2004; Vroomen et al,
200la, 2001 b; Vroomen et at., 2001 c). Clearly, the extent to which intersensory

integration depends on spatial attention or attentional resources and its
neurophysiological consequences is an issue that needs further investigation.

To conclude, here we showed that intersenson· integration in the form of temporal
ventriloquism can occur despite substantial spatial discordance between the individual
components of the crossmodal stimulus. This demonstrates that the spatial rule about

intersensory integration does not constitute a general constraint on intersensory pairing.
Rather, it seems more likely that spatial discordance is only relevant to the extent that
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spatial attributes of the experimental task or spatial attention are critically involved. At
first sight, this might seem counterintuitive because after all, most natural multisenson
events are spatially and temporally aligned, except for some minor variations in time or
space that people are readily able tc) adliist (e.g., Vroomen et al, 2004). However, a critical
assumption that underlies the idea of the spatial rule is that spatial informatic,n has the
same function in vision and auditic,n. This notion, though, is arguable as it has been
proposed that the role of space in hearing is only to steer vision (Heffner & Heffner,
1992), while in vision it is an indispensable attribute (Kubory & Van Valkenburg, 20(11).
If one accepts that space has different functions in these modalities, then there is alsc, no
a priori reason why they shc,uld have the same value for intersensc,n· interacti ,ns to c,ccur.
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4.1 Abstract
The authors examined how principles of auditory grouping relate to intersensory pairing

Two sounds that normally enhance sensitivity on a visual temporal order iudgement task

(i.e. temporal ventriloquism) were embedded in a sequence of flanker sounds which either

had the same or different frequency (Experiment 4.1), rhythm (Experiment 4.2), or

location (Experiment 4.3). In all experiments, we found that temporal ventriloquism only

occurred when the two capture sounds differed from the flankers, demonstrating that

grouping of the sounds in the auditon stream took priority over intersensory pairing. By

combining principles of auditon· grouping with intersenson pairing, we demonstrate that

capture sc,unds were, counter-intuitively, more effective when their locations differed from

that of the lights rather than when they came from the same position as the lights.
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4.2 Introduction
Sense organs like the ears and eyes are continuously bombarded with information. Yet,
observers perceive distinct objects or events. The way information is assigned to obiects
has, for vision, been described with Gestalt principles like 'similarity', 'good continuation',
or 'common t-ate', and similar principles have also been discovered for audition (Bregman,

1990). It occurs, for instance, when a sequence of alternating high- and low-frequency
tones is played at a certain rate. When the frequency dift-erence between the tones is small,
listeners group the tones into a single stream, but at bigger frequency differences, the
sequence splits into two streams, one high and one low in pitch. Typically, these grouping

principles apply within a single modality like vision or audition. H(,wever, sense organs
not only work in isolation, they also have to cooperate to form a cc,herent multisensory
representation ot the environment. The notion on how information from different sense

organs is assigned to a multisensory event is usually referred to as the 'assumption of
unity'. It states that as events from different modalities share more amodal properties, in
particular space and time, it is more likely that they originate from a common object or
source (e.g., Bedford, 1989b; Bertelson, 1999; Radcau, 1994; Stein & Meredith, 1993;
Welch, 1999; Welch & Warren, 1980) Following this notion, the assignment of
information from different modalities to a single multisensory event will be reduced or
absent when stimuli are too far apart in space or time, because in that case two obiects or
events will be perceived rather than a single multimodal one.

Here, we explored how principles of auditory grouping relate to intersenson pairing.
Previous work on this topic suggests that auditory grouping may take priority over
intersensory pairing. For example, Vroomen and de Gelder (2000) used a task in which
participants had to detect a visual target in a rapidly changing sequence of visual
distracters. The> observed that a high tone embedded in a sequence of low tones

enhanced detectability of a synchronously presented visual target. There was no such
intersensory enhancement when the tone was embedded in a sequence of tones with the
same frequency or when the tone was part of a melod J·. The cross-modal enhancement
thus only occurred when the sound segregated from the sound sequence in which it was
embedded. Similar results were obtained by Watanabe and Shimojo (2001). They explored
how the 'bounce illusion' is affected by contextual auditory information. The bounce
illusion is a cross-modal phenomenon in which a 'collision' sound presented near the
crossover of two moving balls enhances the perception of the balls 'bouncing', whereas
the absence of the sound results in a 'streaming' percept. The authors showed a reduction
of the bounce illusion when the sounds were embedded in a sequence of similar sounds,
as opposed to when the sounds were flanked by sounds of a different frequency.

Here we tested the generality of these findings by examining hc,w auditory grouping
affects auditory-visual pairing in the temporal domain using the so-called temporal
rentriloquist eft-ect (Aschersleben & Bertelson, 2003; Bertelson & Aschersleben, 2003;
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Fendrich & Corballis, 2001;  forein-Zamir et al., 2003; Scheier et al., 1999; Stekelenburg
& Vroomen, 2005; Vroomen & de Gelder, 2004b; Vroomen & Keetels, 2006). Temporal
ventriloquism refers to the phenomenon that when a sound and light are presented at
stightly different onset times (usually  in the order  of  - 100  ms), the sound will attract  the

temporal occurrence of the light. This phenomenon can be demonstrated in a visual
temporal order iudgment (TOI) task in which participants are presented two lights at
various stimulus onset asynchronies (SOAs) and judge which came first. By presenting a
sound before the first and after the second light, the Just Noticeable Difference (IND)
improves (i.e., participants become more sensitive), presumably because the two sounds

attract the temporal occurrence of the two lights, and thus effectively pull the lights

further apart in time Bforein-Zamir et al., 2003; Scheier et al., 1999; Vroomen & Keetels,

2006). Judgments about which light came first are therefore more accurate if there  is  a

-100 ms interval between the sounds and lights rather than when the sounds are
presented simultaneously with the lights.

Here we asked what happens if the sounds that capture the onset of the lights are

assigned to a stream of other sounds with which they form a well-formed sequence. If
auditory grouping takes priority over intersensory pairing, one expects an improvement
on the visual TO.1 task only if the capture sounds segregate from the auditory stream.

Alternatively, though, audio-visual pairing might take priority over auditory grouping in
which case observers should improve on the visual TOJ task no matter whether the
sounds segregate or not.

In Experiment 4.1, these predictions were tested with two capture sounds that were

embedded in a sequence of flanker sounds which either had the same or a different
frequency. When the frequency of the flanker and the capture sounds were the same, the

sequence was heard as a single stream which, following previous findings (Vroomen & de
Gelder, 2000; Watanabe & Shimojo, 2001), should prevent temporal ventriloquism to
occur. When the flankers differed from the capture sounds, stream segregation was more
likely to occur in which case the tWO sounds could possibly interact with the lights and
thus improve performance on the visual TC).1 task. Other stream segregation cues besides

the frequency of the flanker end capture sounds were further explored in Experiment 4.2

(rhythm) and Experiment 4.3 (sound location).

EXPERIMENT I
Capture  and  F lanker  Sounds  witb  tbe  Same  or Different Frequency

Participants performed a visual TE)1 task in which they decided which of two lights
appeared first. Two task-irrelevant high tones were presented either simultaneously with
the lights (i.e., the -0 ms auditory-visual interval), or the first tone was presented - 100
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ms befc,re the first light and the second tone -100 ms after the second light (i.e., the
-100 ms auditory-visual interval).The two high tones were embedded in a sequence of
other tc,nes which either had the same (high) or a different (low) frequency (see Figure 4.1
for a schematic overview of the conditions).

1-lanking and critical  sounds  different

0 ms AV-interval: SOA
4-It

.

r     «„     9'     =:'     St'      -     =             -1     9-'    .„i     ._,8  3 A =; . _i A: D

100 ms Ar'-interval:

b At

933    jil
Time

1  lanking and critical  sounds  same

0 ms AV-interval:
b
9    Jijjzjj Z-iY jijjzz  :
10() ms A\'-interval:

b         ./9    Z   *   I   .S T,"'1
=  light                                                         = Critical Sound

= Perceptual Grouping .|'/C  = Flanking Sound

F ur, 4.1 A schematic illustration of a trial. I.ights were presented with a particular
S( )A ranging between  -75  ms  to  75  ms, with negative values  indicating  that  the  lower
light was presented first. Two capture sounds were presented either simultaneously with
the  lights  (-0 ms AV-interval),  or  -100 ms before the first  and  - 100 ms after  the  second

light (-100 ms AV-interval). The capture sounds were embedded in a sequence of
flanker sounds which either had the same or a different frequency (Experiment 4.1),
rhythm (Experiment 4.2), or location (Experiment 4.3). Perceptual grouping of the
sounds is illustrated by the grew· mgls. Temporal ventriloquism only occurred when the
capture sounds were different from the flanker sounds at the - 100 ms interval, as
illustrated on the second line.
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4.3 Method

Participants. Thirteen students from Tilburg University were given course credits for their

participation. All reported normal hearing and normal or corrected-to-normal seeing.
They were tested individually and were unaware of the purpose of the experiment. The
experimental procedures were approved by the Institute and were in accordance with
Declaration of Helsinki.

.thmuli. Two auditory stimuli, a low (1500 Hz) and a high (3430 Hz) pure tone of 3 ms at
72 dB(A) were used that clearly differed in pitch. The sounds were presented via a hidden

loudspeaker located at eye-level, at central location and at 90 cm distance. Visual stimuli
were presented by two red I.EDs (diameter of 1 cm, luminance of 40 cd/m2), positioned
5 degrees below and above the central loudspeaker. A small green 1.ED was placed at the

center c,f the loudspeaker and served as a fixatic,n point (See Figure 4.2 for a schematic

setup) Trials in the -0 ms Auditory-Visual (AV) interval consisted of a sound sequence
of 40 sounds in which the interval between the successive tones was equal to the SO.4
between the two lights. The lights were presented simultaneously with the 25th and 26th
sound. Trials in the  -100 ms  AV-interval ccinsisted of a tone sequence of 15 sounds with

the interval between the tones equal to the SOA of the lights plus 200 ms. The two lights

were presented in the middle of the temporal gap, -100 ms after the 10th and -100 ms
before the  11 th sound.

Desitn. The experiment had three within-subjects factors: Frequency of the flanker
sounds (Same or Different frequency as the capture sounds), the AV-interval between the

capture sounds and the lights (-0 ms or -100 ms), and the SOA between the two lights

(-75,-6(), -45, JO, -15, +15, +30. +45, +60, and +75 ms; with negative values indicating
that the lower light was presented first). These factors yielded 40 equi-probable

conditic,ns, each presented 20 times for a total of 800 trials (10 blocks of 80 trials each).

Pmodure. Participants sat at a table in a dimly lit and soundproof booth. The fixation Light
was illuminated at the beginning of the experiment, and participants were instructed to
maintain fixation on this central green LED during testing. The participant's task was to
iudge whether the lower or the upper I.ED was presented first. Responses (unspeeded)

were made by pressing one of two designated keys with the right thumb (lower light first)
or right index (upper light first).  W'henever  a  response was detected,  bc,th  LEDs  were
turned off and the next trial started after 2000 ms. A practice block was included

consisting  of  16  trials in which  the   fc,ur  longest  SOAs  were  presented  once  in  each
conditic,n. During practice, participants received verbal feedback ("(=orrect" or "Wrong").
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Experiment 4.1 & 4.2 Experiment 4.3

II u.               "
971 cm

6
1r

941 cm

  = 1.1:D   0 - Speaker

1 i.mre 4.2 Schematic setup of I:xperiment 4.1,4.2 and 4.3.

4.4 Results and Discussion
Trials of the practice session were excluded from analyses. The proportion of 'up-first'
responses wis calculated   for   each   ci,ndition   and   converted into equivalent Z-scores
assuming a cumulative normal distribution (cf., Finney, 1964). For each of the four
conditions, the best-fitting straight line was calculated over the 10 SOAs. The lines' sl ,pes
and intercepts were used to determine the point of subjective simultaneity (PSS) and the
just noticeable difference (ND = 0.675 / slope). The PSS represents the average interval
by which the upper stimulus had to lead the lower one in order to be perceived as
simultaneous. The JND represents the smallest interval between the onsets of the two
lights needed for participants to correctly iudge which stimulus had been presented first
on 75% of the trials. Temporal ventriloquism was measured by subtracting the JND in
the -100 ms AV interval from the -0 ms AV interval (see Table 4.1 for the average
JNDs).

A 2UANOVA with as within-subiects factors the frequency of the flanker sounds
(Same or Different frequenc>· as the capturer sounds) and the AV-interval (-0 ms and
-100 ms) was conducted on the JNDs and PSSs. In the ANOVA on the PSSs, no effect
was significant Call Ps > .30), which is in line with our expectations since no shift towards
more 'up' or 'down' responses was expected. In the ANOVA on the.INDs, the important
interaction between the AV-interval and the frequency of the flanker sounds was
significant, .P.(1,  12)  =  4.90, P < .05. Separate t-tests comparing the  -0 ms AV interval
with the -100 ms AV interval showed that .INDs improved by 3.8 ms when the
frequency of the capture and tlanker sounds differed, 412) = 3.06, P < .01, but no
significant difference was obtained (0.5 ms) when the capture and tlanker sounds were the
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same, 412) = .71, P = .49. As predicted, temporal ventriloquism thus only occurred when

the capture and flanker sounds differed. It seems therefore likely that segregation of the

capture sounds from the flankers was necessary before the capture sounds could interact

with the lights. W'hen the capture and flanker sounds were the same, auditory grouping

thus took priority over auditory-visual pairing

EXPERIMENT II
Capture  and  Flanker  Sounds  witb  tbe  Same  or  Diferent  Rbytbm

To further explore the relation between auditory grouping and intersensory pairing, we

presented the capture sounds in or out of rhythm with the flankers. Rhythm is, besides

frequency, another important auditon· segregation cue (Bregman, 1990). It was expected
that sounds presented out of rhythm would segregate from the sound sequence, thus

enhancing performance on the visual TOJ task. Capture sounds presented in rhythm
should not segregate from the auditory stream, and they should thus have no effect on

the visual TOJ task.

4.5 Method

Participants. Twenty new students participated.

Stimuli   and Design. Stimuli and design were as in Experiment 4.1, except that the time
interval between the capture and flanker sounds was varied rather than their frequency.

The auditory stimuli consisted of 5 ms sound bursts presented at 72 dB(A). When the
capture sounds were presented in rhythm with the flankers, the same interval between
consecutive sounds in the sequence was used as in Experiment 4.1 (i.e., SOA between the

two lights +2 x AV-interval). When the capture sounds were presented out of rh>·thm,
the interval between the capture and flanker sounds was increased, such that there was a

short pause before the first and after the second capture sound. In the -0 ms AV-interval

condition, the two longer intervals were 8 x SOA of the lights, in the -100 ms AV-
interval condition they were 17 x SOA of the lights + 200 ms.

4.6 Results and Discussion
In the 2 (Capture sounds in or out of rhythm) x 2 (AV-interval -0 or -100 ms) ANOVA
on the PSSs, no effect was significant (all Ps > .30). The same ANOVA on the JNDs
showed that the important interaction between AV-interval and rhythm was significant,

F(1, 19) = 15.35, P < .001. Separate t-tests showed that the 3.6 ms temporal ventriloquist
effect (lower JNDs  in  the  - 100  ms  AV interval rather  than  -0  ms) of sounds presented

out of rhythm was significant, t(19) = 2.37, P < .05. Performance got actually worse (-3.7
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ms) when the capture sounds were presented in the same rhythm as the flanker sounds,
t(19) = -2.15, P < .05. Capture sounds thus again only improved performance on the
visual TC).1 task when they segregated from the flanker sounds.

Table 4.1 Alean   Just  Noticeable  Di#eremes   (IX D)   iii  ms,  and  Standard  knors  of  the  Mean   (in
Parentberes)  of hxperiment 4.1  and 4.2.  C:apture Sounds  Presented  at  -0  or  -100  ms  Auditort-I·'isual

(41 ') Interrals: 1:lanker Sounds u,itb the Same or Diferent Frequency (Exp 4.1 ) or Rbytbm (1:1 4.23
as  Capture  Sounds. Tbe Temporal  l'entriloquist  Effect  XI E)  is  tbe  lmprorement  in  ]XD  behi,een  tbe
-0 and  - 100  ms  AI  '-Intenals.

I tanker sounds

famt as capture sounds Different from capture sounds

Expenment Al '-Inten'al \'ND TVE IND TVE
Exp 4.1 (Frequeng) 0 ms. 21.0 (0.8) ().5 22.1 (1.1) 3.8*

100 ms. 20.5 (1.1) 18.3 (0.7)

Exp 4.2 (Rbytbm) () ms. 29.1 (2.5) -3.7 23.9 (1.9) 3.6*

100 ms. 32.8 (2.5) 20.3 (0.8)
*=P<.05

EXPERIMENT III
Capture  and  Flanker Sounds »m  tbe  Same  or  Different Location

It is known that auditory stream segregation may also occur when there is a difference in
the location of consecutive sounds (Bregman, 1990). In Experiment 4.3, we therefore
varied the location of the capture and flanker sounds. The sounds could emanate either
from a central loudspeaker near the two lights, or from a lateral loudspeaker on the far
left or far right. If intersensory pairing only occurs when the capture sounds segregate
from the flankers, then temporal ventriloquism should be obtained when the locations of
the capture and flanker sound differ, but not when they are the same.

This setup also allowed us to explore whether spatial disparity between the capture
sounds and lights affects intersenson' pairing. The common notion on intersensory
pairing states that commonality in space between the auditory and visual signal matters.

However, in contrast with this notion, it has recently been shown that temporal
ventriloquism may not be affected by spatial discordance between the sounds and lights.
In a study by Vroomen and Keetels (2006), it was shown that there were equal amounts

of temporal ventriloquism when the two capture sounds came from the same or a
different position as the lights, when the sounds were static or moved, or when the
sounds and lights came from the same or opposite sides of fixation. Assuming that these
results would be replicated in the present setup as well, we expected sound location to be
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unimportant for intersensory pairing. Equal amounts of temporal ventriloquism were
therefore expected from segregated sounds presented from the central location (near the
lights) and the lateral location (far from the lights).

The notion that sound location matters for auditon grouping, but not for intersensori

pairing also lead to a very counter-intuitive prediction. In case flanker sounds were
presented near the central lights, there should more temporal ventriloquism by capture

sounds presented from a lateral position than from central position, because only the
lateral sounds segregate. With central flankers, there should thus be niore temporal

ventriloquism when the location of the sounds and lights differ. rather then when they are

the same.

4.7 Method
Participants, stimuli and procedures were the same as in Experiment 4.1, except for the
fc,llc,wing changes. Eighteen new students from the same subiect pool participated. The
auditon' stimuli consisted of 5 ms sound bursts presented at 72 dB(A), presented from
one of two loudspeakers (see Figure 4.2).One speaker was located at central location at
eye-level and at 90 cm distance (as in Experiment 4.1 and 4.2), the other was located on
either the far left or the far right (at 90 degrees azimuth). Four within-subjects factors

were used: Location of the two capture sounds (Central or Lateral), Location of the
flanker sounds  (Same  or  Different  position  as the capture sounds),  the  AV-interval
between the capture sounds and lights (-0 ms or -100 ms), and the SC)A between the

two lights (-75 to +75 ms). The 80 conditions were each presented 20 times in 10 blocks

of 160  trials  each.  In  half of the  blocks, the lateral speaker was  on  the  left,  in  the  other

half it was on the right.

4.8 Results
A 2x2x2 ANOVA with as within-subjects factors Location of the two capture sounds

((Lentral or Lateral), I.ocation of the flanker sounds (Same or Different position as the
capture sounds) and the AV interval (-0 ms and -10(J ms) was conducted on the JNDs
and PSSs. In the ANOVA on the PSS, there was an interaction between the location of
the  capture and flanker sounds,  /(1,  17)  =  6.31, P < .025, indicating that there  were

slightly more 'up' responses in trials in which the capture and flanker sounds were
presented centrally (mean PSS = -1.84 ms) rather than in the other conditions (mean PSS

= 2.61 ms), a finding for which there is no clear explanation.

In the ANC)\'A on the JNDs there was no main effect of the location of the capture

sounds, 1-(1, 17) = 1.67, P = .21, indicating that JNDs were unaffected by whether the

capture sounds were presented centrally (near the m'o lights) or laterally. ilost
importantly, there u·as an interaction between the A\'-interval and the location of the
tlanker sounds, F(1, 17) = 5.11. P < .05. Separate t-tests confirmed that the temporal
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rentriloquist effect (better performance at -100 ms rather than -0 ms AV inten·al) was
only significant when the flanker sounds came from a different position than the capture

sounds (see Table 4.2). There was thus no temporal ventriloquism when the capture and
flanker sounds came both from central or lateral positions (both Ps > .6), while there was
a 3.9 ms improvement for central capture sounds with lateral flankers, t(17)= 2.18, P <
.05, and a 3.1 ms improvement for lateral capture sounds with central flankers, 417) =
2.55, P < .025. These two imprc,vements were not significantly different from each other,
t(17) = 0.52, P =.60. Aforeover, as predicted, with central flankers, temporal ventriloquism
br lateral capture sounds was bigger than that from central ones, 418) = 1.80, P < .05.

Ttible 4.2 Alean Just Xoticeable Di#prences (IND) in ms. and Standard Errors of tbe .\lean <in

Parentbeses) 01 lixperiment 4.3. Capture Soundj Presented at -0 or -100 ms Audio-1 imal (AI ')
inten,als  from  ( entral  or 1.-Ateral  1 j,Lation;  Hanker  Sounds  Presented  from  the  Same  or D .ifferent  1 lication

as tbe Capture .Sounds. Tbe Temporal \ -entriloquist Effect  (11 11) is tbe lmprot,ement in ]ND between tbe
-0  and  -  100  ms  AT --Inten,ak.

1Lcation  of Flanker Sounds

Same as Capture Sounds Different »m  Capture  Sounds

I. cation 01 capture
sounds /11 '-inten'al JND TVE JND T\T.

Central 0 ms. 28.2 (2.1) -0.9 27.7 (2.0) 3.9*

100 ms. 29.1 (2.3) 23.8 (1.4)
1Ateral 0 ms. 30.0 (2.2) 13 29.0 (1.8) 3.1*

100 ms. 28.3 (2.0) 25.9 (1.8)
*=P<,Of

4.9 General Discussion
This study examined how principles of auditory grouping relate to intersenson· pairing.
Two capture sounds that normally enhance performance on a visual TOJ task (i.e.,
temporal ventriloquism) were embedded in a sequence of flanker sounds which could
differ in frequency (Experiment 4.1), rhythm (Experiment 4.2), or location (Experiment
4.3). In all experiments, we found that temporal ventriloquism only occurred when the
capture sounds differed from the flankers, and there was thus no effect when flanker and
capture sounds were the same. Presumably, when the capture sounds differ, they
segregate from the auditory stream, and only then they can be paired cross-modally with
the lights. When the two capture sounds do not differ from the flankers, ther are
perceptually grouped in an auditory stream, in which case they lose their saliency and
cannot interact cross-modally anymore.

These results are similar to previous findings which have shown that intersensory
interactions do not occur when sounds that normally enhance performance belong to
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another auditory group (See also Sanabria et al., 2004a; Sanabria d al, 2004b; Vroomen &
de Gelder, 2000; Watanabe & Shimoio, 2001). The results also imply that a sound can
only be assigned to a single event: it either belongs to the auditory stream, or it is paired
with the lights, but it cannot be assigned to both simultaneously. In this respect, it is
analogous to many of the well-known ambiguous figure-ground displays (e.g., the Face-
Vase illusion or the Necker cube), where it is known that only one interpretation of the
scene can be maintained.

Another important finding was that commonality in space between the capture
sounds and lights did not affect temporal ventriloquism. The temporal ventriloquist effect
was thus equally big for segregated capture sounds that were presented near the lights or
far away from the lights. A few other studies have demonstrated before that spatial

disparity between sound and vision may not affect intersensory interactions (Bertelson et
al., 1994; Colin et al., 2001; Murray et al., 2004; Stein et al., 1996; Vroomen & Keetels,
2006; Welch et al., 1986). However, these studies always relied on null-effects, which
entails the danger that they simply lacked the power to detect any effect of spatial
disparity. Participants in previous studies might, for example, not have been able to
perceive spatial disparity, or they might have learned to ignore it in the experimental task.
Our findings, though, counter these arguments. By combining principles of auditon·
grouping with intersensory pairing, we were able to create a situation where the capture
sounds were actually more effective when their locations difiered from that of the lights
rather than when they came from the same position as the lights. Within the same
experimental situation, we thus demonstrated that sound location mattered for auditory
grouping, but not for intersensory pairing. Such a finding makes it highly unlikely that
sound location was not perceived or simply ignored. Rather, it becomes more likely that,
at least in the temporal ventriloquist situation, commonality in space between sound and
vision is not relevant for AV pairing.

This may, at first sight, seem unlikely, because after all, most natural multisenson·
events are spatially an temporally aligned, except for some minor variations in time or
space that people are readily able to adjust (e.g., Vroomen et al., 2004). However, a critical
assumption that underlies the idea of spatial correspondence for intersensory pairing is
that space has the same function in vision and audition. This notion, though, is arguable
as it has been proposed that the role of space in hearing is only to steer vision (Heffner &
Heffner, 1992), while in vision it is an indispensable attribute (Kubovy & Van
Valkenburg, 2001). U one accepts that auditory spatial perception evolved for steering
vision, but not for deciding whether sound and light belong together, there is no reason
why intersensory interactions would require spatial co-localization. Our results therefore
have also important implications for designing multimodal devices or creating virtual
reality environments, as they show that the brain can, at least in some cases, ignore
intersenson· discordance in space.
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CHAPTER 5

5.1 Abstract
Several crossmodal integration effects are shown to be stronger when presented in the
peripheral visual field as opposed to when presented in fovea. In the present study we
examined whether this also c„unts for auditory-visual temporal ventriloquism. Temporal
ventriloquism was measured by use of a visual temporal order iudgement (TOI) task in
which two lights were flanked by tw() capturing sounds. The lights were presented in
fovea or in the periphery (i.e.,5 degrees left and right of fixation in Experiment 5.1, and 5

degrees above fixation with 2 degrees light-light distance in Experiment 5.2). The results

of Experiment 5.1 demonstrate overall lower TC).1 sensitivity (i.e., higher JNDs) for
peripheral stimuli, and a trend towards bigger temporal ventriloquist effects in the
peripheral visual field, compared to the foveal field. In Experiment 5.2, when light-light
distance was kept constant between conditions, no difference in overall TO.1 sensitivity,
nc,r a difference in temporal ventriloquism between periphery and fovea could be
demonstrated. Given that ceiling effects might have been in play whenever light-light
distances were small, no clear conclusions about the rc,le of foreal versus peripheral visual

fields in temporal ventriloquism can be drawn from the present study.
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5.2 Introduction
Several studies have demonstrated differences in crossmodal interactions between the
foveal and peripheral visual field. Shams, Kamitani, and Shimoio (2002a) for example
demonstrated the illusory double-tlash effect to be stronger in periphery than in the
fovea. The illuson· flash effect is a phenomenon in which one flash that is accompanied
by two beeps, is perceived as two flashes (Shams et al, 200Ob). In an ERP studv, Shams et
al. (2001) explored the neural substrates of this finding and demonstrated similar auditory
modulation of visual evoked potentials (VEPs)  for both illusory and physical flashes. This
auditory-visual interaction effect though, could only be demonstrated when the flashes
were presented in the peripheral visual field. By use of fAIRI, Shams et al. (2003) examined
which brain regions were involved in the phenomenon. Their results demonstrated
enhanced activity of early visual areas by the sound provided that stimuli were presented
in the visual periphery, while no modifications of activity in the visual cortex could be
demonstrated for foveal visual stimuli (see also Zhang & Chen, 20()6). Another example
of a crossmodal illusion that can only be induced in periphery is the sound-induced
illusory visual motion effect (Shams et al., 2002b), a phenomenon in which a stationary
visual disk is accompanied by a sound that is either stationary in space, or moves to the
left or to the right. When participants are asked to judge whether the visual stimulus is
stationary or moves horizontally, the observers perceive the disk as moving in the
majority of the trials. This phenomenon also only occurred in periphen-, while no illusory
motion was perceived in fovea.

The difference between foveal and peripheral crossmodal interactions found in the
studies described above are in accordance with anatomical studies that examined
differences in projections to the peripheral and foveal regions in the visual cortex.

Rockland and O jima (2003) for example reported direct projections from auditory
parabelt regions to pen bend Vl and V2. Furthermore, Falchier et al. (2002) showed
extensive projections from the primary auditory cortex and the caudal parabelt to
peripheral  Vl, in contrast  to very sparse projections to foveal  Vl.  They also reported
projections from the multimodal area of the temporal lobe (STIP) to peripheral, but not
foveal Vl.

In the present study we explored whether audio-visual temporal ventriloquism differs
when visual stimuli are presented in versus out of fovea. Temporal ventriloquisrn refers to
the phenomenon that when a sound and light are presented at slightly different onset
times (usually in the order of -100 ms), the sound will attract the temporal occurrence of
the light. This phenomenon can be demonstrated by use of a visual temporal order
judgment (TOD task in which participants are presented two lights at various stimulus
onset asynchronies (SOAs) and judge, which light came first. By presenting a sound
before the first and after the second light, the just noticeable difference (IND) improves
(i.e., participants become more sensitive), presumably because the two sounds attract the
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temporal occurrence of the tWO lights, and thus effectively pull the lights further apart in

time (Scheier et al. 1999; Aforein-Zamir et al. 2003; Vroomen and Keetels 2006). Here, we
varied  the  location  of the lights  in the visual field.  I f temporal ventriloquism resembles  the

double-flash illusion, or if its neural substrate is based on proiections from auditory cortex

to Vl (Falchier et al., 2002), one might expect temporal ventriloquism to be bigger when

visual stimuli are presented in the periphery rather than in fovea. In Experiment 5.1,
foveal stimuli were presented 1 degree to the left and right of fixation, and peripheral
stimuli came 5 degrees left and right of the center. In Experiment 5.2, we changed the

peripheral condition into the presentation of two LEDs with 2 degrees light-light distance

placed 5 degrees above central fixation

EXPERIMENT I
P oveal versus Peripheral Temporal i gntriloquism

5.3 Method

Participants. Twenty-one students from Tilburg University participated and received
course credits for their participation. Participants reported normal hearing and normal or
corrected-to-normal seeing. They were tested individually and were unaware of the

purpose of the experiment.

Stimuli. Visual stimuli were presented by four red LEDs (diameter of 0.5 cm, luminance
of 40 cd/m2). Two of them were positioned at +5 degrees eccentricity of central fixation

(peripheral presentation), and two were positioned at +1 degree of central fixation (foveal

presentation). The auditory stimuli consisted of a 4 ms sound burst presented at 70
dB(A). The loudspeaker was located at eye-level at central location in between the LEDs,
at 85 cm distance. A small green LED was placed at the center of the speaker and served

as a fixation point.

Design· Three within-subject factors were used; Visual stimulus location (Peripheral,
Foveal), Auditory-visual (AV) interval (0 ms, 100 ms), and SOA between the two lights (-

75, -60, -45, -30, -15, +15, +30, +45, +60, and +75 ms; with negative values indicating
that the left light was presented first). For both the foveal and the peripheral

presentations, a visual-only condition was added for measuring the effect of the sounds.

These factors yielded 60 equi-probable conditions, each presented 20 times for a total of

1200 trials (in 4 blocks of 300 trials). AV-interval and SOA varied randomly within

blocks, and visual stimulus location was varied between blocks (two peripheral blocks and

two foveal blocks, order counterbalanced between participants).
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Procedure. Participants sat at a table in a dimly lit and soundproof booth. The fixation light
was illuminated at the beginning of the experiment, and participants were instructed to
maintain fixation on this central green LED during testing. During each trial, two red
I.EDs  (either  in  periphen·  or  in  fovea)  appeared  on  the  left  and the right of central
fixation with a particular SOA. In the visual-only condition no sounds were added. In the
auditory-visual conditions, sounds were presented either simultaneously with the lights (0
ms   AV-interval)   or were presented   100 ms before the first light  and   100 ms after  the
second light (100 ms AV-interval). Half of the participants started with a block of foreally
presented lights, and  the other half with peripherally presented lights.

The experiment was preceded by 2 practice blocks (one foveal, and one peripheral) in
which only the largest SOAs were presented (+75, +60 ms) in the 0 ms and  100 ms AV-
interval conditions and the visual-onl>· condition. Participants received verbal feed-back
during practice (correct/wrong).

Table 5.1 Mean Just Notireable Diferences (IND) in ms, and Standard Emrs of tbe Alean in
Parentbesis.  for  tbe  Auditor,-1 'imal  (AL ')  litten,aIs  of 0,  100,  and  tbe  I '<sual-only  rondition.  for

E>periment  5.1  and  5.2. Tbe Temporal \ 'entriloquist Efed  (11 -E)  is tbe improvement in  iND between
f be  -()  and  - 100  ms  Audio-1 'i sual  In ten,als.

Location  of tbe i isual.Stimuli
Foreal pmpma

Ai --Inten,al JND TVE IND TVE
Exp. 5/ 0 ms. 17.3 (1.3) 1.7 27.1 (2.31 5.9

100 ms. 15.6 (0.6) 21.2 (1.2)
I ysual-onh 17.3 (1.2) 30.0 (3.2)

Exp.   S. 2 0 ms. 16.6 (0.7) 2.0 15.5 (0.9)      1.7

100 ms. 14.6 (0.5) 14.8 (0.61
I-isual-only 17.5 (1.0) 17.3 (1.2)

5.4 Results and Discussion
Trials of the practice session were excluded from analyses. The proportion of 'right-first'
responses was calculated for each combination of Visual location (Peripheral, and
Foveal), AV-interval (0 ms, 100 ms) and SOA (-75 ms to +75 ms) for each participant,
and for the visual-only baseline. Proportions were converted into equivalent Z-scores
assuming a cumulative normal distribution (cfi, Finney, 1964). For each combination of
Visual location and AV-interval,  the best-fitting straight  line was calculated  over  the   10
S()As. These lines' slopes and intercepts were used to determine the iust noticeable
difference (ND = 0.675/slope) and the point of subiective simultaneity, PSS. The JND
represents the smallest interval between the onsets of the two lights needed for
participants to correctl> judge which stimulus had been presented first on 75°/0 of the
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trials. The PSS represents the average interval by which the right stimulus has to lead the

left one ft,r being perceived as simultaneous. See Table 5.1  for average JNDs, and PSSs.

Difference scores were computed between the visual-only baseline condition and the AV-

interval 0 and 100 ms conditions. An AN(.)VA with within-sublects factors Visual
location (peripheral, foveal) and AV-interval (0 rns, 100 ms) was conducted on the .IND
and PSS difference scores. No effects were found for the PSSs (all Ps > .1). Inspection of

the mean PSSs show that PSS values were all close to zero (ranging from -3.0 ms to 7.1
ms), indicating no response bias towards more right-first or left-first responses. Further

analysis was therefore restricted to the INDs.

JND analysis showed that TO.1 performance was more sensitive (i.e., lower.INDs) for
foveal rather than peripheral presentation,  Iil,  20)  =  4.3,  P =  .05  (16.5  ms  and 24.2  ms

mean IND for foveal and peripheral presentations, respectively). The effect of AV-

interval  demonstrates  overall  lower JNDs when sounds were presented  at  the  -100  ms

AV interval rather than  -(1 ms, indicative of temporal ventriloquism,  /(1,20)  =  8.8,  P <
.01. Furthermore, a marginally significant interaction u·as found, F(1, 20) = 4.2, P = .054,
demonstrating a trend towards a smaller temporal ventriloquist effect for foveal stimuli (a
1.7 ms temporal ventriloquist effect for the foveal presentation, versus a 5.9 ms peripheral

temporal ventriloquist effect). Finally, in comparison with the visual-only condition,
sounds enhanced visual TOJ sensitivity as JNDs were overall lower in  the auditory-visual

conditions, /(1,20) = 8.6, P < .01.
The results of the present experiment demonstrate temporal ventriloquism for both

the fc,veal and peripheral visual stimulus presentations, and most importantly, this effect

was marginally larger in the periphery rather than in the foveal visual field. It was
furthermore shown that overall performance was higher in fovea rather than in the

peripheral visual field.
Two explanations might account for the present results. First, and in line with the

findings  for the illusory flash effect and the more auditory projections  to peripheral V l,  it

might be the case that the temporal ventriloquist effect is bigger in peripheral than in the

foveal visual field. Secondly though, an alternative explanation might also account for the

present results. The finding of smaller JND differences between -0 and -100 ms AV-
intervals in fovea might be explained by a ceiling effect, as opposed to no such effect in

periphery. In other words, it might have been the case that due to the smaller light-light

distances in forea, JNDs were already as Ic,w as they could get in the -0 ms AV-interval

condition, and couldn't become much lou·er  when  sounds  were  presented  with  -100  ms
AV-inten als. The finding of overall lower JNDs (i.e., higher sensitivity) in the foveal
condition compared to periphen·, is in line with this explanation. Experiment 5.2 was
therefore performed in order to control for this alternative explanation.
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EXPERIMENT II
Equal Spatial Disparity between 1:oreal and Peripheral Stimilli

In Experiment 5.2, the relative distance between the lights was kept cc,nstant. While the
foveal cc,nditic,n was as befc,re, we changed the peripheral cc,nditic,n into the presentation
of two LEDs with 2 degrees light-light distance placed 5 degrees abc,ve central fixation.
Furthermore, in order to prevent ceiling effects, the range of SMAs was extended with an
extra +8 ms SC)A.

5.5 Method
St:imuli, design and procedure were the same gis in lixperiment 5.1, except for the
following changes. Eighteen participants participated. The fc,real light conditic,n was the
same as in Experiment 5.1, with m.0 red LEDs at 1 degree right and left frorn the central
fixation. For peripheral light presentation a second fixation LED was used, which was
placed   10 cm belc,w  the  foveal  fixation LED. Hence  that  the  distance  between  the  two
lights was 2 degrees for both the foveal and the peripheral condition. Since overall jNDs
in the foveal condition were close to the smallest SOA in Experiment 5.1, the SOA range
was extended with an +8 rns interval.

5.6 Results and Discussion
JNDs, PSSs, and difference scores were calculated as in Experiment 5.1, with the
exception  that the best-fitting straight lines  were  calculated  over  the  12  SOAs.  See  Table
5.1 for the average JNDs. An AN(-)VA with within-subjects factors Visual location
(Peripheral, For.eal) and AV-interval (0 ms, 100 ms) was conducted on the JND and PSS
difference scores. No effects were found for the PSSs (all Ps > .30; mean PSSs ranging
from .6 ms to 2.9 ms).

In contrast with the result of Experiment 5.1, overall TO.1 sensitivity was similar fc,r
the foveal and peripheral presentation when the distance between the lights was constant,
F< 1. JNDs were also lower at the 100 ms AV-interval if compared to the 0 ms AV-
interval, F'(1, 17) = 8.5, P < .01, indicative of temporal ventriloquism. Furthermore, the
present experiment demonstrated temporal ventriloquism to be similar for the foveal and
peripheral conditions (a 2.0 ms temporal ventriloquist effect for the foveal presentation,
versus a 0.7 ms peripheral temporal ventriloquist effect), F(1, 17) = 2.0, P = .18. As
before, JNDs were higher in the visual-only cc,ndition if compared tc, the AV conditions,
F(1, 17) = 12.7, P<.005.

When keeping the relative light-light distances constant in the present experiment, the
present results demonstrate no differences in temporal ventriloquism between the foreal
and peripheral conditions, nor an overall difference in visual Toj sensitivity. We should
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notice though, that again ceiling effects might have been in play here, as the overall

differences between the -0 and -100 ms AV-interval conditions were ven· small (mean
difference of 1.35 ms). Possibly, INDs  were  thus  already  as low as they could  get in  the

-0   ms   AV-interval   conditions, and couldn't become much lower when sounds   were

presented with -100 ms AV-intervals. Thus, although we tried to prevent ceiling effects

by extending the SOA range, these effects might have affected the results here. Taken

together, from the results of the present experiment, no clear conclusions can be drawn
regarding the occurrence of temporal ventriloquism in foveal versus peripheral visual

fields.

5.7 General Discussion
Here we explored whether temporal ventriloquism was bigger when lights were presented

out rather than in fovea. The results of Experiment 5.1, demonstrate overall higher TOJ
sensitivity for foveal presentations, and a trend toWards bigger temporal ventriloquism

effects when lights were presented in peripheral visual field compared to the foveal field.

When the difference between the lights was kept constant between the foveal and

peripheral conditions in Experiment 5.2 however, no difference in overall TC)J sensitivity,

nor a difference in temporal ventriloquism between periphery and fovea could be
demonstrated. Given that ceiling effects might have been in play whenever light-light

distances were small, no clear conclusions can be drawn about the role of foveal versus
peripheral visual fields in temporal ventriloquism.

A finding that does need further discussion here is the overall lower TOj sensitivin

(i.e., higher JNDs) when lights were presented in periphery compared to fovea, in
Experiment 5.1. No such effect was found in Experiment 5.2 when the distance between

the LEDs was kept constant. This leads one to conclude that visual TOJ sensitivity

depends on the spatial separation between the lights. Afore specifically, JNDs were lower

(i.e., higher sensitivity) when lights were presented closer together, compared to when a
larger separation was used. These results are in line with the findings of Chapter 3, in
which also the highest TC)j sensitivity was found when visual stimuli were presented with

a smaller spatial separation (3 degrees light-light distance; Experiment 3.4). We conjecture

that apparent motion plays a role here. According to Korte's law, the amount of apparent

motion depends on both the interval and the spatial disparity between stimuli (Korte,

1915). This implies that the farther apart the visual stimuli are, the longer the interval

needs to be f,r proper motion perception. Since in Experiment 5.1, the distance between

the lights was varied between foveal and peripheral presentations, while the SOA range

was kept constant, we argue that the amount of perceived motion was overall higher For

the foveal visual presentation than it was for the larger distances. Possibly, the higher

amount of apparent motion in the foreal condition of Experiment 5.1 might have
'helped' visual TC)J performance more than in the peripheral condition.
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Further experiments in which the distance between the lights is systematically

increased (both in fovea and periphery) are awaiting.
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CHAPTER 6

6.1 Abstract
Participants made visual temporal order iudgments CroJ) about which of two lights
appeared first while task-irrelevant vibro-tactile stimuli delivered on the index finger were

presented before the first and after the second light. Temporally misaligned tactile stimuli
captured the onsets of the lights thereby improving sensitivity on the visual TO.1 task,
indicative of tactile-visual (TV) temporal ventriloquism (Experiment 6.1). The size of this
effect was comparable to auditory-visual (AV) temporal ventriloquism (Experiment 6.2).
Spatial discordance between the TV stimuli did, as in the AV case, not harm the effect
(Experiment 6.3 and 6.4). TV stimuli thus behaved like AV stimuli, demonstrating that

spatial co-occurrence is not a necessary constraint for intersensory pairing to occur.
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6.2 Introduction
The question of how the different senson· modalities cooperate to form a coherent
representation of the environment is the focus of much behavioural and neuroscientific
research (Calvert et al, 2004). The most commonly held view among researchers in
multisensory perception is what has been referred to as the 'assumption of unity: which
states that as events from different modalities share more (amodal) properties, the more
likely it will be that they originate from a common object or source (e.g., Bedford, 1989a;

e.g., Bertelson, 1999; Radeau, 1994; Stein & Meredith, 1993; Welch, 1999; Welch &
Warren, 1980). Although there is dispute as to whether 'higher cognitive factors' count as
a common prc,perty (e.g., Bertelson), without doubt the two most important ones are
considered to be commonality in space and time te g., Radeau). On this account, one
expects that interactions between sense organs are more likely to occur if their
information arrives from approximately the same place and same time.

However, even though most studies confirm that, within certain limits, temporal
synchrony is crucial (Bertelson; Ernst & Banks, 2002), there is debate about the role of
spatial correspondence (Murray et al, 2004; Teder-Saleiarvi et al, 2005; Welch et al, 1986).
A critical example of intersenson pairing where spatial discordance has been shown not
to play a ro|e is temporal ventriloquism. Temporal ventriloquism refers to the

phenomenon that a sound in temporal proximity of a light attracts the temporal
occurrence of that light (Aschersleben & Bertelson, 2003; Bertelson & Aschersleben,
2003; Fendrich & Corballis, 2001; Aforein-Zamir et al, 2003; Scheier et al, 1999;
Stekelenburg & Vroomen, 2005; Vroomen & de Gelder, 2004b). Morein-Zamir et al.
(2003) demonstrated temporal ventriloquism using a visual temporal order iudgment
(TOj) task (see also Vroomen & Keetels, 2006). Participants were presented pairs of
lights at various stimulus onset asynchronies (SOAs) and were asked to judge which of
the two lights appeared first. A task-irrelevant sound before the first light and a sound
after the second light improved sensitivity in the visual TOJ task (i.e., it lowered the just
noticeable difference, JND) if compared to synchronized sounds, thus demonstrating that
the sounds captured the onset of the lights and effectively pulled them further apart in
time. Crucially, Vroomen and Keetels demonstrated that this effect was unaffected by
whether the sounds came from the same or a different position as the lights, whether the
sounds were static or moved from left-to-right or right-to-left, or whether the sounds and
lights came from the same or opposite sides of fixation. These results therefore
challenged the view that intersensory interactions in general require spatial
correspondence between the components of a multisensory event.

Here, we further explored the role of spatial correspondence by examining temporal
ventriloquism evoked by vibro-taCtile stimuli. So far, temporal ventriloquism has only
been studied with sounds that capture the onsets of lights (Aschersleben & Bertelson,
2003; Bertelson & Aschersleben, 2003; Fendrich & Corballis, 2001; Aforein-Zamir et al,
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2003; Scheier et al, 1999; Stekelenburg & Vroomen, 2005; Vroomen & de Gelder, 2004b).

Sounds, though, may be special because the>· have high temporal precision while their

spatial attributes are only secondary (Kubovy & Van Valkenburg, 2001). Vibro-tactile
stimuli may, in comparison with s ,unds, be less well-defined in time, while their spatial
attributes are more important, if only because the initial coding of touch is somatotopic
rather than tonotopic. Spatial discordance may therefore be more harmful for T\' than
AV temporal ventriloquism. If, on the other hand, spatial discordance between tactile and

visual stimuli does not affect temporal ventriloquism, it would lend further credit to the
notion that space in general may not be a relevant dimension for intersensory pairing tc,
occur.

In Experiment 6.1, we first explc,red whether tactile stimuli actually capture the onset

of a light because this had not been demonstrated so far. Participants iudged which of
two lights was presented first while task-irrelevant vibro-tactile stimuli were presented

before the first and after the second light (see Figure 6.1) Temporal ventriloquism should
manifest itself by improving sensitivity (i.e., lowering INDs) on the visual task if the
interval between the tactile stimuli  and the lights  is  - 100 ms rather  than  -0 ms ( forein-
Zamir et al., 2(}03; Scheier et al., 1999; Vroomen & Keetels, 2006). A visual-only
condition was also included at this stage to check that the tactile stimuti actually enhanced

rather than interfered with performance. After having confirmed that temporal

ventriloquism can indeed be evoked by TV stimuli, we compared it in the following

experiments with AV tempc,ral ventriloquism, and explored whether spatial discordance
between touch and Light affects the size of the effect.

EXPERIMENT I
Tactile-I 'isual Temporal T 'entriloquism

6.3 Method
Participants. Fourteen  students  (3  left-handed,  11   right-handed)  from  Tilburg  University
were included in the analyses, after removal of three participants for which no reliable

psychometric functions could be determined. They received course credits fc)r

participation. All reported normal hearing, touch, and normal or corrected-to-normal
vision. They were tested individually and were unaware of the purpose of the experiment.

S timuli. Participants sat at a table in a dimly lit and sc,und-proof booth.  Head movements
were precluded by a chin-rest. A small red 1.ED was placed at central location, at the
table, at 5(I cm frc,m the chin-rest and served as a fixation point. Visual stimuti were

presented using two green LEDs, positic,ned at the table, at 5 degrees below and 5

degrees above fixation (diameter of 0.5 cm, luminance of 40 cd/m2). See Figure 6.2a for a
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schematic view of the experimental set-up. Tactile stimuli (250 Hz, 10 rns duration) were
presented  by a Sanko Electric mini - v i b r a to r  ( t yp e  # 1 E 1 20, Sanko Electric, japan)  with  a
diameter of 1.4 cm. The vibrator was embedded in a foam cube, placed directly under the
fixation point. Half of the participants were instructed to place their left index finger into
the foam cube, the other half used their right index finger. Participants could see their
arm and finger position. Responses were made with the other hand by pressing one of
two keys on a response box at the table (index finger for 'upper light first' and thumb for
'lower light first' responses). White noise was presented continuously throughout  the
experiment at 65 dB(A) to mask an>· sound generated by the vibro-tactile stimulator.

SOA Perceived SOA

b               . /                                  b                *
e      G-  Tinif 117--9 0-*
0 ms Tactile-Visual Interval 100 ms Tactile-Visual Interval

0 - Target I.ED      = Vibro-Tactile Stimulator

Fig!,re 6.1 A schematic illustration of a trial with vibro-tactile capturing stimuli.

Lights were presented at a particular SOA that ranged between -75 ms to 75 ms, with
negative values indicating that the lower light was presented first. Two vibro-tactile
stimuli were delivered on the index finger either simultaneously with the lights (-0 ms
interval),   or   - 100 ms before the first   and   -100 ms after the second light   (- 100   ms

interval). Sensitivin· in the visual TOJ task was better in the -100 ms rather than -0 ms
interval (i.e., temporal ventriloquism) because the two capturing stimuli 'pulled' the lights
further apart, thereby increasing the apparent SOA between the two lights.

Design. Two within-subjects factors were used: Tactile stimulation (at -0 ms or -100 ms
intervals between the tactile capture stimuli and the lights, or no tactile stimulation) and
stimulus onset asynchrony (SOA) between the two lights (-75 ms, -60 ms, 45 ms, -30 ms,

-15 ms, +15 ms, +30 ms, +45 rns, +60 rns, and +75 ms, with negative values indicating
that the lower light was presented first). The -0 and -100 ms intervals represent the time
between the onset of tile first tactile stimulus and the first light, and the time between the
onset of the second light and the second tactile stimulus. These factors yielded 30 equi-
probable conditions, each presented 20 times for a total of 600 trials. Trials were
randomly presented  in 4 blocks  of  150  trials  each,  with a short pause in between  each
block. Testing lasted approximately 1 hour.

93



CHAFTER 6

a /

b •

r  S)

L_0
C 0

#i-
...ly .F 1

E / 0 \ \ 0
'.  1

-C«- -- 'r-K- *:-

 «_1_J------*.
0   = Target I.ED    = Vibro-Tactile Stimulator = Speaker

5Tn 6.2 (a) Schematic setup of Experiment 6.1 and 6.2. Vibro-tactile stimuli
were   delivered    to the index finger.    In    Experiment 6.2, sounds were presented   from
central locaticin. (b) Schematic setup of Experiment 6.3. Vibn,-tactile stimuli were
delivered to the index finger which was positioned either close to the lights in central
position, of far away from the lights in a lateral position. The position of the touched

finger varied between blocks. (c) Schematic setup of Experiment 6.4. Vibro-tactile stimuli
were delivered to either the left or right index finger. One finger was positioned close to
the lights in central position, the other far away fr()m the lights in a lateral position.
Which finger was touched (central or lateral) varied from trial-to-trial.
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Procedure. The fixation light was illuminated at the beginning of the experiment.
Participants were instructed to maintain fixation on the central red LED during testing.
Trials consisted  o f the onset  of the  first green LED,  and  after  the  SC)A,  the second green
LED was turned on. Both LEDs remained lit until a response was made. Tactile stimuli
were either absent (visual-only condition),or presented either simultaneously with the
lights (-0 ms interval), or -100 ms before the first and after the second light (- 100 ms
interval). The participants' task was to iudge whether the lower or the upper LED was
presented first by pressing the lower and upper key on the response box. Responses were
unspeeded and participants were informed that the tactile stimuli should be ignored, as
they did not predict in any way which light came first. The next trial started 2000 rns after

a response was detected.
To acquaint participants with the TOJ task, experimental blocks were preceded by a

practice session. The practice block consisted of 24 trials in which all conditions were
presented twice, in random order, at the largest SOAs (+75 and +60 ms). During practice,
participants received verbal feedback ("Correct" or -Wrong'D about whether they gave a
correct or incorrect response.

6.4 Results and Discussion
Trials of the practice session were excluded from analyses. The proportion of 'up-first'
responses was calculated for each combination of tactile stimulation and SOA for each
participant. Proportions were converted into equivalent Z-scores assuming a cumulative
normal distribution (Finney, 1964). For each condition, the best-fitting straight line was
calculated over the 10 SOAs. The lines' slopes and intercepts were used to determine the
just noticeable difference (IND = 0.675 / slope) and the point of subiective simultaneity
(PSS = 50% up-responses). The jND represents the smallest interval at which the
temporal order of the two lights can be determined reliably, computed from the fitted line
by calculating the difference between the SOAs at which 75% of the responses were
'upper light first' and 25°4 of the responses were 'upper light first', and dividing it by two.
The PSS represents the average interval by which the upper stimulus had to lead the lower
one for being perceived as simultaneous (see Figure 6.3 and Table 6.1).
An ANOVA including the tactile stimulation as a within-subjects factor (visual-only, -0
ms, and -100 ms) was performed on the INDs and PSSs. In the ANOVA on the PSSs,
there was no effect, F < 1, indicating that tactile stimuli did not shift the response
distribution towards more 'up' or 'down' responses. More importantly, there was an effect
of tactile stimulation on the JNDs, F(2,26) = 14.55, P < .001. Paired t-test showed, as
expected, that JNDs were lower (i.e., better sensitivity) in the - 100 ms rather than -0 rns
TV interval (30.9 ms vs. 38.5 ms), reflecting a 7.7 ms TV temporal ventriloquist effect
(i.e., a 20°/0 improvement), t(13)=2.75, P < .025. Aforeover, simultaneous tactile stimuli
enhanced rather than interfered with performance as the visual-only condition had the
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highest JND, 413)-3.27, P < .01, if compared to the -0 ms condition. The latter
phenomenon has also been observed in AV temporal ventriloquism (e.g., Vroomen &
Keetels, 2006) where it was shown that simultaneous sounds improve performance on a

visual  T().1 task, possibly  because   ther  sharpen  the impulse-response function  of  the
flashes reducing the overlap between them.

The results of Experiment 6.1 thus clearly demonstrate, for the first time, a TI'
temporal ventriloquist effect.  foreover, the comparison with the visual-only condition
excludes the possibility that the.IND difference between the -0 and -100 ms TV interval
was caused by a distracting effect of co-occurring tactile stimuli. This allowed us to
further test the resemblance between TV and AV temporal ventriloquism.

Table 6.1 Mean Just Noticeable Difierenres (1XD) in ms. and Standard Errors of tbe Mean (in
Parentbeses)  of Experiment  6.1   and  6.2.  Tactile  or .-\aditori  C.apturing, 4 tim:ili  Presented  at  -0  or  -100

ms 1nten'als. Tbe Temporal I entritoquist 1:fject (11 -tz) is tbe Improrement m JXD betu,een tbe -0 and

- 100  ms  1 nten'als.

Modality of Capturing Stimuli

Auditort T acftle

Intend IND TVE JND T\TE

Exp. 61 Oms. 38.5 (4.4) 7.7*
100 ms. 30.9 (2.5)
Visual-()Ill\· 48.7 (5.1)

Exp. 6.2   0 ms. 46.5 (6.6) 15.9* 38.5 (5.9) 13.4*

100 ms. 30.6 (2.8) 25.1 (1.7)
P< .05

EXPERIMENT II
Auditory-1.'isual  versus Tactile-I 'isual Temporal  I 'entriloquism

In Experiment 6.2, we compared the size of AV and TV temporal ventriloquism.
Unimodal studies have shown that the temporal resolution of the skin lies between those

of hearing and vision (Kirman, 1973). According to the modality appropriateness, one
might then expect the TV temporal ventriloquist effect to be smaller than the AV effect

(Welch & Warren, 1980). However, Hirsh and Sherrick (1961) in their classic study found

that the JNDs in tactile performance were similar to hearing and vision, so no firm
predictions can actually be made.
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6.5 Method
Participants. Twelve students (911 right-handed) from the same subject were tested, after

removal of one participant for which no reliable psychometric function could be
determined.

1 1/1- a) Experiment 6.1 IIi!1 b) Experiment 6.2
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t»,re 6.3  Averaged raw data points and fitted logistic functions of (a) Experiment 6.1: T\'
intervals of -0 ms and -100 ms, and a visual-only condition, (b) Experiment 6.2: TV and
AV intervals of -0 ms and -1()0 ms, (c) Experiment 6.3: TV intervals at -0 ms and -100
ms with tactile stimuli delivered at central and lateral location, (d) Experiment 4.4: TV
intervals at -0 ms and -100 ms intervals with tactile stimuli delivered randomly at central
and lateral location.

Stimuli and Design. Stimuli and design were as in experiment 6.1, except for the following
changes. The visual-only condition was replaced by an AV condition whereby the
auditory stimuli were presented via a hidden loudspeaker placed directly behind the
central fixation LED. Three within-subjects factors were used: modality of the capturing
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stimuli (auditory or tactile), the interval between the capturing stimuli and the lights (-0
ms or -100 ms intervals), and the SOA between the two lights (ranging from -75 rns to
+75  ms in 10 steps  of 15  ms). This yielded 40 equi-probable conditions, each presented

20 times (total of 800 trials) in 4 blocks of 200 trials each. Practice consisted of 16 trials in

which all conditions with the largest SOAs (+75 and +60 ms) were presented randomly.

6.6 Results and Discussion

JNDs and PSSs were computed as before. A 2x2 ANOVA with as within-subjects factors
modality of- capturing stimulus (auditory or tactile) and interval (-0 ms or -100 ms) was
performed on the JNDs and PSSs. In the ANOVA on the PSSs, a main effect of modality

of the capturing stimuli was found, F (1, 11) = 34.03, P < .001, indicating that there were

more 'down' responses for auditory capturing stimuli than for tactile ones (PSSs were 16.6
and  1.3 ms, respectively), a finding for which there  is no clear explanation. All other

effects on the PSS were non-significant (all Ps > .28).
The ANOVA on the jNDs showed that overall sensitivity in the visual task was better

with auditory capturing stimuli (31.8 ms) than with tactile ones (38.5 ms), F(1, 11) =
18.52, P < .001. This may be due to better temporal resolution of auditory stimuli.
Importantly, overall sensitivity improved by 14.7 ms, F(1, 11) = 13.08, P < .005, when the
capturing stimuli (sound or touch) were presented at -100 ms rather than -0 ms intervals

(i.e., temporal ventriloquism). The interaction between the two factors was not significant,

F(1,11) =  1.72, P = .22, indicating that the TV and AV temporal ventriloquist effects were

equally-sized.  The  TV  temporal ventriloquist effect  was  15.9  ms  (34.2%),  and  the  AV

effect  was   13.4  ms  (or 34.8°/0) Separate i-test further showed  that both effects  were

Significantly bigger than 0 (both Ps <  .025)
The results of Experiment 6.2 thus demonstrate that performance on the visual TOJ

task became more sensitive when auditory or tactile capturing stimuli were presented at

-100 rather than -0 ms intervals with no difference in the size of the improvement
between the two modalities. In the following experiments we further explored

commonalities between TV and AV temporal ventriloquism by looking at whether spatial

discordance between touch and light matters.

EXPERIMENT III

Does  Spatial  Disparity  affect Tactile-I·'isual Temporal  i.'entriloquismp

In Experiments 6.1 and 6.2, tactile stimuli were delivered to the index finger which was

positioned as closely as possible near the two lights. Here we explored whether TV
ventriloquism is actually hampered when the distance between the finger and lights is
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increased. Tactile stimuli were presented to the index finger which was now positioned
either close tc, the lights (as be fore) or far a\\·a>· from the lights in a lateral position.  If TV
intersensory pairing requires spatial correspondence between the senses, one expects no
or reduced temporal ventriloquism if the touched finger is far away from the lights.
Alternatively, if T\' temporal ventriloquism is like AV temporal rentriloquism, then
spatial discordance should not matter (Vroomen & Keetels, 2006).

6.7 Method
Partiapants. Twelve students (9 right-handed, 3 left-handed) from the same subject pool
were included in the analyses.

Stimuli and Design. Stimuli and design were as in Experiment 6.2, except for the following
changes. Tactile stimuli were delivered to the left or right index finger that was located
either close to the fixation point (in between the tWO lights) or in a lateral position, at 50
cm to the left (or right) of the participant's midline (see figure 6.21)). No auditory
capturing stimuli were used.

The experiment consisted of three within-subiects factors: position of the stimulated
finger (central or lateral), the interval between the vibro-tactile stimuli and the lights (-0
ms or -100 ms), and the SOA between the two lights (ranging from -75 ms to +75 ms in
steps  of  15 ms). These fact()rs yielded  40  equi-probable  conditions, each presented  20
times for a total of 800 trials. Trials were presented randomly in 4 blocks of 200 trials
each. The location of the touched finger (central or lateral) was varied block-wise in an
ABBA design, the other factors were presented randomly. Half of the participants
received the tactile stimulus on their left index finger, the other half on the right. Half of
them  started with a central block, the other half with a lateral block. Practice consisted of
2 blocks  o f 16 trials (one block with central tactile stimuli, the other with lateral stimuli)  in
which the largest SOAs ¢1:60 and +75 rns) at the -0 and -100 ms intervals were
presented twice.

6.8 Results and Discussion
.INDs and PSSs were computed as before (see Figure 6.3 and Table 6.2). In the ANOVA
on the PSSs, no effect was significant (all J ·'s < 1). The ANOVA on the .INDs showed
that overall sensitivity improved by 8.1 ms in the -100 ms TV interval compared to -0
ms, /(1, 11) = 28.70, P < .001. There was no overall difference between the central and
lateral position  of the touched finger,  1 (1,   11)   =   1.32,  P  =   .28,  and the interaction
between the two factors was not significant (F < 1). The temporal ventriloquist effect was
8.8 ms (27.50/0) when the finger was in central position, and 7.4 ms (24.7%) when in
lateral position. Both effects were significantly bigger than zero when tested separately
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(both Ps < 0.005), and there was thus no sign that spatial discordance reduced TV

temporal ventriloquism.

AM6.2 Xlean lust Xoticeable Dige"nas (IXD) in ms. and Standard Errors of tbe Mean (in

Parentheses)   of  Experiment  6.3   and  6.4.   Captunng, Ta(tile  Stimuli   were  Presented  at   -(1   or  -100   ms

Interl·ali from Central or lateral li,cation. Tbe  l'emporal \ 'ent,iloquist l.ffect (n li) is tbe lmpnorement
in 1X D betia·fen the --(j and - 1(H) ms Inten'als.

1 bcation of C.®turine,Tactile  Stimilli
.\ ame as I_«bts Dger,nt as Lights

inten'al IND n'li .IND
1 :xp. 6.3     0 ms. 32.0 (3.0) 8.8- 29.9 (2.t))      7.4*

100 mb. 23.2 (1.6) 22.5 (1.8)

/ixp. 6.4    0 ms. 32.6 (2.7) 5.(1* 34.8 (3.5) 8.7*

100 ms. 27.5 (2.0) 26.1 (2.4)
*1)<05

EXPERIMENT IV
Tactile-L 7sual Spatial Disparity vaned behreen Tnals

Experiment 6.3 showed that the position of the touched finger with respect to the lights

had no effect on performance in the visual TC)-1  task.  Whether the finger was near the

lights or far away from it, in both cases sensitivity on the visual TOJ task improved if the

TV interval was -100 ms rather than -0 ms. One might argue, though, that participants

became adapted to the spatial discordance because the position of the finger was varied

between blocks rather than between test trials. In experiment 6.4, we therefore avoided

adaptation by presenting vibro-tactile stimuli randomly from either central or lateral

position.

6.9 Method
Participants. Fourteen students (10 right-handed, 4 left-handed) from the same subject
pool were included in the analyses.

S timuli  and Design. Stimuli, procedure and design were as in Experiment 6.3, except for
the following changes. Tactile stimuli were delivered randomly on either the left or right

index finger (see Figure  ld). ()ne finger  was in central position  near the lights,  the  other

in lateral position. This resulted in 40 equi-probable conditions, each presented 20 times

in random order in 4 blocks of 200 trials each. Finger assignment (i.e., left finger in

central or lateral position) alternated in four blocks in an ABBA design. Half of the
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participants started with their left finger in central position, the other half with their right.
Participants responded by pressing a foot pedal with their toeS (upper light first) or heels
(lower light first).

6.10 Results and Discussion
.INDs and PSSs were computed as before (see Figure 6.3 and Tai,Ic 6.2). A 2 (Tactile
stimulation at central or lateral  position)  x  2  (T\'  interval  -0  ms  or  - 100  ms)  ANOVA
was performed on the JNDs and PSSs. In the AN()VA on the PSSs, no effect was
significant   (all  Ps>   .05).   The   AN()VA  on   the  JNDs   show·ed   that   overall   sensitivity
improved b>· 6.9 ms (20.504) in the - 100 ms n' inten·al compared to -(1 ms, F(1, 13) =
15.85, P < .002. The position of the touched finger (central or lateral) had no effect, F <1,
and the interaction between  the  two  factors was  not significant, 1-Il,  13)  =  2.73, P =  .12.
For the central finger positicin, the  temporal ventriloquist effect was  5.0 ms  (c,r  15.4°/o),
and for the lateral position it was 8.7 ms (or 25.() %). Both effects were significantly
bigger than zero when tested separately (both Ps < 0.025) and, if anything, temporal
ventriloquism tended to be bigger \\·hen the finger was far from the light rather than clc,se
to it.

6.11 General Discussion
Here we demonstrated, for the first time, that vibro-tactile stimuli captured the apparent
onset of a light. The size of this TV temporal ventrilc,quist effect was comparable to AV
temporal ventriloquism (Aschersleben & Bertelson, 2003; Bertelson & Aschersleben,
2003; Fendrich & Corballis, 2001; Aforein-Zamir et al, 2003; Scheier et al, 1999;
Stekelenburg & Vroomen, 2005; Vroomen & de Gelder, 2004b; Vroomen & Keetels,
2006), despite various differences between sound and touch, like their initial coding (i.e.,
somatotopic vs. tonotopic projections). This suggests that the capturing effect of a sound
and touch is rather independent of how the infc,rmation is initially coded.

Results further demonstrate that TV temporal ventriloquism was unaffected by spatial
disparity between the visual and tactile st:imuli. Temporal ventriloquism was equally large
for when the tc,uched finger was clc)se to the lights or far away from the lights. This is
consistent with previous findings showing that AV temporal ventriloquism is also
unaffected by spatial discordance (Keetels et al, in press; Vroomen & Keetels, 2006).
These results therefore lend further credit to the notion that commonality in space may
not (always) be a relevant dimensicm for intersenson· pairing to occur.

A potential concern about these findings is that this interpretation is mainly based on
null-effects of spatial discordance. Could it, for example, be the case that changing the
position of the touched finger was not powerful enough to measure any effect of spatial
discordance? In defense, we tried to maximize the effect ot- spatial discordance in several
ways. First, the touched finger was visible during the whole experiment so that
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participants could not only feel, but also see the position of the touched finger. Second,

by varying the position of the toUChed finger on a trial-by-trial basis, we tried to further
increase the saliency of the spatial discordance. As a result, it seems unlikely that tactile-

visual spatial disparin· was not perceived. Rather, it becomes more hkely that intersensory

pairing in the temporal domain simply does not take spatial disparity into account.

The question remains why other studies report effects of spatial separation on

intersensory integration (see Calvert et al, 2004; Spence & Driver, 2004 for reviews), while

we find opposite results. We coniecture that a spatial effect on intersenson· integration

will be observed either if space is a relevant dimension of the task at hand (like sound

localization with concurrently presented distracter lights at different locations; Alais &

Burr, 2004; Slutsky & Recanzone, 2001; Stein & Meredith, 1993; Welch & Warren, 1986),
or if spatial attention is criticall>· involved (like the detection of a light at an unknown
location that may be cued by a sound location; Driver & Spence, 2004; Spence &

 IcDonald, 2004, Spence & Walton. 2005). Performance in these cases will depend on

whether the components of the crossmodal stimulus are spatially separated or not.
Notably, though, it is questionable whether in the crossmodal cueing paradigm

intersenson, integration is actually involved. Typically, a cue precedes a target by several

hundreds of ms, in which case it is unlikely that there is intersensory pairing between the

two stimuli, as cue and target are perceived as two separate stimuli rather than a single

multimodal one. Another example where spatial separation plays a role concerns the
iudgment of AV temporal order that is actually improved when sound and lights are

separated (Keetels & Vroomen, 2005; Spence et al, 2003; Zampini et aL, 2005b; Zampini
et al., 2003a, 2003b). In this case, participants probably have extra spatial information on

which to base their responses. Other intersenson· interactions, though, such as
identification tasks that do not directly involve spatial judgments appear to be unaffected

by spatial coincidence. A well-known example is the NicGurk effect (i.e., lipread

information affects speech sound identification; AkGurk & AlacDonald, 1976) that
occurs even when the auditory and visual speech stimuli are widely separated (Bertelson et

al, 1994; Colin et al, 2001; jones & Munhall, 1997).
To conclude, then, we showed that intersenson· integration in the form of TV

temporal ventriloquism occurs despite spatial discordance between the individual

components of the multisensory stimulus. This demonstrates that the spatial rule about

intersensory integration does not constitute a general constraint. At first sight, this might
seem counterintuitive because after all, most natural multisensory events are spatially and

temporaly aligned, except for some minor variations in time or space that people can

readily compensate for (e.g. Fuiisaki et al, 2004; e.g. Vroomen et al, 2004) However, a
critical assumption that underlies the idea of the spatial rule is that spatial information has

the same function in vision, audition, and touch. This notion, though, is questionable. For

vision, it has been argued that space is an indispensable attribute (Kubovy & Van
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Valkenburg, 2001). Spatial coding in audition and touch, though, may be different, and it
seems that at least sound localization has evolved to steer vision (Heffner & Heffner,
1992). It is also conceivable that spatial coding in touch has a role in steering vision (Stein
& Meredith, 1993). If one accepts, then, that spatial coding in the different modalities
serves different functions, there is no reason why intersensory interactions would require

spatial co-localization.
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7.1 Abstract
We examined whether auditory stimuli capture the onset of tactile stimuli (i.e., auditon-
tactile temporal ventriloquism) Participants were presented two vibro-tactile stimuli with
variable temporal onset to the left and right index finger, and had to judge which of the
two came first (i.e., tactile temporal order judgement task; TOJ task). To induce auditon'-
tactile (AT) temporal ventriloquism, a capturing sound was, as in the auditory-visual (AV)

case, presented before the first tactile stimulus and after the second with auditory-tactile

intervals of 0, 100, 200, 300 or 400 ms. JNDs were highest (i.e., lowest sensitivity) when
sounds came simultaneously with the vibrations, while there was no difference between

the  100,200,  300,  and  400 ms AT-intervals. The interfering effect of simultaneous  sounds

became less when the distance between the fingers increased. These results are unlike
previous reports  on AV temporal ventriloquism where sensitivity improved  at  100  ms
intervals and thus indicate that sound does not capture touch temporally
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7.2 Introduction
The brain may correct for small temporal asynchronies between stimuli from different
modalities. For example, when a sound and a light flash are presented at slightly different
onset times (usually in the order of -100 ms), temporal asynchrony is reduced and the
perceived onset of the light is perceptually shifted towards the sound, a phenomenon
called temporal ventriloquism (Morein-Zamir et al., 2003; Scheier et al., 1999;
Stekelenburg & Vroomen, 2005; Vroomen & de Gelder, 2004b; Vrootrten & Keetels,
2006).

Auditory-visual (Av) temporal ventriloquism can be demonstrated by the use of a visual
temporal order judgement (TOD task in which participants are presented two lights at
various stimulus onset asynchronies (SOAs) and judge which light came first. By
presenting a sound before the first and after the second light, the just noticeable
difference UND) improves (i.e., participants become more sensitive), presumably because
the two sounds attract the temporal occurrence of the two lights, and thus effectively pull
the lights further apart in time (Morein-Zamir et al., 2003; Scheier et al., 1999; Vroornen
& Keetels, 2006). Morein-Zamir et al. (2003) explored the most optimal AV interval for
inducing temporal ventriloquism and demonstrated that AV temporal ventriloquism was
biggest  when   the AV intervals ranged between 100-200   ms. At larger intervals,  TOJ
sensitivity became similar to the synchronous AV presentation. Similar effects were
obtained by Vroomen and de Gelder (2004b), who demonstrated temporal ventriloquism
by use of the 'flash-lag' paradigm. In the typical flash-lag effect (FLE; Niihawan, 2002), a
flash appears to lag behind a moving stimulus even though the stimuli are presented at
the same physical location. Vroomen and de Gelder added a sound to the flash that was
presented  simultaneously, or slightly  be fore or after the flash (intervals  of 33,  66  and  100
ms). The results showed that the sound attracted the temporal onset of the flash such that
a sound presented before the flash made the flash appear earlier, and thus reduced the
FLE, whereas a lagging sound increased the FLE.

Recently, Keetels and Vroomen (in press-b) demonstrated temporal ventriloquism
between tactile and visual stimuli, i.e. tactile-visual Cr\r) temporal ventriloquism. In their
experiment, the same visual TOj paradigm was used as in the study of Morein-Zamir et
al. (2003), with the exception that vibro-tactile capturing stimuli rather than sounds were
presented. The results demonstrated that the tactile stimuli captured the onset of the
lights in a similar way as the sounds did.

So far, temporal ventriloquism has been demonstrated between audition and vision,
and between touch and vision. Here we examined whether auditog-tactile (AT) temporal
ventriloquism can be demonstrated as well. In the crossmodal literature, several studies
have demonstrated intelsensory interactions between audition and touch. Caclin et al.
(2002) for example demonstrated AT spatial ventriloquism, a phenomenon in which the
apparent location of a sound was biased toward tactile stimulation. This effect bears
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strong resemblance to the AV (e.g., Bertelson, 1994, 1999; Bertelson & Radeau, 19814

Radeau, 1994; Radeau & Bertelson, 1978; W'elch, 1978) and T\' spatial ventriloquist effect

(e.g., Hay et al., 1965; Pavani et al., 2000; Pick et al., 1969). Another well-known example
of AT integration concerns the 'parchment-skin illusion' Cousmaki & Hari, 1998), in
which the perception of the surface of a participant's hand is changed by manipulating the

sounds the>· hear when their hands are rubbed together (see also Guest et al, 2002)
Furthermore, in a recent fi\IRI study, Kayser et al. (2005) demonstrated integration effects
between sound bursts and tactile stimulation in anaesthetized animals in the primary
auditon' cortex.

However, there are also several studies that demonstrate AT interactions to be

different from AV and T\' integration. Bertelson and Aschersleben (2003) for example
reported JNDs to be lower for AV TC)}s when a sound and light were presented from
different locations rather than from a common location, and Spence et al. (2001)
demonstrated similar results for spatially separated TV stimulus pairs. No such effect
though, could be demonstrated for AT stimulus pairs (Zampini et al, 20052). Similarly,

temporal recalibration of AV and TV synchrony perception was demonstrated by a shift
in the point of perceived temporal synchrony after exposure to temporally misaligned

stimulus pairs (Fuiisaki et al., 2004; Vroomen et al., 2004; see also Chapter 8, 9, and 10),
whereas no such a shift was obtained for AT stimuli (Navarra et al., 2006).

Here we therefore examined whether AT temporal ventrilc,quism can be
demonstrated. Participants were presented two vibro-tactile stimuli whose temporal order
had tc, be judged, while sounds were presented slightly before the first tactile stimulus and
shghtly after the second one. To explore the optimal time-lag for auditory-tactile
ventriloquism, the interval between the sounds and vibratic,ns was varied from 0 ms to
300 ms. If AT temporal ventriloquism behaves like AV and TV  temporal integration, one
expects TC)J Sensitivity tc, improve (i.e., lower JNDs) at the 100 to 2(}0 ms intervals if
compared to the simultaneous condition, while no such effect should occur at the longer
intervals. Furthermore, in the tactile-only condition, INDs should be highest (i.e.,lowest

T( )3  sensitivin·).

EXPERIMENT I
Does  .·luditog-Tactikremporal  \'entriloquism  occurt

7.3 Method

Partiapants. Fc,urteen students from Tilburg University participated :ind received course
credits for their participation. .111 repc,rted normal hearing, nc,rmal touch, and normal or
corrected-to-nc,rmal seeing. They were tested individually and were unaware of the
purpose of the experiment.
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Stimuli. Participants sat at a table in a dimly lit and sound-proof booth. Head movements

were precluded by a chin-rest. The auditon· stimuli were presented via a hidden
loudspeaker, placed at central location, on the table. Sounds were white nc,ise bursts of 5
ms presented at 68 dB(A). A small red LED was placed on the centre ot the speaker and

served as a fixation point. Tactile stimuli (250 Hz, 10 ms duration) u'ere presented by tu•(,
Sanko Electric mini-vibrators   (type #  1 E120, Sanko   Electric,  Japan)   with a diameter
of 1.4 cm. The vibrators were embedded in fc,am cubes, also placed at the table, directly
in front of the speaker, at  1.5 cm (2.2 degrees) distance from each other. Participants were
instructed t(, place their left index finger into the left foam cube, and the right index
finger in the right cube. Responses were made by tuo foot pedals that were placed under
the table (left and right foot fl r 'left-first' and 'right-first'-responses, respectively). White
noise was presented continuously throughout the experiment at 56 dB(A) to mask any
sound generated by the vibro-tactile stimulators. See Figure 7. lb for a schematic view of
the experimental setup.

Design. Tro within-subjects factcirs were used: AT Interval (0, 100, 2(}0, 300, and tactile-
only), and the Stimulus Onset Asynchrony (SOA) between the two vibrations (-100 ms, -
80 ms, -60 ms, -40 ms, -20 ms, +20 ms, +40 ms, +60 ms, +80 ms, and +100 ms, with
negative values indicating that the left vibration was presented first). The AT interval
represents the time between the onset of the first sound and the first vibration, and the
time between the onset of the second vibration and the second sound. These factors
yielded  50 equi-probable conditions, each presented 20 times  for  a  total  of  1000  trials.
Trials were randomly presented in 5 blocks of 200 trials each, with a short pause in
between the blocks.

Procedure. The fixation light was illuminated at the beginning of the experiment.
Participants were instructed to maintain fixation On the central red I.ED during testing.
Trials consisted of the presentation of the first vibration, and after the SOA, the second
vibration was presented. Auditory stimuli were presented either simultaneously with the
vibrations  (0 ms AT-interval),  or  100,  200,  300  or  400 ms before the first and after  the
second vibration. In the tactile-only condition, no sounds were presented. The
participants' task was to iudge whether the left or the right vibration was presented first
by pressing the left and right foot pedal, respectivel)·. The next trial started 2000 ms after

a response was detected.
To acquaint participants with the tactile TOJ task, experimental blocks were preceded

by a practice session. The practice block consisted of 40 trials in which all AT-intervals
were presented 2 times randomly with the largest SOAs (+100, and +80ms). During
practice, participants received verbal feedback ("correct" or -wrong'D about whether they

gave the correct response or not.
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Fi,ure 7.1 (a) In experiment 7.1 and 7.2, participants had to ludge the temporal
order  of  two  vibro-tactile  stimuli  with  a  particular  Stimulus  ()nset  Asrnchrony  (SC)A),
while sounds were presented  simultaneously  or  with  1 (M),  2(.10,3(H.1,  or  404.)  ms  auditcin·-
tactile (AT) intervals before the first vibration and after the second vibration. If AT
temporal ventriloquism would <,ccur, sounds are expected to capture the temporal onsets

of the vibrations, making the perceived SOAs larger. (b) Experiment 7.1. Sounds and
fixation came from central location at the table, while vibro-tactile stimulators were
placed  directly  befc,re the speaker,  at  1.5 cm distance  from each other. (c) Experiment
7.2. Sounds and ftration came from central location at eye-level, at 40 cm from the
participant, while vibri,-tactile stimulators were placed  at  the  table,  at  11   cm  distance
from each other.

7.4 Results and Discussion
Trials of the practice session were excluded from analyses. The proportion of 'right-first'

responses was calculated for each combination of AT-interval, and SOA for each
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participant. Proportions were converted into equivalent Z-scores assuming a cumulative
normal distribution (Finney, 1964). For each condition, the best-fitting straight line was
calculated  over  the  10 SOAs.  The  lines'  slopes  and  intercepts  were used to determine  the

iust noticeable difference (ND = 0.675 / slope) and the point of subiective simultanein·
(PSS = 50°/0 right-responses). The JND represents the smallest interval between the
onsets of the two vibrations needed for participants to be able to iudge correctly which
stimulus had been presented first on 75% of the trials. The PSS represents the average
interval by which the right stimulus has to lead the left one for being perceived as
simultaneous. See Table 7.1  for average JNDs and PSSs.

Table 7.1 .liean  Just  Notii-eable  Digeren,es  (jXD)  in  ms.  .\lean  Points  of Sulve,tily  Simultaneih'

(PSSs) m ms, and  Standard i.mrs of tbe Mean in Parentbesis, for tbe Auditog-1'actile  6 117 litten,als of

0,1(*),200,  300,  and 400  ms,  and  tbe   l'actile-onb  Baseline  Condition. for  Experiment 7.1   and  7.2.

kxp.  7. / Exp. 7.2

AT-Inten,al JND PSS JND PSS

0 ms. 70.7 (6.8) -1.3 (8.2) 48.9 (3.7) -4.1 (4.0)

100 ms. 51.7 (5.2) -4.3 (7.0) 38.8 (3.4) .1 (2.81

200 ms. 55.5 (6.0) -.7 (5.8) 38.9 (3.5) -3.6 (4.6)

30() ms. 52.6 (6.5) -4.8 (5.8) 36.4 (3.3) -2.4 (3.0)

400 ms. 34.5 (3.3) -.3 (3.6)

Iactile-oith 42.9 (4.2) -3.8 (5.5) 37.2 (4.1) -1.3 (3.5)

An ANOVA with within-subjects factor AT-interval (0, 100, 200, 300 ms, and tactile-
only) was performed on the JNDs and PSSs. In the ANOVA on the PSSs, the effect of
AT  interval  was  non-significant,  F  < 1, which  was as expected because there  is  no
apparent reason why participants would respond more or less often 'right-first' at the
different AT-intervals. More importantly, the ANOVA on the JNDs revealed a significant
effect, of the AT interval, F(4,52) = 9.2, P < .001. Inspection of Table 7.1 shows,
unexpectedly,  that the JND was bikbest in the synchronous condition (0 ms AT-interval)
Separate t-tests indeed confirmed that TOJ sensitivity was worst (i.e., highest.IND) at the
0 ms AT-interval if compared to the 100, 200, and 300 ms intervals, all Ps < .01. TOJ
sensitivity was also better (i.e., lower JND) in the tactile-only condition than in the 0 ms
interval, t(13) = 6.25, P < .001.

These results strongly suggest that AT temporal ventriloquism was not at stake because
typically, temporal ventriloquism should manifest itself as better performance  at  the  100
ms and 200 ms intervals, if compared to the longer intervals and the unimodal conditions.
To examine this further, we considered the possibility that a spatial ventriloquist effect had
masked the contribution of a temporal ventriloquist effect. Could it be the case that the
two simultaneous sounds had attracted the apparent location of the two vibrators towards

111



CHAPTER 7

each other such that the perceived location of the two vibrators was fused. In that case,
participants might not be able to distinguish whether the left or right finger was touched
first because the sounds diminished the difference between left and right. The fact that
simultaneous sounds caused most interference is in agreement with this notion, because it
is known that spatial ventriloquism is largest when the crossmodal stimuli are presented

close in time and space (Slutsky & Recanzone, 2001)
To address this concern, Experiment 7.2 was run whereby the distance between the

two tactile stimulators was increased. If AT spatial ventriloquism indeed masked an AT
temporal ventriloquist effect, it should be possible to observe temporal ventriloquism if
the sounds and tactile stimuli are presented further apart, because spatial ventriloquism,
unlike temporal ventriloquism, usually diminishes when the composing stimuli are

presented further apart in space.

EXPERIMENT II
Increased'lactile-Tactile  Spatial Disparity

In Experiment 7.2, the distance between the two vibro-tactile stimulators and the speaker

was increased so as to reduce the possible contribution of spatial ventriloquism.

7.5 Method
Stimuli, procedure and design were as in Experiment 7.1, with the following exceptions.

Fifteen new students participated. The speaker that delivered the auditory stimuli was
now placed at central location at eye-level, at 40 cm from the chin-rest on the table, and
the foam cubes  with the vibro-tactile stimuli were placed  at the table,  at  11   cm  (15.6

degrees) distance from each other (speaker-vibrator distance was 30 ctrl). Responses were
made with the thumbs by pressing one of two keys on a response box at the table (left
and right thumb for 'left-first' and 'right-first'-responses, respectively). See Figure 7.lc for
the setup. We also included a 400 ms AT interval to make sure that we did not miss the
sensitive range in which AT temporal ventriloquism occurs. The two within-subjects
factors were the AT-interval (0, 100, 200, 300, 400 and tactile-only), and the Stimulus

Onset Asynchrony (SOA) between the tWO vibrations (-75 ms, -60 ms, -45 ms, -30 ms, -
15 ms, +15 ms, +30 ms, +45 ms, +60 ms, and +75 ms, with negative values indicating
that the left vibration was presented first). A slightly narrower range of SOAs was used
because prelirninan testing demonstrated that the task was otherwise too easy for

computing reliable.INDs and PSSs, These factors yielded 60 equi-probable conditions,
each presented 16 times  for a total of 960 trials (4 blocks of 240 trials). Practice consisted

of 36 trials in which all AT-intervals were presented randomly with the largest S()As

(t75,+60, and +45ms).
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7.6 Results and Discussion
INDs and PSSs were calculated as before (see Table 7.1). The ANOVA on the PSSs with
as within-subjects factor AT-interval (0, 100, 200, 300, 400 ms and tactile-only) was,
unsurprisingly, not significant, F < 1. For the JNDs, a significant effect of AT-interval
was found, F(5,70) = 4.1, P < .005. As in the previous experiment, TOJ sensitivity was
again worst (i.e., highest JND) at the 0 ms AT-interval if compared to the  100, 200, 300,
and 400 rns intervals (all Ps < .15). The JND of the simultaneous condition was also
higher than the tactile-only condition , 414) = 3.71, P < .005, demonstrating again that
sounds interfered rather than enhanced sensitivity.

To check whether the spatial separation between the touChed fingers mattered (and
thus whether spatial ventriloquism was at stake), we compared the JNDs of the
simultaneous conditions of Experiments 7.1 and 7.2 with the tactile-only conditions. The
latter condition served as a baseline. The 2 (Experiment 7.1 and 7.2) x 2 (0 ms and tactile-
only) ANOVA on the.INDs showed that the simultaneous sounds indeed impaired tactile
TO-1 sensitivity, F(1,27) = 53.6, P < .001, if compared to the tactile-only condition. As
expected, there was also a significant interaction between the two factors  , F(1,27)  =  8.7,
P < .001, indicating that when the distance between the touched fingers and the speaker
was large, TOJ sensitivity was less affected by the sounds compared to when the distance
was small. The interfering effect of simultaneous sounds at the large distance was  11.8 ms,
whereas it was 27.8 ms at the small distance. These results thus indeed confirm that the
simultaneous sounds may interfere with the spatial coding of the touched fingers. More
importantly, though, even though we were able to attenuate the spatial effect, there was
still no sign that a sound captured the temporal aspects of touch.

7.7 General Discussion
Here we explored whether sounds would 'capture' the temporal occurrence of tactile
stimuli (i.e., auditory-tactile temporal ventriloquism). As in the AV and TV case, we
expected temporal ventriloquism to manifests itself as an improvement in sensitivity (i.e.,

lower JNDs) when sounds were presented  at  100 ms  or 200  ms intervals  if compared  to  a
unimodal condition or longer AT intervals (300 ms and 400 ms). In contrast with this
expectation, though, in both experiments sensitivity was lowest in the simultaneous (0 ms)
condition with no improvement at the 100 or 200 ms intervals. Sounds did thus not
improve, but interfered with performance, and most so if they were presented
simultaneously with the tactile stimuli.

This raises the question how to account for these results. One possibility is that
sounds were causing a spatial ventriloquist effect: the sounds may thus have attracted the
apparent location of the two vibrators towards each other such that the perceived
location of the two vibrators was fused. Participants might then not be able to distinguish
whether the left or right finger was touched first as the sounds diminished the difference
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between left and right. The fact that simultaneous sounds caused most interference, and
that performance improved when the distance between the fingers was increased

(Experiment 7.1 versus 7.2) is in agreement with this notion, because it is known that
spatial ventriloquism is largest when the crossmodal stimuli are presented close in time
and space (Slutsky & Recanzone, 2001).

Taken together, we can conclude that results are unlike previous reports on AV
temporal ventriloquism where sensitivity improved  at  100 ms intervals  and thus indicate

that sound does not capture touch temporally. Further experiments in which the spatial

interference effect is systematically explored are awaiting.
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CHAPTER 8

8.1 Abstract
The perception of simultaneity between auditon· and visual information is of crucial

importance for maintaining a coordinated representation of a multisensory event. Here

we show that the perceptual system is able to adaptively recalibrate itself to audio-visual

temporal asynchronies. Participants were exposed to a train of sounds and light flashes

with a constant time lag ranging from -200 (sound first) to +200 ms (light first).
Following this exposure, a temporal order judgement (TOJ) task was performed in which
a sound and light were presented with a stimulus onset asynchrony (SOA) chosen from
11 values between -240 and +240 ms. Participants either judged whether the sound or
the light was presented first, or whether the sound and light were presented

simultaneously or successively. The point of subjective simultaneity was, in both cases,

shifted in the direction of the exposure lag, indicative of recalibration.

116



Rl:.(.,\I.IBRATIC)x C)i· TEMA)R.\1. C)RI)1:R PIER(:I:FriC)\ Bi' EXPOSLRE. TI) AV .\33'%(.HRC)\;

8.2 Introduction
Most natural events are processed by a number of different neural mechanisms. For
example, seeing and hearing a talker prc,vides multisensory information that is processed

by specialized visual and auditory neural pathways. Several behavioural and
neurophysiological studies have now highlighted the crucial role that temporal synchrony
plays in binding such intersensory information so that a coherent representatic,n of an
event is obtained (Bertelson, 1999; Bertelsc,n & de Gelder, 2004; AIc,rein-Zamir et al.,
2003). I f temporal co-occurrence is indeed of crucial importance, the question arises how

s)·nchrc,nization in the brain is achieved, as there are not only differences in physical
transmission time between sound and light, but neural pathways also often differ
considerably in processing speed. Given that neural architectures change over lifetime and
that experience or attention can alter thc neural response time to preferred c,r attended
stimuli (e.g., the law of prior entry states that attended obiects are perceived more rapidly
than unattended objects (Spence et al., 2001; Titchener, 1908), it seems that any
synchri)nization mechanism would need tc) be flexible in order to properly perform its
function.

Here, we explore whether the perceptual system does indeed adapt to changes in the
timing of intersensory events. The experiments build explicitly upon our work on
adaptation to audio-visual spatial conflict (Bertelson & de Gelder, 2004; Vroomen & de
Gelder, 2004a). The logic of the spatial conflict situation is that two sets of data, delivered
in the auditory and visual modality, specify different locations but that other parameters,
in particular synchronized timing, are those normally associated with a single event, and
thus favour pairing of the two conflicting data. Provided that the conflicting data are
indeed paired, their disagreement about location may be considered a misalignment of the

sensory systems. Such misalignment manifests itself as an immediate bias of the perceived
auditory location towards the visual distracter, and following prolonged exposure tc)
intersenson· discrepancy, leads to adaptation or recalibration that is observable as an
aftereffect (Radeau & Bertelson, 1974). Recalibration, in essence, reduces the cc,nflict
between vision and audition by shifting the least reliable modality, -for spatial informatic,n
the auditory one- toWards the more precise modality, in this case vision (Welch, 1978).

Following the same logic, we predicted that if temporally misaligned but spatially co-
localized auditory and visual data are paired, then the intersensory temporal misalignment

might also manifest itself both as an immediate bias and as an aftereffect. Immediate
temporal bias has indeed been demonstrated, as for example the perceived c,ccurrence of
a flash is attracted towards a temporally misaligned sound burst giorein-Zarnir et al.,
2003; Vroomen & de Gelder, 2004b; note that in the temporal domain, sound attracts

vision as time is more accurately coded in audition). Temporal aftereffects. though, have not
been explored. Here we therefore examined whether aftereffects indicative of tempciral
recalibration might be observed as well. Participants were exposed to a series of sounds
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and light flashes with a fixed temporal offset for some time. Following this exposure
phase, the point of subiective simultaneity of a sound and light flash was measured by

obtaining psychometric functions on temporal order judgments (TOJ) in two different
tasks. Participants either judged on test trials whether a sound or a light had appeared

first, or they judged whether a sound and light were presented simultaneously or
successively. Two different tasks were used instead of one to check whether strategic

effects rather than adaptive senson· changes influenced the results. Strategic adjustments

are likely to be different in one or the other task, but not so for sensory changes. True

temporal recalibration should therefore manifest itself in that in both tasks, the point of
subiective simultaneity is shifted towards the previously experienced temporal conflict.

8.3 Method

Participants. Twenty students from Tilburg University participated. Half of them judged
which modality appeared first (sound or light), the other half iudged whether sound or

light were presented simultaneously or successively. Participants reported normal hearing
and normal or corrected-to-normal seeing. They were tested individually and were
unaware of the purpose of the experiment.

S timuli. The auditory stimulus consisted of a 2000 Hz tone of 20 ms duration (5 ms fade-
in and fade-out) presented at 82 dB(A). Sounds were presented via a hidden loudspeaker
placed at eye-level, 50 cm in front of the participant at a central location. The visual
stimulus consisted of a 20 ms flash of a red LED (diameter of 1 cm, luminance of 40

cd/m2), placed directly in front of the loudspeaker.

Design. The experiment had two within-subjects factors: Exposure lag during the
exposure phase (-200, -100, 0, +100 and +200 ms with negative values indicating that the
sound was presented first) and stimulus onset asynchrony (SOA) between the sound and

light of the test stimulus (-240, -120, -90, -60, -30, 0, +30, +60, +90, +120 and +240 ms).
These factors yielded 55 equi-probable conditions for the experimental trials. Each
condition was presented 12 times   for  a  total  of 660 trials. Trials were presented  in   15

blocks of 44 trials each (four repetitions for each SOA), preceded by two warm-up trials.

Exposure lag was constant within a block and SOA varied randomly. Exposure lag varied
between successive blocks with order counterbalanced across participants.

Procedure. Participants sat at a table in a dark and sound-proof booth. Head movements
were precluded by a chin- and forehead-rest. Each block of experimental trialS started

with an exposure phase of 240 repetitions (3 min) of the sound-light stimulus pair (ISI =

750 ms) with a constant time lag between the sound and the light. To ensure that
participants were looking at the light during exposure, they had to attend the position

118



RECALIBRATION OF TEMPORAL ORDER PERCEPTION BY ExposuRE TO AV ASYNCHRONY

where the light was presented. Unpredictably, a small green LED (a catch trial) could at
that position be flashed once for 50 ms, and this occurred two, three, or four times during
the exposure phase. Participants had to Count and report at the end of exposure the
number of catch trials.  A fter a 10-s delay, the first trial then started.

Each trial consisted of two parts: an audio-visual re-exposure phase followed by the
presentation of a sound and light whose temporal order had to be judged. The re-
exposure phase consisted of a train of eight sounds and lights with the same time lag as
was used during the exposure phase. After   1000  ms, the sound   and   light   of  the   test
stimulus were presented (with a variable SOA between them). The participants' task was
to judge either whether the sound or the light of the test stimulus was presented first, or
to judge whether the sound and light were presented simultaneously or successively.

Participants made an unspeeded response by pressing one of two designated keys on a
response box. The next trial started 2000 ms after a response.

Training was given prior to testing. Trials of the training session were not preceded by
an exposure or re-exposure phase. Participants were either trained to distinguish sound-
first from light-first trials (one block of -240 ms versus +240 ms SOA, and one block of
-120 ms versus +120 ms SOA), or to distinguish simultaneous from successive trials (one
block of -240 ms and +240 ms vs. 0 ms SOA, and one block of +120 and -120 vs. 0 ms

SOA). Each block consisted of 32 trials where each of the SOAs was presented equally
often in random order. Whenever participants made an erroneous response, they received
corrective feedback (a green LED flickering three times). Training continued until fewer
than three erroneous responses were made within a block. Following this initial training,
participants were exposed to the full range of SOAs without feedback in a single block of
154 trials (14 times the  11  SOAs used in the experiment proper) Testing lasted about 4 h,
and was run on two consecutive days.

8.4 Results
Trials of the training session and warm-up trials were excluded from further analyses.

Performance on catch trials was flawless, indicating that participants were indeed looking
at the light during exposure. For participants who judged whether the sound or the light

appeared first, the percentage of 'light-first' responses was calculated for each participant
and for each combination of exposure lag (-200, -100, 0, +100 and +200 ms) and SOA
(from -240 ms to +240 ms). For each of the thus obtained distribution of responses, an

individually determined psychometric function was calculated by fitting a cumulative
normal distribution using maximum likelihood estimation. The mean of the resulting
distribution (the interpolated 50°/0 crossover point) is the point of subjective sirnultaneity

(henceforth the PSS), and the slope is a measure of the sharpness with which stimuli are
distinguished from one another. For participants who judged whether the sound and the
light were presented simultaneously or successively, the percentage of 'simultaneous'
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responses was calculated for each participant and for each combination of exposure lag
and SOA. As the SOA varied from -240 to +240 rns, the probability of responding
'simultaneous' increased and then decreased. The resultant distribution of responses were
fitted with a Gaussian function using maximum-likelihood estimation. Three defining
parameters were estimated for each participant: the mean of the distribution providing a

measure of the PSS, the peak height and the standard deviation.

3(1 -

-'sound-first or light-first' task
I jght first                     - 1-    Fimultaneous (,r successive' task

1(1

f
C

4  0                             -
2
:

i
10 .

:-
Sc,und first

-20 L-....'*.   -

3()

-200 -100         0 100 200

Sound first Fight first

f.xposure I.ag

Figure 8.1 The average point of subjective simultaneity (PSS) as a
function of the audio-visual lag in the exposure phase. Error bars represent
s.e.m. across participants. Participants either iudged whether the sound or
the light of the test stimulus was presented first (continuous line), or they
Ndged whether the sound and light of the test stimulus were presented
simultaneously or successively (dotted line). The PSS shifted, in both cases,
towards the lag <,f the exposure phase.

Results showed, as expected, that in both tasks exposure to an audio-visual asynchrony
shifted the PSS in the direction of the lag (see Figure 8.1 and Table 8.1), while there was
no effect of exposure lag on the other estimated parameters (all Fs <  1). Thus, following
exposure to sound-first adapters (-200 or -100 ms exposure), a sound of the test stimulus
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had to be presented earlier to the light in order to be perceived as simultaneous if
compared with exposure to light-first adapters (+100 and +200 ms). In the overall
ANOVA on the PSS, there was a highly significant effect of exposure lag, F(4,72) =
24.72, P <.001, with no significant overall difference between the two tasks (F < 1). The
interaction berween exposure lag and task was not significant, F(4, 72) = 2.6, P = .07,
although there was a tendency that, at an exposure lag of -200 ms, the effect of exposure
was somewhat bigger in the simultaneous/successive task than in the sound-first/light-
first task. Possibly, this may reflect that the simultaneous/successive task is more sensitive
to shifts in criterion. When the effect of exposure lag was partitioned into linear,
quadratic, cubic and higher order trends, there was a significant linear trend, f(1,18) =
57.98, P < .001, indicating that the PSS shifted, on average, about 6.7°/0 in the direction of
the lag. There was also a significant cubic trend F(1, 18) = 7.94, P < .01, indicating that
the effect levelled off when the exposure lag reached  - +200  or  --200 ms.

Table  8.1                 Mean  Points  of Subjective  Simultaneih   (PS Ss)  in  ms.  and  Standard  Errors  of tbe  Mean

(in  Parentheses),   for  Exposure Auditory-1 'isual  (/11 9  1._ags  of -200.  -100,  0.  +100,  and  +200  ms

(Negative  T 'alues  Represent  Auditory-jirst  Exposm); Two Tasks  were  pelomed,  a Temporal  Order
JutiMment Task  (rOJ  task)  and a  Simultaneity  task.

TOj task Simultaneity task

AI·'-lag PSS PSS

-200 ms. -5.7 (7.5) -22.9 (4.8)

-100 ms. -12.1 (79) -14.8 (5.6)

0 ms. -5.8 (7.3) -10.8 (3.8)

100 ms. 10.0 (9.8) 6.8 (2.5)

200 ms                                  8.1              (8.3)                                    9.1              (4.0)

8.5 General Discussion
The present study showed for the first time that the point of subiective audio-visual
simultaneity can be shifted towards a previously experienced temporal lag. This shift is
interpreted as a manifestation of temporal recalibration: That is, when temporally offset
but spatially co-localized audio-visual stimuli are paired, the criterion for simultaneity is
shifted accordingly. The size of the shift is of the same order of magnitude as has been
reported for recalibration in the spatial domain (Radeau & Bertelson, 1987) Moreover,
the  effect of exposure lag levelled off around  -1 1 0 0 ms, which  is also around the limit
where a sound can capture the perceived onset of a light (Morein-Zamir et al., 2003;
Vroomen & de Gelder, 2004b). Beyond this limit, it becomes more likely that data in the
two modalities are not paired anymore, in which case there is no need for the perceptual

system to recalibrate.
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Similar audio-visual induced aftereffects have now also been observed in the

perception of space and speech (Bertelson, 1999; Bertelson & de Gelder, 2004; Bertelson

et al., 2003). The rule in all these cases is that whenever there is a moderate conflict

between what is heard and what is seen, the brain takes advantage of the strength of each

modality, such that the information that is most accurately coded in one modality changes

the information encoded in the other, less accurate modality (see also Ernst & Banks,

2002). In the present case, one might thus expect that since temporal information is more
accurately coded in audition, vision has shifted towards audition. Admittedly, though,

several other possibilities remain valid, as one might also argue that audition has been
shifted towards vision, or it might even be the case that only the specific relation between

the two modalities has changed. In future research, one may distinguish between these

alternatives by checking whether adaptation to audio-visual temporal conflict generalizes

to visual, auditory, or audio-visual tasks that measure the temporal occurrence of a
stimulus.

One reasonable explanation how intersensory temporal recalibration might occur is

that multi-modal neurons in the brain shift their temporal alignment preference during

the exposure period to the discrepant stimuli. This implies that the intersensory

representation of an object or event is dynamic, presumably to account for differences in

the processing capacities of each sensory system. This may suggests that the way in which

different sensory modalities are coordinated in time may not be because the brain

employs a wide temporal window of integration, but because the window is actively

changed, depending on previous experience.
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CHAPTER 9

9.1 Abstract
It  is  known  that the brain adaptively recalibrates  itself to  small  (- 100  ms)  auditory-visual

(AV) temporal asynchronies so as to maintain intersensory temporal coherence. Here we
explored whether spatial disparity between a sound and light affects AV temporal
recalibration. Participants were exposed to a train of asynchronous AV stimulus pairs

(sound-first or light-first) with sounds and lights emanating from either the same or a
different location. Following a short exposure phase, participants were tested on an AV
temporal order iudgement (TOJ) task. Temporal recalibration manifested itself as a shift
of subjective simultaneity in the direction of the adapted audiovisual lag. The shift was
equally big when exposure and test stimuli were presented from the same or different
locations. These results provide strong evidence for the idea that spatial co-localisation is
not a necessan· constraint for intersenson, pairing to occur.
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9.2 Introduction
In many circumstances people experience external events by a number of different
sensory modalities. For example, when someone is talking, there is auditon· and visual
information that is initially processed by specialized neural pathways. Ultimately, though,
the different sensory signals are integrated into a coherent multimodal percept of the
speaker. Many behavioural and neurophysiological studies have emphasized the
importance of spatial co-localisation and temporal synchrony for intersensory pairing to
occur (e.g. Bedford, 1989b; Bertelson, 1999; Radeau, 1994; Stein & Meredith, 1993;
Welch, 1999; Welch & Warren, 1980). However, there is accumulating evidence that some

intersensor>· phenomena may not require spatial alignment (Keetels et al, in press;
Morein-Zamir et al, 2003; \Iurray et al, 2004; Scheier et al., 1999; Teder-Sale jani et at.,
2005; Vroomen & Keetels, 20(16; il'elch et al, 1986). In the present study, we explored the
importance of spatial alignment fc,r audiovisual (AV) temporal recalibration.

Temporal recalibration refers to the phenomenon that the brain adapts itself to (small)
temporal asynchronies. In a multi-modal percept, it usually appears that information from
different senses arrive at the same time. This occurs, despite the fact that there are natural
asynchronies between the senses caused by differences in signal transduction time
through air and differences in neural transmission time. At least tWO options are available
to handle these asynchronies: one is concerned with immediate corrections, the other is
important for adaptation on a longer time scale. As concerns the immediate effect, several
studies have shown that the brain corrects for small AV temporal asynchronies by shifting
one or both modalities on the time scale so that the temporal discordance is reduced. For
example, when a sound and a light are presented at slightly different onset times (usually
in the order of - 100  ms), the temporal asynchrony is reduced by a capturing effect of the
light by the sound; a phenomenon called temporal ventriloquism (Fendrich & Corballis,
2001; Morein-Zamir et al., 2003; Scheier et al., 1999; Stekelenburg & Vroomen, 2005;
Vroomen & de Gelder, 2004b; Vroomen & Keetels, 2006). Temporal ventriloquism can,
for example, be demonstrated by the use of a visual temporal order judgment (TOJ) task
in which participants are presented two lights at various stimulus onset asynchronies
(SOAs) and ludge which light came first. By presenting a sound before the first and after
the second light, the just Noticeable Difference (ND) improves (i.e. participants become
more sensitive), presumably because the two sounds attract the temporal occurrence of
the two lights, and thus effectively pull the lights further apart in time (lforein-Zamir et
al., 2003; Scheier et al., 1999; Vroomen & Keetels, 2006).

There are also long-term effects reflecting an adaptive change to AV asynchrony, a
phenomenon called temporal recalibration (a phenomenon called temporal recalibration;
Fu jisaki et al, 2004; Vroomen et al. 2004). For example, Vroomen et al. studied temporal
recalibration br exposing participants to 3 minutes of sound and light flashes with a
constant time lag, after which an AV TOj or AV simultaneity task was performed.
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Following exposure, observers were given AV test stirnuli and iudged whether the sound
or the light came first, or whether the sound and light were simultaneous or successive.

The results showed that the point of subjective simultaneity (PSS), the point of perceived

temporal alignment between the sound and the light, was shifted in the direction of the
exposure lag. So, following exposure to a train of sound-first stimulus pairs, participants
perceived sound-first trials as more simultaneous than after light-first exposure. Fujisaki et
al. (2004) demonstrated similar findings and also provided somewhat mixed evidence that
temporal recalibration may generalize to different test stimuli than the ones presented
during exposure. The authors adapted participants to asynchronous tone-flash stimulus
pairs and later tested them on the 'bounce' illusion (Sekuler et al., 1997). In this illusion,
two visual targets that move across each other can be perceived either to bounce off or to
stream through each other. A brief sound presented at the moment that the visual targets
coincide generally biases visual perception in favour of a bouncing motion, while without
sound observers tend to report a streaming percept. Following exposure to asynchronous

sound-light pairs, the optimal delay for obtaining the bounce illusion was shifted in the
same direction, but in other conditions, the magnitude of the after-effect was smaller for
some of the cross-adaptation conditions.

Temporal recalibration may also occur between other modalities than AV. For
example, Navarra et al. (2006) demonstrated audio-tactile temporal recalibration by
exposing participants to streams of brief auditory and tactile stimuli presented in
synchrony, or else with the auditory stimulus leading by 75 ms. Rather than a shift in the

PSS, they observed that the JND to resolve audio-tactile temporal order was larger after

exposure to the desynchronized streams than after exposure to the synchronous streams.

The authors argued that the temporal window for integration was widened due to audio-

tactile asynchrony.
The goal of the present study was tc) explore whether spatial disparity between a

sound and light affects temporal recalibration. According to the 'common notion'
intersensory palring, intersensory effects should be bigger when the individual

components of a multisensorv stimulus come from the same location (e.g. Bedford,
1989b; Bertelson, 1999; Radeau, 1994; Stein &  feredith, 1993; Welch, 1999; e.g. Welch &

Warren, 1980). However, Vroomen and Keetels (2006) demonstrated that, at least for
temporal ventriloquism, spatial correspondence between sound and light is not important.
In their study, a visual TOJ task was used with a sound presented before the first and
after the second light. Temporal ventriloquism manifested itself as an improvement in the

JNDs but, crucially, the improvement was unaffected by whether the sounds came from
the same or a different position as the lights, whether the sounds were static or moved, or
whether the sounds and lights came from the same or opposite sides of fixation. Keetels

et al. (in press) further examined how principles of auditory grouping (Bregman, 1990)
relate to intersensory pairing. Ther embedded two sounds that normally enhance
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sensitivity on the visual temporal order iudgement task in a sequence of flanker sounds
which either had the same or different frequency, rhythm, or location. In all experiments,
temporal ventriloquism only occurred when the two capture sounds differed from the
flankers, thus demonstrating that intramodal grouping of the sounds in the auditory
stream took priority over intersenson· pairing. By combining principles of auditory
,grouping with intersensory pairing, the\· also demonstrated that the capture sounds could,
counter-int:uitively, be more effective when their locations differed from that of the lights
rather than when they came from the same position, thus demonstrating that sound
location mattered for auditon· grouping, but not intersensory pairing.

Here we examined whether, like in temporal ventriloquism, spatial disparity is ignored
when temporal recalibration is at stake. Participants were exposed for 3 minutes to a train
of asynchronous sounds and lights that came either from the same or a different location.
Following exposure, participants performed an AV TOJ task with sounds and lights from
either the same or different location. This design allowed us to address two questions.

First, we could teSt whether temporal recalibration is affected by spatial disparity between
the sounds and lights. Recalibration is usually considered to be a low-level perceptual
learning phenomenon necessary for re-alignment of the senses (Bertelson & de Gelder,
2004).Observing an after-effect following exposure to spatially disparate sound-light pairs
would provide strong evidence that spatial co-occurrence is, even at this early stage, not
necessary for intersensory pairing to occur. Secondly, the use of an exposure-test design
allowed us to introduce a change between the exposure and test stimulus so that we could
test whether after-effects generalize to different test stimuli. Here we tested whether
spatial similarity between the exposure and test sound affects after-effects. If spatial co-
location plays no role in intersensory pairing, one would expect stimulus generalization
across space to be complete.

9.3 Method
Participants. Thirty   students    from   Tilburg   University   received   course   credits   for   their

participation. All reported normal hearing and normal or corrected-to-normal vision.
They were tested individually and were unaware of the purpose of the experiment. The
study was carried out along the principles laid down in the Helsinki Declaration and
informed consent from the participants was obtained.

Stimuli. Participants sat at a table in a dimly lit and sound-proof booth. Head movements

were precluded by a chin-rest. Visual stimuli were presented by a green LED, positioned
at central location, at 70 cm from the subject's eyes (diameter of 0.5 cm, luminance of 40
cd/m2). Auditon· stimuli were 88 dB sound bursts presented by one of two loudspeakers;
one directly behind the green LED and the other placed laterally at 70 cm distance on
either the far left or the far right of the subject (i.e., 90 degrees of spatial separation
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between the sound and light). See Figure 9.1 for a schematic view of the experimental

setup. The sounds and lights each had a duration of 10 ms. A small red LED, placed 2 cm
below the green LED, was constantly lit during the experiment and served as fixation

point.

Exposure Stimulus Test Stimulus
( Exposure-lag of ( SOAs ranging
-100 ms or +100 ms) from -240 to +240 ms)

a) Location exposure sound:
Central     Location test sound: Central + +

b) Location exposure sound:
Lateral                                   Location test sound: Central + +

c) Location exposure sound: Central                                              r.-1LILocation test sound: I.ateral + +

d) Location exposure sound:
Lateral                                                                               ..5.1L#61Location test sound: Lateral + +

  = Speaker   O = Light    + = Fixation

Figure 9.1 Schematic illustration of the experimental conditions. In the exposure
phase, the subject was exposed to a sound-light pair with 100 ms temporal offset (either
sound-first or light first). During exposure, sounds were either presented from central (a, c)
or lateral location (b, d). In the test phase, sound-light pairs were presented with a particular
SOA ranging between -240 ms to 240 ms, with negative values indicating that the sound
was presented first, Sounds of the test-stimulus pair either came from central (a, b) or lateral

location (c, d)

Design. Three within-subjects factors were used: Exposure lag during the exposure phase

(-100 and +100 ms, with negative values indicating that the sound was presented first),
Location of the sound during exposure (Exposure-sound central or lateral) and SOA
between the sound and light of the test stimuli (-240 ms, -120 ms, -90 ms, -60 ms, -30 ms,
0 ms, +30 ms, +60 ms, +90 ms, +120 ms, and +240 ms, with negative values indicating
that the sound came first). The location of the test sound (central or lateral) was a
between-subjects variable. Half of the participants were tested with central test sounds,
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the other with lateral test sounds. These factors yielded 44 equi-prc,bable conditions for
each  location  of the  test  sound  (2  x 2  x11), each presented 12 times  for  a  total  of 528
trials. Trials were presented in 8 blocks of 66 trials each. The exposure lag and the
location  of the exposure sound was constant  within a block, while  the SC)A between
sound and light varied randomly. The order of the blocks was counterbalanced across
participants. In half of the bic,cks with a lateral exposure sound, the sound came from the
left, in the other half from the right. The lateral test sc,unds were presented from the same
side as during exposure.

Procedure. Each block started with an exposure phase consisting of 240 repetitions (-3
min) of- a sound-light stimulus pair (ISI= 750 ms) with a constant lag (-100 or +100 ms)
between the sound and the light. After a 2500 ms delay, the first test trial then started. To
ensure that participants were fixating the light during exposure, they had to detect the
occasional occurrence of the offset (150 ms) of the fixation light (i.e., a catch triaD.
Participants then pushed a special button.

The test phase consisted of two parts: a short AV re-exposure phase followed by
three AV test trials of which the temporal order of the sound and light had to be judged.
The re-exposure phase consisted of a train of ten sound-light pairs with the same lag, ISI,
and sound location as used during the immediately preceding exposure phase. After 1 s.,
the three AV test trials were presented with a variable SOA between the sounds and
lights. The participant's task was to judge whether the sound or the light of the teSt
stimulus was presented first. An unspeeded response was made by pressing one of two
designated keys on a response box. The next test stimulus was presented 500 ms after a
response, and the re-exposure phase of the next trial started 1000 ms after the response
on the third test stimulus.

To acquaint participants with the TO.1 task, experimental blocks were preceded by
four practice blocks in which no exposure preceded the test trials. The first two practice
blocks  were to acquaint  participants  with the response buttons, and consisted  of 16  trials
in which only the largest SOAs were presented (1:240 and +.120). During this part,
participants received verbal feedback ("Correct" or "Wrong") about whether they gave
the correct response or not. The next two practice blocks consisted of 66 trials in which
all SOAs were presented 6 times randomly without verbal feedback. Total testing lasted

approximately 2.5 hours.

9.4 Results
Trials of the practice session were excluded from analyses. The proportion of 'light-first'
responses was for each participant calculated for each combination of exposure lag (-100,
+100 ms), location of the exposure sound (central, or lateral), location of the test sound
(central, or lateral) and SOA (ranging from-240 to +240 ms). Performance on catch trials
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was flawless, indicating that participants were indeed looking at the fixation light during

exposure. For each combination of exposure lag, location of the exposure sound and

location of the test sound, an individually determined psychometric function was

calculated over the S()As by fitting a cumulative normal distribution using maximum

likelihood estimation. The mean of the resulting distribution (the interpolated 50°6

crossover point) is the point of subjective simultaneity (henceforth the PSS), and the

slope is a measure of the sharpness with which stimuli are distinguished from one
another. The slope is inversely related to the lust noticeable difference gND) and
represents the interval (absolute SOA) at which 25% and 75% visual-first responses were

given.

Table 9.1 Alean    Points   of   Subjectity   Simultamity    (PSSs)   in   ms.   and    Mean   just   Noticeable

1)ifferenies   (]XD)  in  Parentbeses.  1 ixpostire  Stimulus  Pairs  were  presented  witb  an  .luditory-1 'isual  1 11&

(Al --lag)  of -100  and  +100  ms  witb  S ounds  either Central  or Literal,  Tbe  18cation  of  tbe Test  S timulus
Sound was either Central or Literal.  1-be Temporal Recalibration E#ect (IRE) reflects tbe Difference iii

PSSs between tbe -100 and +100 ms Audio-i'-istial Les.
1.ocation  oj  tbe   Exposure  f ound

Central Literal

1«ocation Test Sound AV-lag PSS (IND) TRE PSS (IND) TRE

Central -100 ms. -12.5 (39.3) 14.5 -9.9 (37.8) 6.4

100 ms. 2.0 (40.8) -3.5 (38.6)

IAteral -100 ms. 6.1 (38.2) 14.2 -14.3 (36.4) 16.8

100 ms. 20.3 (36.1) 2.5 (42.0)

PSS and the JND data are shown in Figure 9.2 and Table 9.1. Temporal recalibration

was expected to manifest itself as a shift of the PSS in the direction of the exposure lag.

The temporal recalibration effect (TRE) was therefore computed by subtracting the PSS

following auditory-first exposure from visual-first exposure.
An overall 2x2x2 ANOVA with as within-subiects factors exposure lag, location of

the exposure sound and as between-subjects factor location of the test sound was run on

the JNDs. None of the effects was significant (all Ps > .08), except for a second-order

interaction between exposure lag, exposure location and test location, /(1,  28)  = 4.6, P =
.041. Inspection of Table 9.1 shows that the differences between the JNDs (on average

38.7 ms) were rather small and unsystematic.
The ANOVA on the TREs only showed a significant effect of exposure lag, F(1, 28)

= 23.0, P < .001, demonstrating, as predicted, that the exposure phase shifted the PSS

such that there were more visual-first responses after sound-first exposure than after

light-first exposure (i.e. the TRI'.).  The average TRE was 12.9 ms or 6.5°·'o of the exposure
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lag. The overall size of this eft-ect corresponds well with previous reports (Fuitsaki et al.
obtained an average TRE of 12.50·'0; Vroomen et al. an average TRE of 6.7°/0. There
were, furthermore, no main effects of- location of the exposure and test sound, and the
crucial interaction between the location of the exposure and teSt sound was non-
significant (all I·s < 1). Temporal recalibration thus manifested itself no matter whether
exposure sounds came from central or lateral location, and whether the location of the
exposure and test sounds was changed or not.

Exposure Sound Location: Central Exposure Sound Location: Lateral
Tes: Sound Location: Central   Test Sound Location: Central       l

/ 11.75                                                     / 1 1.-5>                    >..,-                                                                                                                                ,-

5 0.5           m 5   11.5

9                                                          E                           •
I                            :

/                          6
4).25

0,25                                          H'                             1:.4,"sure 1.ag:1 #P'ur. 1.ag:

I & TRE Sc,und-first • m '' TR Sound-first '
- 1.Ight- firs,  m Z    - lighz-first •

1) L ·

244) -181j -120  -60   0 60 1211 180 2415 -2*I -18" 131 -61    "    6(} 12(1 18(1 24(1
A.first /'-fir.•T A - first / -firstS()A  in ms. S(>A  in  ms.

1
- Exposure Sound Location: Central -1 1 Exposure Sound Location: Lateral

Test Sound Location: Lateral      -      -             1 Test Sound Location: Lateral         
1

-11 -5 1

111111    *
E 1
a "3 1

.
• ·     i /.SS.i

1

I·..pi,sure Lag:

111)25  --/f II 111111.31    :

11.25 1

*

e TR

1              -                             : -1        -   Ii':A'(11.9:.      1)

240 ·180  -120  -6n   0    60 131 Ill 240 2411 1 XI ·121/ -611 11 611 121J 1 Mlt 24}\-fir., i 1'·first\-first
S( ).\ in m I

\'·tirs,S( ).\ [n mi.

I V,re 9.2 The proportions of Visual-first resp(inses (\'-first) fc,r each lixposure lag
(-100 ms sound-first, 100 ms light-first) for each combination of Location of exposure
sound (central, lateral) and Lixation of the test sound (central, lateral). The Temporal
Recalibration Effect (TRE) Reflects the Shift in the PSSs.
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9.5 General Discussion
The goal of the present study was to address whether spatially co-located AV
asynchronous stimulus pairs induce temporal recalibration as much as spatially dislocated
stimuli do, and whether spatial correspondence between the exposure and test sc,und
affects the size of this effect. Results showed that in all cases, there were clear temporal

recalibration effects as subiective simultaneity was shifted in the direction of the adapted

audiovisual lag. The shift was equally big for spatially separated and spatially co-located

exposure stimuli. Apparently, spatial separation between the sound and light did not
hinder temporal realignment. Stimulus generalization across space was also complete, as

the shift in temporal alignment was equally big for when the exposure and test sound
came from the same or different positions. The results therefore support the notion that
spatial alignment between the senses is unimportant for AV pairing in the temporal
domain. The results are also in line with previous reports on temporal ventriloquism

(Keetels et al., in press; Vroomen and Keetels, 2006) where it was shown that spatial

separation does not affect the capturing effect of a light by a sound. Taken together, these

findings pro\·ide strong evidence that spatial co-occurrence is, even at early perceptual

stages, not a necessary constraint for intersensor>· pairing
One might object, though, that spatial ventriloquism has diminished the potential

effects of spatial discordance. It is well-known that the apparent location of a sound can

be shifted towards a visual stimulus that is presented at approximately the same time

(Bertelson, 1994, 1999; Bertelson & Radeau, 1981; Howard & Templeton, 1966, Radeau,
1994; Radeau & Bertelson, 1978; Welch, 1978). Could it be, then, that the AV spatial
discordance in our setup was diminished, if not became unnoticeable due to spatial

ventriloquism? If so, one may not observe an effect of spatial separation on temporal

recalibration. This argument, though, seems highly unlikely because it is known that

spatial ventriloquisrn dramatically declines whenever spatial separation exceeds

approximately 15 degrees (Godfroy et al.,2003; Slutsky & Recanzone, 2001). Given that

we maximized the spatial separation between the sound and light (i.e., at 90 degrees

azimuth), and that informal testing indeed confirmed that spatial separation was clearly

noticeable, it seems safe to assume that spatial ventriloquism did not diminish the effect

of spatial discordance.
One might also ask whether the visual task as used during the exposure phase (i.e.,

detection (,f the offset of visual fixation) resulted in an attentional shift towards the visual

modality. According to the 'law of prior entry' (Titchener, 1908), attending to one sensory

mc,dality speeds up the perception of stimuli in that modality, resulting in a change in the

PSS (see also Schneider & Bavelier, 2003; Shore et al, 2001; Shore et al, 2005; Spence et

al, 20()1; Zampini  et al, 20050.  Our  visual task might thus result  in a shift  of the  PSS

towards more 'visual-first' responses. However, this shift should be uniform for all
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conditions, and given that temporal recalibration is expressed as a difference in the PSS
between exposure lags, the possible role o f attention will be subtracted out.

A remarkable aspect of the data is that previous studies have demonstrated that AV
temporal order judgernents become more sensitive (i.e., smaller IND) when the sound
and light of the test stimuli are spatially separated (see also Bertelson & Aschersleben,
2003; Keetels & Vroomen, 2005; Spence et al, 2003; Zampini et al, 2005b; Zampini et al,
2003a, 2003b). Here, there was a small trend in this direction (average JND of 39.1  ms vs.

38.2 ms, for spatially co-located vs. separated test stimuli, respectively), but the effect was
non-significant. Possibly, we might have picked up this difference if the effect were
measured as a within-subiects factor. For the current purpose, though, this was
considered to be unpractical because it would have doubled individual testing time.
Despite that we did not observe an effect of AV spatial separation on the JNDs, the data
speak on the interpretation on this effect. At least two explanations have been brought up
for the improved temporal sensitivity when the locations of test sound and light differ.
One is that there is more intersensory integration with as a consequence that the temporal

discordance is fitsed; the other is that there are extra spatial cues that help TOJ performance
(Spence et al., 2003). Given that our results show that intersensory pairing occurs

independent of a spatial mismatch (Keetels et al, in press;  see also Vroomen & Keetels,

2006), it seems  more likely that the previously observed effects of spatial separation on
temporal sensitivity were induced by the availability of redundant spatial cues rather than
fusion per se.

To conclude, our results provide strong evidence for the claim that commonality in
space between a sound and light is not relevant for AV pairing in the temporal domain.
This may, at first sight, seem unlikely, because after all, most natural multisensory events

are spatially and temporally aligned. However, a critical assumption that underlies the idea
of spatial correspondence for cross-modal pairing is that space has the same function in
vision and audition. This notion, though, is arguable as it has been proposed that the role
of space in hearing  is to steer vision (Heffner and Heffner 1992), while in vision  it  is  an
indispensable attribute (Kubovy and Van Valkenburg 2001). If one accepts that auditory
spatial perception evolved for steering vision, but not for deciding whether sound and
light belong together, there is no reason why cross-modal interactions would require
spatial co-localization. Our results therefore have also important implications for
designing multimodal devices or creating virtual reality environments. as they show that
the brain can ignore cross-modal discordance in space.
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10.1 Abstract
Here we demonstrate that the perceptual system adapts to tactile-visual temporal
asynchronies (i.e., temporal recalibration). Participants were exposed to a train of tactile

and visual stimuli with a constant time lag (either -100 ms, 0 ms, or 100 ms; with negative

values indicating that the tactile stimulus came first). Following exposure, they were
presented tactile-visual test stimulus pairs and judged whether the tactile or the visual

stimulus was presented first (Temporal Order Judgement) Results show that subjective

simultaneity (the PSS) was shifted in the in the direction of the exposure lag. The results

fit reports on auditory-visual temporal recalibration and indicate that the brain adapts to

temporal incongruencies between modalities in general.
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10.2 Introduction
Studies on multisenson· temporal perception have demonstrated that the brain corrects
for small temporal asynchronies between different senses that may arise naturally due to
differences in transmission and processing time Bforein-Zamir et al.,2003; Scheier et al.,
1999; Vroomen & de Gelder, 2004b; Vroomen & Keetels, 2006). Corrections may occur
either immediatel>· while the multisensory stimulus is being processed, as demonstrated in
'temporal ventriloquism' (Morein-Zamir et al., 2003; Scheier et al., 1999), or on a larger
time scale reflecting adaptive changes in synchrony perception (i.e., temporal
recalibration; Fujisaki et al, 2004; Keetels & Vroomen, in press-a; Vroomen et al, 2004).
Both of these two phenomena have mainly been demonstrated between vision and
audition. For example, Vroomen et al. demonstrated auditory-visual temporal
recalibration by exposing participants to a 3-minutes train of sound and light flashes with
a constant time lag. Following exposure, participants performed an auditory-visual
temporal order judgement task (TOJ task), or a simultaneity-judgement task about sound-
light pairs with particular temporal offsets. The results showed that the point o f perceived
temporal alignment between the sound and the light (i.e., the point of subiective
simultaneity, PSS) was shifted in the direction of the exposure lag such that the previously
experienced temporal incongruency was reduced   (see for similar results   Fujisaki   et  al,
2004; Keetels & Vroomen, in press-a)

Temporal recalibration between other modalities than the auditory-visual one have so
far  only been explored by Navarra, Soto-Faraco and Spence  (2006). They examined
auditog-tactile temporal recalibration by exposing participants to auditory-tactile stimulus
pairs with the auditory stimulus either synchronized to the tactile one, or the auditory
stimulus leading by 75 ms. Unlike previous reports on auditory-visual temporal
recalibration (Fuiisaki et al, 2004; Vroomen et al, 2004), the authors did not observe a
shift in the PSS, but reported that the minimal interval needed to correctly judge the order
of the auditory-tactile TOJ task (the just noticable difference, JND) was larger after
exposure to desynchronized streams than after exposure to synchronous streams. These
findings were attributed to a 'widening' of the temporal window in order to compensate
for temporal misalignments later on. Alternatively though, it may also be the case that
there was no recalibration proper, but that participants became confused by the
asynchronous stimuli and therefore performed less accurately in the following TOJ task.
It is, at this stage, therefore not entirely clear whether temporal recalibration occurs
between other modalities than the auditon·-visual one.

Here we examined this issue by using tactile-visual stimuh Multisensory interactions
between vision and touch are interesting for a number of reasons. On the one hand,
several studies have demonstrated analogies between auditory-visual and tactile-visual
integration. Well-known is a series of studies on crossmodal spatial attention where
various links between the auditory, visual and tactile dimensions have been demonstrated
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(Driver & Spence, 2004; Shore et al, 2005; Spence & Driver, 1996, 1997; Spence &
McDonald, 2004; Spence et al, 2000; Spence et al, 2001; Spence & Walton, 2005; Zampini
et al., 2005c). Similarities between modalities have also been found in spatial

ventriloquism. In the typical spatial ventriloquist situation, the apparent location of a
sound is shifted in the direction of a displaced distracter, which is most often a flash or

another visually salient stimulus (Bertelson, 1994, 1999; Bertelson & Radeau, 1981;

Radeau, 1994; Radeau & Bertelson, 1978; Welch, 1978). It has also been reported, though,

that touch can attract the apparent location of a sound (Caclin et al, 2002), and that vision

on its turn can attract touch (e.g. Hay et al, 1965; e.g. Pavani et al., 2000; Pick et al., 1969)
There is also an auditor>·-tactile and a visual-tactile analogue of the illusory double-flash

effect (Shams et at., 2000a). In the original demonstration of this phenomenon, a single

flash is perceived as multiple flashes when presented in combination with tWO clicks. In

the auditon·-tactile case, multiple clicks change the number of perceived taps, while in the

visual-tactile case the perceived number of tlashes is changed by multiple taps (Bresciani

et al., 2006; Bresciani et al., 2005).

Most relevant for the present study is that temporal ventriloquism can not only be
induced by audio-visual stimuli (for auditory-visual studies see; Morein-Zamir et al., 2003;

Scheier et al., 1999; Vroomen & Keetels, 2006), but also tactile-visual stimuti (Keetels &
Vroomen, in press-b). In this case, participants were presented two lights with a variable

stimulus onset asynchrony (SC)A) and judged which of the two lights appeared first. As in

the audio-visual case, a tactile stimulus before the first and after the second light made

participants more sensitive (i.e., lower Just Noticeable Difference, or JND), presumably

because the two taps attracted the temporal occurrence of the two lights, and thus
effectively pulled the lights further apart in time.

Nevertheless, despite the various correspondences between vision, audition and

touch, at this stage it is not clear whether temporal recalibration will occur between vision

and touch. One potentially relevant difference is that the natural temporal incongruencies

that exists between vision and audition are likely to larger than those between vision and

touch because sound transduction time through air depends on the (variable) distance of

the remote sound-emitting obiect, while tactile stimuli will always be on the body surface.

At this stage, it is not clear whether this difference in intersensory temporal variability (or

any other) has consequences for temporal recalibration. Here, we therefore examined

whether tactile-visual temporal misalignment would, as in the audio-visual case, evoke a

long-term temporal recalibration effect.

Participants were exposed to a 3-minute train of tactile-visual stimulus pairs at -100

ms, 0 ms, or +100 ms temporal offset (negative values represent tactile-first). Following

exposure, participants performed a tactile-visual TOJ task in which they iudged whether

the  tactile or the visual stimulus came first.  I f tactile-visual temporal recalibration is like

auditory-visual recalibration, it should manifest itself by a shift in the point of perceived
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simultaneity in the direction of the exposure lag. Alternatively, JNDs t:night become larger
(i.e., sensitivity gets worse) following exposure to asynchronous rather than synchronous
stimulus pairs. The latter may either reflect a widenening of the temporal window for
intersensory integration (Navarra et al., 2006) or confusion by the participant.

10.3 Method

Partiapants. Ten students (all right-handed) from Tilburg University received course
credits for their participation. They all reported normal touch and normal or corrected-to-
normal seeing. Participants were tested individually and were unaware of the purpose of
the experiment. They gave informed consent to participate in the study according to the
Declaration of Helsinki and the ethics committee.

Stimuli. Participants sat at a table in a dimly lit and sound-proof booth.  Head movements

were precluded by a chin-rest. Visual stimuli were presented by a green tight emitting
diode (LED), positioned at the table, at 50 cm from the participant's eyes (diameter of 0.5
cm, luminance of 40 cd/m2). Tactile stimuli (250 Hz) were presented by a Sanko Electric
mini-vibrator  (type  #1 E120, Sanko Electric, japan)  with a diameter  of  1.4  cm,  that  was
embedded  in  a  foam cube, placed directly against the visual stimuli (no spatial disparity).
Visual and tactile stimuli had a duration of 10  ms.  Half o f the participants were instructed
to place their left index finger in the foam cube, the other half used their right index
finger.  See  Figure  10.1   for a schematic  view  of the experimental setup. Responses  were
made with the other hand by pressing one of two keys on a response box at the table.
Participants either used their index finger for light-first responses and thumb for
vibration-first responses, or vise versa (counterbalanced across participants). White noise
was continuously presented trough headphones at 65 dB(A) to mask the faint sound of
the vibro-tactile stimulators.

Design. Two within-subjects factors were used: Exposure lag during the exposure phase (-

100, 0 and +100 ms), and SOA between the tactile and visual test stimulus (-240 ms, -120
ms, -90 ms, -60 ms, -30 ms, 0 ms, +30 ms, +60 ms, +90 ms, +120 ms, and +240 ms).
These factors yielded  33 equi-probable conditions, each presented 12 times  for a total  o f
396 trials. Trials were presented in 9 blocks of 44 trials each. The exposure lag was
constant within a block and counterbalanced across participants, while the SOA varied

randomly.

Procedure. Each block of experimental trials started with an exposure phase of 240
repetitions (-3 min) of the tactile-visual stimulus pair (ISI= 750 ms) with a constant lag
between the vibration and light. To ensure that participants were fixating the light during
exposure, they had to detect the occasional occurrence (3 per block) of a small red LED
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that was presented simultaneously with, and 1 cm above the exposure light (i.e., a catch

trial). Participants then pushed a special button.
After a 3000 ms delay, the first trial then started. Each trial consisted of two parts: a

tactile-visual re-exposure phase followed by the presentation of a vibration and a light of
which the temporal order had to be iudged. The re-exposure phase consisted of a train of
eight vibration-light pairs with the same time lag as used during the exposure phase of
that block. After  1000  ms,  the test stimulus was presented.  The  participant's  task  was  to
judge whether the vibration Or the light was presented first. An unspeeded response was
made by pressing one of two designated keys on a response box. The next trial started
500 ms after a response.

a                                                n'-Exposure Lag
......

b
Exposure 4- 1 0 0 ms                            117                            0                                0                            (3                                DTime

Exposurr L  go ms                                    b5 0 0 0
Tinne

Expos,ire L« 100 ms                b                                                     .  0           :6           0         0 Time

b

+                                              0      - Target LED

+     = Catch LED

       = Vibro-Tactile
Stimulator

1                       8--1  - Response box

Fieurr 10.1 Schematic illustration of the exposure conditions (a) and the
experimental setup (b). During exposure, participants were exposed to a train of tactile-
visual (T\D stimulus pairs  with  a  TV-lag of -100,  0,  or  + 100  ms.  In  the test phase,  T\'-
pairs were presented with a particular S()A ranging from  -244)  mS  tc)  +240 ms.
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To  acquaint  participants  with  the T().1 task, experimental blocks were preceded by two
practice blocks in which no exposure preceded the trials. The first practice block was to
acquaint participants with the response assignments, and consisted of 16 trials in which

only  the  largest  SOAs  were  presented  (t  240  ms  and  +120 ms). During this practice,
participants received verbal feedback ("correct" or -wrong'D about whether they gave the
correct response or not. The second practice blc,ck cc,nsisted of 88 trials in which all

S()As were presented randomly, without feedback.

-Table 10.1 Xtean Points of.Subiertit'e Simultaneity (l'Sfs) in ms, Xlean just Noticeable Dillerences

(1XD) in ms. and Standard Errors of the Alean in Parentbesis, for lixposure 1«.i of ·1(M), 0, and 100

ms  (Xegatii'e  i   allies  Represent   l'actile-first  Exposure).   l'be  f bift  in  tbe  P.\.\   Refleds  tbe  Di#erence  with

tbe »ncbmnous Condition.

Exposure Lig PSS Shift in PSS .IND

100 ms. -0.8 (7.6) -94 36.5 (2.3)

0 ms. 8.6 (7.2) 32.3 (1.3)

+ 1(,0 ms. 24.7 (7.5) +16.1 32.6 (1.7)

10.4 Results
Trials of the practice session were excluded from analyses. The proportion of 'light-first'

responses was calculated for each combination of Exposure lag (-100, 0, +100 ms) and
SOA (-240 to +240 ms) for each participant. Performance on catch trials was flawless,
indicating that participants were indeed looking at the light during exposure. For each

exposure lag, an individually determined psychometric function was calculated by fitting a
cumulative normal distribution using maximum likelihood estimation. The mean of the
resulting distribution (the interpolated 50°/0 crossover point) is the point of subiective
simultaneity (henceforth PSS), and the slope is a measure of the sharpness with which
st:imuli are distinguished from one another. The slope is inversely related to the just
noticeable difference (IND) and represents the interval (absolute SOA) at which 25°/0 and
75% visual-first responses were given. The average PSSs and the JNDs are shown in
Table  10.1.

An AN()VA with as within-subiect factor exposure lag was performed on the JNDs and

PSSs'. JNDs  were  unaffected by exposure  lag,  F(2,  18)  =  2.24,  P  - .14, indicating  that

1 An AN()VA with as within-subiects factor Exposure lag, and between subject factor Side of tactile
stimulation was performed on the JNDs and PSSs. Both the j ND and PSS data revealed nci effect of side

ohactile stimulation, both Fs < 1, nor an interaction between the two factors, /  < 1 and t·(2,16) = 1.13,
P = .35, for the.INDs and PSSs respectively. Therefore, data were pooled over Side of tactile stimulation.
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sensitivity did not become worse following asynchronous exposure. Planned t-tests
comparing the JNDs in the a-synchronous conditions (-100 ms, +100 ms) with the
synchronous one (0 ms) also showed no widening of the temporal window (both Ps >
.15). The PSS data, though, showed a significant effect of exposure lag, F(2,18) = 6.31, P
<.01, indicating that exposure to tactile-visual asynchrony shifted the PSSs in the
direction of the lag (see Figure 10.2). Planned t-tests showed that there was a significant
difference in the PSS between tactile-first and visual-first exposure, 49) = 3.38, P < .01, (a
shift of 25.5  ms  or  12.7% of the exposure lag in the expected direction). The  size of this
effect corresponds well with previous reports on auditory-visual recalibration (Fujisaki et
al. 12.5%; Vroomen et al. 6.7%, Keetels & Vroomen, in press 6.590). Compared to the
synchronous condition, there was a significant shift by visual-first adaptation, 49) = 1.96,
P < .05 (a 16.lms shift or 16.1°/0), and a marginally significant shift by tactile-first
adaptation, 1(9) = 1.65, P = .065 (9.4 ms, or 9.4%)

1

A   0.75
1                                                 '
>
S-
C                                 /
CO.5S             ipsss1
CE TV-Exposure Lag:

0.25                                                       0                                             -Tactile-first            o
- · - ·  Simultaneous       0TRE

0 / - Visual-first           •
0                          **

-240 -180 -120 -60    0    60 120 180 240

Tactile-first Visual-firstSOA in ms.

Figure 10.2 The proportions of visual-first responses (V-first) for each
Tactile-Visual exposure lag. The Temporal Recalibration Effect (TRE)
Reflects the Shift in the PSSs.
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10.5 General Discussion
Here, we demonstrate that subjective simultaneity adapts to temporally misaligned tactile-
visual stimulus pairs (i.e., temporal recalibration). After being exposed to tactile-first
stimulus pairs, more visual-first responses were given, while after exposure to visual-first
stimulus pairs, more tactile-first responses were given. Remarkably, despite that the
natural valiabilin· in tactile-visual asynchrony is, in comparision with the auditory-visual
case, relatively small, the size of tactile-visual recalibration (an average shift of 12.7%) was
close to previous reports on auditory-visual temporal recalibration (Fu jisaki et al, 2004;
Keetels & Vroomen, in press-a; Vroomen et al, 2004). This thus shows that the brain is
quite flexible and adapts to auditory-visual or visual-tactile asynchronies in a similar way.
Furthermore, no differences in sensitivity (i.e., the jND) between synchronous and
asynchronous exposure were observed, and there was thus no sign of a widening of the
temporal window (Navarra et al., 2006; Navarra et al., 2005)

The results also demonstrated that the visual stimulus had to be presented slightly
before the tactile one in order to be perceived as simultaneous (a PSS of +8.5 ms
following synchronous exposure). This result is in accordance with auditory-visual studies
where an asymmetry in PSS towards a visual lead has been found (e.g. Lewald & Guski,
2003; Slutsky & Recanzone, 2001; Zampini et al, 2005b; Zampini et al, 2003a). This
asymmetry in the PSS may reflect the longer neural transmission times needed for visual
stimuli than for auditory or tactile stimuli (Fain, 2003; King & Palmer, 1985), although it
should be mentioned that the exact interval at which stimuli are perceived as simultanous

also depends on stimulus properties like lightness, loudness and length of the stimuli.
One might also ask whether the visual task as used during the exposure phase (i.e., the

detection of the onset of a visual catch stimulus) resulted in an attentional bias towards
the visual modality. According to the 'law of prior entry' (Titchener, 1908) attending to
one sensory modality speeds up the processing of stimuli in that modality, resulting in a
change in the PSS. Our visual task might thus have resulted in a shift of the PSS towards
more 'visual-first' responses. However, given that the shift should be uniform for all
conditions, and that temporal recalibration is expressed as a difference in the PSS
between exposure lag conditions, the possible role of attention is subtracted out.

To conclude, the present study clearly demonstrates that the brain adapts to visual-
tactile asynchronies (i.e., temporal recalibration). The function of temporal recalibration
lies in the fact that temporal incongruencies that naturally arise from differences in neural
transmission times or transduction times through air are reduced, and therefore don't
hinder crossmodal integration on a larger time scale. Notably, this correction occurs
despite the fact that tactile-visual incongruencies are smaller in natural situations than
auditory-visual ones.
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11.1 Results and Discussion
In the present thesis, intersensory pairing was explored by use of immediate and after-
effects of temporal (a)synchrony. The major points of interest concerned whether the
frequently mentioned spatial constraint on intersensoly pairing also counted for temporal
intersensory pairing (Chapter 2,3,4,6,9; Keetels et al, in press; Keetels & Vroomen,
2005, in press-a, in press-b; Vroomen & Keetels, 2006), and whether the perceptual
system is able to ad®tively recalibrate itself to auditory-visual and tactile-visual temporal
asynchronies (Chapter 8, 9, 10; Keetels & Vroomen, in press-a; Keetels & Vroomen,
Submitted; Vroomen et al, 2004). Furthermore, the relation between intra-modal integration
and inter-sensory pairing was studied (Chapter 4; Keetels et al, in press), and it was
studied how auditory-visual temporal pairing was affected by presenting stimuli at different
locations within tbe visual fteld (Chapter 5). At last, the occurrence of temporal pairing
between the auditog and tadile modality was explored (Chapter 7). Below, the results
regarding the different topics will be discussed more extensively.

11.2 Temporal intersensory pairing
Many studies on intersensory pairing have demonstrated that the approximate synchrony
of sensory inputs, which leads to some temporal overlap between their evoked neural
activities, is a necessary constraint on intersensory integration. This notion is rather
remarkable though, since the inputs from different modalities that arise from one external
event, will in most cases arrive at the sensory cortices at slightly different timings (due to
the differences in neural transmission times and differences in transmission speeds of the
different kinds of energy through  air;  Fain,  2003).  In  some  way, our perceptual system
thus needs to accommodate to a certain degree of temporal asynchrony between the
information arriving through different sensory modalities. In the present thesis, we have
demonstrated these kind of corrections in two forms; by an immediate bias that occurs
while the multisensory stimuli are being processed, the so-called 'temporal ventriloquist
effect', and by an effect that is measurable on a longer time scale and reflects adaptive
changes in synchrony perception, called 'temporal recalibration'.

Temporal ventritoquism is an intersensory phenomenon that typically occurs directly
when intersensory stimuli are presented with a slight temporal intermission. In order to
immediately reduce the perceived temporal asynchrony, the temporal occurrence of a
visual stimulus is perceptually attracted in time towards the sound stimulus in the
auditory-visual case (Morein-Zamir et al., 2003; Scheier et al., 1999). In the present thesis,
temporal ventriloquism has been repeatedly re-demonstrated between sounds and lights
(Chapter 3,4,5,6; Keetels et al, in press; Keetels & Vroomen, in press-b; Vroomen &
Keetels, 2006), and was also, for the first time, shown between tactile stimuli and lights
(Chapter 6; Keetels & Vroomen, in press-b). In the latter study, it was demonstrated that
small temporal conflicts between lights and tactile vibrations at the index fingers were
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perceptually solved by shifting the perceived timing of the lights towards the tactile
stimulus. One should notice though, that the magnitude of the tactile-visual temporal

ventriloquist effect was comparable to the size of the effect for auditory-visual

combinations (i.e., 15.9 ms versus 13.4 ms, respectively).
Since temporal ventriloquism was shown to be remarkably similar for auditory-visual

and tactile-visual modality combinations, we explored whether immediate temporal

corrections could also be demonstrated between the auditory and tactile modalin·

(Chapter 7). The results demonstrated no such corrections between sounds and tactile

taps, a finding which is notable since auditory-tactile interactions outside the temporal

domain have been reported frequently (Caclin et al, 2002; Guest et al, 2002; jousmaki &
Hari, 1998; Kayser  et  al, 2005). There are though also several other temporal studies   in

which the difference between auditory-tactile interactions, and auditory-visual and visual-

tactile integration has been pointed out (Navarra et al., 2006; Zampini et al., 20052).Based
on the present findings, it can be presumed that auditory-tactile pairing might be special

in such a way that no corrections occur when small auditory-tactile asynchronies are
presented, or, which is also rather plausible, these corrections may be hard to demonstrate
by using behavioural tests.

Besides immediate corrections to intersensory temporal conflicts, we furthermore

demonstrated corrections to intersensory temporal conflicts on the longer time scale;

temporal recalibration (Chapter 8, 9, 10; Keetels & Vroomen, in press-a; Keetels &
Vroomen, Submitted; Vroomen et al, 2004) These studies demonstrated that for
maintaining the perception of intersensory synchrony, the point that one perceives as

simultaneous can be adjusted to what has been presented before. In the present thesis,

recalibration of temporal synchrony was induced by exposing participants to artificially

induced asynchronous crossmodal stimuli. Afterwards then, a shift in the point of
perceived simultaneity was measurable on a crossmodal TOJ task. These after-effects

have been demonstrated for auditory-visual (Chapter 8,9; Keetels & Vroomen, in press-a;
Vroomen et al, 2004) and visual-tactile modality combinations (Chapter 10; Keetels &

Vroomen, Submitted). More specifically, after visual-first adaptation (i.e., an
asynchronous stimulus pair in which the light came slightly before the sound/tactile tap),

overall more auditory-first or tactile-first responses were given when participants were

presented with an intersenson· TOJ task. This indicates that visual-first stimuli were
perceived as more synchronous after exposure. After auditory-first or tactile-first

adaptation on the other hand, more visual first responses were given, showing that sound-

and tactile-first stimuli were perceived  as  more simultaneous after exposure. Together,

these results demonstrate that the perceptual system is rather flexible and adapts (i.e.,

recalibrates) to small auditon,-visual and visual-tactile asynchronies in a similar way. In the

auditory-visual studies, an average shift in the point of subjective simultaneity of 6.5 °/0,

and 6.7 °/0 of the exposure lag was obtained (Chapter 8 and 9, respectively), which is
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comparable with the auditory-visual temporal recalibration study of Fuiisaki et al. (2004;
12.5 % shift). By exposing participants to tactile-visual temporal asynchronies,

comparable aftereffect were obtained, namely 12.7 % of the exposure interval (Chapter
10). The results thus demonstrated that the manifestation and the size of tactile-visual
recalibration was close to reports on auditory-visual temporal recalibration (Fu jisaki et al,

2004; Keetels & Vroomen, in press-a; Vroomen et al, 2004)

Temporal recalibration as a generalpbenomenon. Two findings  in the present thesis suggest that
that temporal corrections occur at a more general level in perception; the finding that
temporal recalibration effects generalize to different test stimuli, and the fact that
corrections to auditory-visual and tactile-visual temporal asynchronies, either immediate
effects and recalibration, occur with similar manifestations and approximately the same
magnitudes.

First, the finding that temporal recalibration generalifes to different test-stimuli has been

demonstrated in Chapter 9, in which participants were exposed to small auditory-visual
asynchronies and in which a shift in the point of perceived simultaneity was shown by use
of  a following auditory-visual   TOj task (Keetels & Vroomen, in press-a).    In   this,   the

exposure- and test-stimuli could consist of auditory-visual pairs that were consistent in
spatial setup (i.e., both exposure and TOj test stimuli spatially co-located, or both spatially
separated), or not (i.e., exposure stimulus spatially co-located and TOJ test stimulus
separated,    or vice versa). The results demonstrated that temporal recalibration    also
occurred when exposure and test stimuli were different in spatial setup. In other words,
the temporal recalibration effect generalized to different stimuli. Another report of
generalization of temporal recalibration to different test stimuli has been provided by

Fuiisaki et al. (2004), who demonstrated generalization along another dimension than the
spatial one. Taken together, these findings suggest temporal recalibration to be a general
phenomenon which is applicable in situations beyond the one to which a person is

adapted.
Secondly, the finding that temporal ventriloquism and temporal recalibration occur for

both auditory-visual and tactile-visual temporal asynchronies, and with approximately the
same magnitudes, suggest a strong resemblance between the integration processes of the
different modality combinations. Apparently, small temporal asynchronies between
sounds and lights and between touChes and lights are perceptually reduced in a similar
way. This finding is somewhat remarkable though when taking into account that the
natural variability in tactile-visual asynchrony is relatively small, while this is much larger
for the the auditory-visual case. More specifically, auditory-visual events can occur outside
peripersonal space resulting in larger intermodal differences in transduction times through
air, while intersenson· events in which the tactile modality is involved always occur
directly at the body surface. Tactile stimuli on the other hand, result in more variation in
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neural transduction times compared to other modalities, since in contrast to the visual and
auditory modality, this sensory modality embraces the whole body surface; a stimulus that
is  delivered  to  the  foot for example needs  to be presented  11.5  ms  before a stimulus  to
the arm for being perceived as stimultaneous (Bergenheim et al, 1996). What is important
to notice here, is that despite the differences ill physical and neural transmission times
between the different modalities, some kind of general temporal correction mechanism

operates similarly on auditory-visual and visual-tactile stimulus pairs. An interesting issue

for further research concerning this issue, might be whether temporal recalibration
generalizes to different modality combinations. More specifically, whether recalibration to
sound-light asynchronies might result in PSS shifts on a visual-tactile TOJ task and vice
versa.

Point  of perceived  intersenson simultaneily Another issue that needs further discussion is the

natural PSS, or the auditory-visual interval at which intersensory simultaneity is naturally
perceived. As was also mentioned in the introduction, the general finding in auditory-
visual studies is an asvmmetrv in PSSs towards a visual-lead stimulus (e.g., Lewald &
Guski, 2003; Slutsky & Recanzone, 2001; Zampini et al, 2005b; Zarnpini et al, 2003a,

2005c). In most studies, lights thus have to be presented slightly before auditory inputs in
order to be perceived as synchronous. At least two processes might be involved here.
First, the longer neural processing times of visual stimuli compared to sounds make that
auditon·-visual pairs in which the visual stimulus is presented slightly before the sound are
perceived as simultaneous (King & Palmer, 1985). Secondly, temporal recalibration might
also play a role here, since human brains are exposed to visual-first stimuli during their
whole lifetime (because vision is transmitted faster through air than auditory information),
and therefore are 'trained' (i.e., recalibrated) to perceive these stimuli as simultaneous,
resulting in a natural shift towards vision-first in the PSS.

In the present thesis the intersensory PSS has been observed in the study described in
Chapter 2, in which an auditory-visual T(DJ task was performed (Keetels & Vroomen,
2005). An average PSS of +7.7 ms was demonstrated here, which indicates, as expected,
that the light had to be presented slightly before the sound for simultaneous perception.
The intersensory PSSs found in the temporal recalibration studies though (Chapter 8,9,
10) are less meaningful here since participants performed the crossmodal TOJ task after

being exposed to (a)synchronous sensory pairs that shifted their natural PSSs (possibly
also when participants   were    adapted    to    synchronous pairs). Moreover, it should   be

mentioned that the exact interval at which stimuli are perceived as simultaneous also

depends on stimulus properties like lightness, loudness and length of the stimuli.

Diferences in  tbe magnitudes of tbe auditorv-visual temporal ventriloquist efects. The finding that the

sizes of the temporal ventriloquist effects differ considerably between the different
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studies reported in the present thesis, is another issue that needs to be discussed here

(Chapter  3,4,5,  and  6; TVEs ranged between  3.1  and  13.4  ms).  Overall, it should  be
noted that the magnitude of the temporal ventriloquist effect declines when TOJ
sensitivity gets higher (correlation   =   .95). See Table   11.1    for   mean  JNDs,   and
accompanying average temporal ventriloquist effects per study. First of all, one could ask
what could have caused the differences in JNDs, and secondly why the effect sizes of the

temporal ventriloquist effect vary accordingly.
Concerning the differences in JNDs (varying from 18.3 ms in Exp. 4.1, to 38.5 ms in

Exp 6.1 and 6.2), I argue that several factors might have been responsible, among which
for example the use of different groups o f participants, the use of differences in distances

between lights (3-10 degrees) and between lights and participants (50-90 cm), and also the
differences in the lengths, loudness' and kind of auditory stimuli used (68-72 dB, 3-5 ms,

pure tones or clicks)

Table  11.1         Mean  lust Noticeable  Diferences  in  ms  at Audio-Visual  Intervals  of -O  ms  and  - 100  ms,

for  those  Conditions  of Chapter  3,4,5,  and  6,  in  wbicb  significant Temporal  Ventriloquist  Effects  OVE)
were demonstrated.

0 ms 100 ms TVE Description

Mean of Auditory-Visual conditions of
Chapter 6 38.5 28.0 10.5

Exp 6.1 and 6.2
Chapter 3 30.3 24.1 6.2 Mean of Exp 3.1 to 3.4

Chapter 5 27.1 21.2 5.9 Peripheral condition of Exp 5.1

Chapter 4 25.7 22.1 3.6 Mean of conditions in which flanker

sounds were different from capture
sounds of Exp 4.1 to 4.3.

Overall 29.9 23.9 6.0 Mean  of the 15 conditions throughout

the thesis in which significant TVEs
were demonstrated.

Besides the factors mentioned above, at least two other processes might be related to the
finding that the magnitudes of the temporal ventriloquist effect vary accordingly with the
sizes of the JNDs. First of all, a plausible explanation might be that ceiling effects are in
play. In other words, it might be the case that in some studies, TOj sensitivity becomes
already as high as possible when sounds are presented simultaneously (i.e., when using the
-75 ms to +75 ms range of SOAs the minimal measurable.IND is 12.0 ms), so thatJNDs
cannot get much lower when sounds are presented a-synchronously. If, on the other
hand, performance is rather low with sounds that are presented simultaneously with the
lights (e.g., 38.5 ms JND), sensitivity can be enhanced to a rather large extent. Secondly,

the finding that temporal ventriloquist effects are larger when jNDs are higher, t:night be

related to the Maximum Likelihood Estimation account for intersensory pairing (AILE-
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account; Ernst & Banks, 2002). In short, according to this account, the brain relies on the
different sensory modalities according to their relative precision, and since visual stimuli
are generally less well defined in time compared to sound stimuli, intersensory conflicts
are reduced by shifting the perceived onset of the lights in the direction of the sounds

(i.e., temporal ventriloquism). The finding that the visual shift is smaller when visual TOJ
sensitivity gets better, is in accordance with the MLE-account since it states that when
visual perception gets better (i.e., lower.INDs), sounds will temporally attract vision to a
lesser extent. Taken together, one should notice that the former 'ceiling' effect
explanation has no perceptual basis, while the latter explanation does.

remporal ventriloquism and Temporal recalibration. Based on the studies discussed in the
present thesis, one could ask whether a relationship exists between temporal
ventriloquism and temporal recalibration. Although temporal ventriloquism occurs

immediately when the temporal asynchrony is presented, and temporal recalibration is an
effect that is demonstrable on the longer term, both effects are perceptual solutions in
order to maintain intersensory synchrony. Therefore, the question might arise how these

two effects relate. First of all, it should be noted that the magnitude of the temporal
ventriloquist effect (TVE) seems slightly smaller than the temporal recalibration effects

(TRE) that have been demonstrated in the present thesis (average 6.0 ms auditory-visual

TVE, or 3.0 ms sbi#per 100 ms«·41 '-asyncbmnj vs. an average 17.3 ms auditory-visual TRE,
or  8.6  ms  shift per  100  ms AI '-asynchrony,  see Table  11.4.  One should be  careful with  these
kind of comparisons though, since all immediate effects have been measured by use of
visual TOJ tasks in which jNDs were computed, while temporal recalibration was
typically measured by intersensory TOJs in which PSSs were relevant. Since the temporal
ventriloquist effects and temporal recalibration effects reported here cannot be compared
directly, hitherto no clear conclusions can be drawn regarding the relation between the
two temporal effects. Aleasuring both effects within subiects, by using similar tasks and
similar dependent variables might be more informative.

Table 11.2 Mean  Points  of Subjective  Simultaneio  in  ms  after -100  ms  (Auditory-jirst  orTactile-first)

and +100 ms  (i 'ision-jirst) exposure, and  tbe Temporal Recalibration E#ects  (rRE) found in Chapter 8,

9,  and  10.

-100 rns + 100 ms TRE Description
Chapter 8 -14.8 6.8 21.6 Auditory-Visual temporal recalibration,

TOJ task
Chapter 9 -77 5.3 13.0 Auditon·-Visual temporal recalibration,

averaged over 4 conditions.
(Zhapter 10 ().8 24.7 25.5 Tactile-Visual temporal recalibration
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11.3 Spatial constraint on intersensory pairing
Alany behavioural and neurophysiological studies have ernphasized the importance of
spatial co-localisation and temporal synchrony for intersensory pairing to occur (e.g.,
Bedford, 1989b; Bertelson, 1999; Gepshtein et al, 2005; Radeau, 1994; Stein & Meredith,
1993; Welch, 1999; W'elch & Warren, 1980). The results of the series of experiments
described in thc present thesis though, challenge the spatial part of this view and
demonstrate that spatial cci-localisation is not a general constraint on intersensory pairing
First of all, we explored 'the spatial rule' by using temporal ventriloquism between the
auditor, and visual modality, and it was shown that this intersensory effect was unaffected
by whether sc,unds came from the same location as the lights or from different locations
(Chapter 3; Vroomen & Keetels, 2006). It was furthermore demonstrated that presenting
sounds stationan·, or moving, from same or different sides of fixation with small or large
spatial disparities could not modify this finding. In a second study on this topic, we
combined the principles of auditory grouping with those of intersenson· pairing and it
was observed that sounds interacted, counter-intuitively, more with the lights when their
locations differed from that of the lights rather than when they came from the same
pc,sition  as the lights (Chapter 4; Keetels  et  al, in press). After demonstrating  that
auditory-visual temporal ventriloquism was unaffected by an intersensory spatial
mismatch, we explored the generality of this finding by studying whether similar results
could be obtained for temporal integration between the visual and tactile modality (Chapter
6; Keetels & Vroomen, in press-b). Here, we demonstrated visual-tactile temporal
ventriloquism but more importantly, again no effect of spatial disparity was found. These
results suggest that the spatial constraint on intersensory pairing is not only unimportant
for auditory-visual temporal integration, but is presumably unimportant for temporal
intersenson· integration in general In a last study on this topic we explored how the
intersensory temporal correction on the longer term, or auditory-visual temporal
recalibration, was affected by intersensory spatial disparity (Chapter 9; Keetels &
Vroomen, in press-a). Here it was demonstrated that temporal recalibration also occurred

when sounds and lights were presented with a spatial disparity during exposure. These
results provide very strong evidence that also with spatial separation, sounds and lights
were temporally paired, since a shift in the point of perceived simultaneity was measured
afterwards. This study furthermore demonstrated that the effect even generalized to test
stimuli at different locations, which furthermore strengthens the view that the spatial
account is not at stake here. Taken together, we conclude that strong evidence is provided
that spatial co-localisation between different modalitr stimuli is not a necessarr constraint
on temporal intersensory pairing.

Remarkably though, one study in the present thesis did demonstrate an effect of
spatial co-localisation on auditon-visual temporal sensitivity (Chapter 2; Keetels &
Vroomen, 2005). In this study, it was shown that auditon'-visual temporal order
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iudgments become more sensitive (i. e.,JNDs become smaller) when the sounds and lights
of the test stimuli are spatially separated, a finding that is in accordance with several other
studies in the crossmodal literature (e.g., Bertelson & Aschersleben, 2003; Spence et al,
2003; Zampini et al, 2005b; Zampini et al, 2003a, 2003b). At least two explanations have
been brought up for this improved temporal sensitivity when the locations of sounds and
lights differ. One is that there would be more intersensory integration when stimuli from
different modalities are presented closer together, with the consequence that temporal
discordance is fused, resulting in more difficulty in performing the auditory-visual TOJ

task (i.e., the intersensory integration account). The other is that when bimodal stimulus pairs

are presented from different locations, participants may actually have extra spatial
information on which to base their responses (Spence et al., 2003). According to this
view, participants may initially not know which modality had been presented first, but still
know on which side the first stimulus appeared, and what the relative positions of the
modalities were. So, because of this .patial redundancY, participants may infer which
modality had been presented first. Given that the overall results of the present thesis

demonstrate temporal intersensory pairing to occur independently of an intersensory
spatial mismatch (Chapter 3,4,6,9; Keetels et al, in press; Keetels & Vroomen, in press-
a, in press-b; Vroomen & Keetels, 2006), it seems likely that the (previously) observed
effects of spatial separation on auditory-visual TOJ sensitivity were mainly induced by the
availability of redundant spatial cues. It should be noted though, that the spatial

redundancy account is based on post-perceptual processes, which are not informative
about the auditory-visual pairing process itself.

The question remains though why numerous studies in crossmodal literature did
demonstrate a decline in intersensory integration when stimuli were spatially separated
(see Calvert et al, 2004; Spence & Driver, 2004 for reviews), while we consistently found

opposite results here (Chapter 3,4,6,9; Keetels et al, in press; Keetels & Vroomen, in
press-a, in press-b; Vroomen & Keetels, 2006). Overall it should be noted that the spatial
constraint has typically been shown to apply in experiments in which spatial locations, or
spatial attention are either explicitly or implicitly critical to the task. An example in this
concerns the crossmodal cueing paradigm, in which a cue in one modality is presented at a
particular location, and in which faster and better discriminations are typically found
when a following different modality target is presented from that similar location or close
to it (for recent reviews see Driver & Spence, 2004; Spence & McDonald, 2004; Spence &
Walton, 2005). Another example concerns the iudgment of auditory-visual temporal order
that is found to be sensitive to spatial separation (Keetels & Vroomen, 2005; Spence et al,

2003; Zampini et al, 2005b; Zampini et al., 2003a, 2003b), in which participants actually
have additional spatial information on which to base their responses when stimuli are
spatially separated (see foregoing paragraph). Hence that in both these paradigms, spatial
information is relevant for the task at hand. Other intersensory interactions though, such
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as identification tasks which do not directly involve spatial judgments or attention, appear
to be completely unaffected by spatial coincidence. The well-known McGurk effect forms
an example in this (McGurk & MacDonald, 1976), since here no spatial attributes are
important and the effect therefore still occurs when the auditory and visual speech stimuli
are spatially separated (Bertelson et al., 1994; Colin et al., 2001; Jones & Munhall, 1997).
This line of thought is in accordance with the findings in the present thesis, namely that

temporal intersensory pairing is unaffected by spatial disparities between modalities. In
the paradigms that we use to demonstrate intersensory pairing in the form of temporal
ventriloquism and temporal recalibration, spatial information does not play a crucial role
for the task, which for that reason results in the finding that the effects still occur when
stimuli are spatially separated.

The idea that intersensory integration is unaffected by spatial separation between
modalities (when spatial attributes, or spatial attention are not critically involved), might
seem counterintuitive because after all, most natural multisensory events are spatially
aligned. However, a critical assumption that underlies the idea of the spatial rule is that
spatial information has the same function in vision, audition, and touch. This notion,
though, is questionable. For vision, it has been argued that space is an indispensable
attribute (Kubovy & Van Valkenburg, 2001) Spatial coding in audition and touch, on the
other hand, may be different since it seems that at least sound localization has evolved to
steer vision (Heffner & Heffner, 1992), and it seems at least conceivable that spatial

coding in touch also has a role in steering vision (Stein & Meredith, 1993). If one accepts
that spatial coding in the different modalities indeed serves different functions, there is no

9 priori reason why intersensory interactions would require spatial co-localization.

11.4 Intramodal effects on intersensory pairing
Although the present thesis mainly focuses on the pairing of stimuli from different
modalities, the perceptual system has to deal with integration of information within one
modality also, and with the interaction between inter-modal and intra-modal pairing too. In
Chapter 4 of the present thesis, we addressed this issue by studying the relationship

between intersensory and intra-modal pairing (Keetels et al, in press). The magnitude of
the temporal ventriloquist effect was used as a measure of intersensory pairing, and we
explored how temporal ventriloquism was affected by intra-modal auditory processing.
Intra-modal auditory pairing was varied by embedding the sounds, that possibly interacted
with the lights, within different auditory contexts. Since the results demonstrated that the
temporal ventriloquist effect diminished in an environment of sounds that interacted with
the capturing sounds, we concluded that grouping of the sounds in the auditory stream

took priority over intersensory pairing (Keetels et aL, in press) Since these results were in
accordance with several other studies that explored the effect of auditory intramodal
processing on intersensory pairing (Vroomen & de Gelder, 2000; Watanabe & Shimoio,
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2001), and the effect of visual intl:amodal processing on intersensory pairing (Sanabria et

al, 20041,), it seems safe to conclude that intramodal integration precedes intersensory

pairing processes in perception.

11.5 Visual field location
Since several crossmodal integration effects are shown to be stronger when presented in
the peripheral visual field as opposed to when presented in fovea (Shams et al., 2002a;

Shams et al., 2001; Shams et al., 2003), we examined whether this also counted for
auditory-visual temporal ventriloquism (Chapter 5). As has been done before, temporal
ventriloquism was measured in a visual temporal order judgement task (TOJ task) in
which two lights were flanked by two capturing sounds. In the first experiment the lights
were presented in fovea or in the peripheral visual field by presenting them 2 versus 5

degrees left and right of fixation, respectively. Here, the results demonstrated overall

lower TOJ sensitivity (i.e., higher JNDs)  for peripheral stimuli, and a trend towards bigger

temporal ventriloquist effects in the peripheral visual field compared to the foveal field. In
the second experiment though, the light-light distance was kept constant for foveal versus

peripheral conditions and here no differences in overall TOI sensitivity, nor a difference
in temporal ventriloquism could be demonstrated between periphery and fovea. Taken
together, it was argued that ceiling effects might have been in play whenever light-light
distances were small, and therefore no clear conclusions could be drawn about the role of
foveal versus peripheral visual fields in temporal ventriloquism.

Although the results found in Chapter 5 are not very informative about the role
that different visual field locations play in intersensory pairing, the fact that visual TOJ
sensitivity enhanced when visual stimuli were closer together is of interest here. Visual
TOJ sensitivity was demonstrated to be lower witb larger distances between the lights,
compared to smaller distances (i.e., 26.1 ms for 10 degrees separation vs. 16.3 ms JNDs

for 2 degrees separation; a 9.8 ms enhancement ). This finding was also demonstrated in
Chapter 3, in which the highest TOJ sensitivity was found when visual stimuli were
presented with a smaller spatial separation (3 degrees light-light distance; Experiment 3.4).

We conjectured that apparent motion played a role in this distance effect. According to
Korte's law, the amount of apparent motion depends on both the interval and the spatial
disparity between stimuli (Korte, 1915). This implies that the farther apart the visual

stimuli are, the longer the interval needs to be for proper motion perception. Since the
distance between the lights was varied in Chapter 5, while the SOA range was kept
constant, we argued  that the amount of perceived motion was overall higher for the small

separations compared to the larger distances. Possibly, the higher amount of apparent
motion when lights were closer together might have 'helped' visual TOj performance
more than in the peripheral condition.

156



RI.SCI.TS AND DISCESSIC)N

11.6 Attention and intersensory pairing
LK'hile attention has not been the focus of research in the present thesis, in some of the
studies the role of attention has been discussed as an aside. In Chapter 3 for example, the
occurrence of temporal ventriloquism has been dissociated from spatial attention.
Although m, effects of sound location were demonstrated on visual TC).1 sensitivity in
Experiment 3.1 to 3.4, the results of Experiment 3.5 showed clear effects of sound

1(,cation on :»Aed visual discrimination. It was shown that participants were faster and
made less errors when sounds came from the same side as the visual targets, a finding that
is in accordance with the typical crossmodal spatial cueing effects on detection time (for
recent reviews see Driver & Spence, 2004; Spence & AkDonald, 2004; Spence & Walton,

24105). Since no spatial effects were found in the TC).1 task with similar spatial setup, it was
concluded that it is not the specific setup that is used, but rather the task that has to be
performed that determines whether effects of spatial correspondence and reflexive spatial
attention emerge. Although several authors have argued that intersensc,ry integration
requires attention (Murray et al., 2004; Teder-Salejarvi et al., 2005), these results seem to
contrast with the idea that spatial attention is important for intersensory pairing since

spatially discordant sounds were effectively attracting spatial attention away from the
target lights, yet there was no effect on temporal ventriloquism. These results are
therefore more in line with studies on spatial ventriloquism (i.e., the apparent location of
a sound is shifted towards a spatially incongruent but synchronized flash) where it has
been shown that intersensory integration occurs in a more automatic fashion,

independent of where spatial attention is focused or attracted (Bertelson et al., 200Oa;

Bertelson et al., 200Ob; Driver, 1996; Stekelenburg et al., 2004; Vroomen et al., 20014
200lb; Vroomen et al., 2001 c).

Another issue that concerned the issue of attention, prior entry, has been discussed in
the recalibration studies (Chapter  9  and  10).  According  to  the  'law of prior entry'

(Titchener, 1908), attending to one senson· modality might speed up the perception of
stimuli in that modality, resulting in a change in the PSS on crossmodal TOJ tasks (see
also Schneider & Bavelier, 2003; Shore et al, 2001; Shore et al, 2005; Spence et al, 2001;

Zampini  et al, 2005c). Given that participants performed a visual task during the exposure
phase (i.e., detection of a change in visual fixation), we reasoned that possibly an
attentional shift towards the visual modality might have affected the PSS in such a way
that more 'visual-first' responses were given. Since that shift should have been uniform
for all conditions, and that the temporal recalibration effect is expressed as a difference in
the PSS between exposure lag conditions, the possible role of attention was subtracted

out as modifying factor on the temporal recalibration effect. Whether such a shift in
attention affected the PSSs in the present thesis, and how large the shift in PSSs has been,
can not be deduced from the present data, since no comparison situation without visual
fixation has been performed.
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Taken together, it can be concluded that attention has possibly affected some results
in the present thesis (i.e., Chapter 3, 9, and 10), however no modulating effect of attention
on the temporal ventriloquist, or recalibration effect itself has been demonstrated. Clearly
though, the extent to which intersensory integration depends on spatial attention or
attentional resources and its neurophysiological consequences is an issue that needs
further investigation.
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NEDERLANDSE SAMENVATTING (SUMMARY IN DUTCH)
De meeste gebeurtenissen in het dageliiks leven stimuleren gehjktijdig een aantal van onze

zintuigen, ook wel onze verschillende sensorische systemen genoemd. Een bekend
alledaags voorbeeld hiervan is afkomstig uit het spraakdomein; nameliik het horen en zien

van een spreker voorziet de luisteraar van multi-sensorisibe informaue welke aanvanketijk via
verschillende sensorische systemen, nameliik de oren en de ogen, ons brein binnenkomen.
Een ander voorbeeld waarin nog meer verschillende zintuigen gelijktiidig worden
aangesproken treedt op wanneer ie in le handen klapt. Gedurende deze actie ontvangt het
brein visuele (zien), auditieve (gehoor) en tactiele (tast) informatie aangaande de 'handenklap'-

gebeurtenis. In andere woorden, je ziet ie handen naar elkaar reiken, ie hoort een tvpisch
'handenklap'-geluid en tegeli ikertiid voel ie ook de aanraking. Ondanks het feit dat deze
verschillende stromen van sensorische informatie in eerste instantie middels verschillende
zintuigen worden geregistreerd (o.a. de oren, ogen en tast) en vervolgens door
verschillende sensorische neurale paden worden verwerkt (vanuit de oren naar de
auditieve cortex, vanuit de ogen naar de visuele cortex, en vanuit de tast-sensoren in de
handen via een relatief lange neurale weg naar de sensorische cortex), weet het brein deze
verschillende stromen van informatie uiteindelijk te koppelen tot 66n coherente neurale

boodschap; namelijk de multi-sensorische 'handenklap'-sensatie. Hiernaast zal het brein,
om tot deze ene inter-sensorische waarneming te komen een scheiding moeten maken
tussen wat voor deze gebeurtenis relevante en irrelevante informatie is. Zo wordt de rest

van hetgeen ie ziet, hoort en voelt tijdens het in-ie-handen-klappen (biiv. het zien van een
persoon, het horen van een trein die langskomt, het voelen van een steentje onder je
voeten) tegelilkerti id verwerkt maar niet door het brein gekoppeld aan de hierboven

beschreven 'handenklap' waarneming.
Alhoewel er in de huidige literatuur veel bekend is over hoe de verwerking van

informatie binnen 66n zintuig geschied, is er momenteel nog relatief veel onduidelijkheid
over boe de verscbillende  intuigljke modaliteiten met elkaar samenwerken en over boe coberente

npresentaties van de omgeving worden get,onnd In dit proefschrift is gepoogd een significante
bijdrage te leveren aan deze inter-sensorische tak van onderzoek. De meest gebruikeliike
manier om inter-zintuighike waarneming te bestuderen is middels het aanbieden van
conflictsituaties waarin twee of meerdere zintuigen incongruente (tegenstrildige)
informatie ontvangen dangaande een bepaald aspect van de te verwerken informatie. De
vraag  is  dan  qf en  boe het perceptuele systeem  dit con flict oplost. Een bekend voorbeeld
van zo'n conflictsituatie betreft het 'buikspreker'-fenomeen, waarin het spraakgeluid
typisch wordt waargenomen alsof het vanuit de mond van de buiksprekerpop komt
terwiil het in werkeliikheid afkomstig is uit de stilstaande mond van de buiksprekerartiest.
Wat hier feiteliik gebeurt is dat het spatiele- of locatieconflict tussen de auditieve en
visuele informatie perceptueel wordt opgelost door het visueel 'vangen' van de locatie van
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het geluid (ofwel; ie hoort het spraakgeluid op de locatie waar je iets ziet; Howard &
Templeton, 1966). Dit buikspreker-effect is in het laboratorium ook met simpelere stimuli
aangetoond; namelii k wanneer een lichtflits en een piep op niet exact dezelfde locatie
worden aangeboden, wordt het geluid over het algemeen waargenomen op (of dichtbij) de
locatie van het lamp ie. In dit proefschrift wordt de temporele analogie van dit
buiksprekereffect, namelijk het 'temporeel buiksprekerefect' gebruikt om inter-sensorische
waarneming te bestuderen. In plaats van een spatieel (locatie) conflict tussen de
verschillende modaliteiten, wordt er een temporeel (tijd) conflict geinduceerd door het
kunstmatig presenteren van auditieve en visuele stimuli met een kleine temporele a-
synchronie (-100 rns offset; piepies en lichtflitsen die net niet op hetzelfde tijdstip
worden gepresenteerd). Het typische gevolg in een temporele buiksprekersituatie is dat bet
geluid de timing van de visuele stimulus 'vangt' waardoor de perceptuele coherentie tussen de

zintuigen kan blijven bestaan Bforein-Zamir et al., 2003; Scheier et al., 1999; Vroomen &
de Gelder, 2004). In andere woorden, de lichtflits wordt waargenomen op (of dichtbij) het
tiidstip waarop de piep wordt gehoord.

In dit proefschrift wordt deze illusie (het temporele buiksprekereffect/ temporal

ventriloquist effect) gebruikt om de meer algemene principes van inter-zintuiglijke
waarneming te bestuderen. We hebben over het algemeen gebruikgemaakt van audio-
visuele zinruigcombinaties (Hoofdstuk 2,3,4,5), maar er is ook onderzocht of het effect
optreedt wanneer de visuele en tactiele (Hoofdstuk 6) of de tactiele en auditieve

(Hoofdstuk 7) zintuigmodaliteiten worden gecombineerd. Ook het langetermijneffect
van inter-sensorische a-synchronie, temporele recalibratie genaamd, is onderzocht met
behulp van audio-visuele (Hoofdstuk 8,9) en tactiel-visuele zintuigparen (Hoofdstuk
10). Het belangriikste interessepunt in clit proefschrift betreft het effect van spatiele
incongruentie tussen sensorische signalen op temporele inter-sensorische waarneming

(worden inter-sensorische informatiestromen alleen geintegreerd wanneer ze vanuit 66n
en dezelfde locatie komen?; ofwel, gebruikt het brein de spatiele congruentie als een
voorwaarde voor inter-sensorische integratie?; Hoofdstuk 2, 3, 6, 9). Verder is
onderzocht wat het effect van integratie van stimuli binnen 66n sensorische modaliteit is
op de integratie tussen modaliteiten (Hoofdstuk 4) en van het presenteren van visuele
informatie op verschillende locaties in het visuele veld (Hoofdstuk 5). Hieronder worden
deze verschillende onderwerpen uitvoeriger besproken.

Temporele a-synchronie
Veel studies aangaande inter-sensorische waarneming hebben laten zien dat het ongeveer
geliiktiidig aanbieden van stimuli aan de verschillende zintuigen een noodzakeliike
voorwaarde is voor inter-sensorische integratie. Enerziids is dit geen verrassende
bevinding omdat deze ongeveer geliiktiidige aanbieding leidt tot een bepaalde mate van
temporele overlap in de neurale activiteit in het brein. Anderzijds is deze notie toch ook
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enigszins opmerkelijk te noemen aangezien de verschillende zintuigliike
inforrnatiestromen die ontstaan bi i multi-sensorische gebeurtenissen, in de meeste
gevallen, op niet exact dezelfde aid bii de zintuigen arriveren als gevolg van de verschillen
in transmissie-tijd van de verschillende soorten energie door de lucht (het welbekende

'licht is sneller dan geluid' fenomeen). Verder is het ook nog eens zo dat de verschillende
zintuigen hun specifieke vorm van energie niet allemaal even snel kunnen converteren tot
een neurale boodschap; zo ziin de photo-receptoren in de retina van het oog bijvoorbeeld
veel sneller in het converteren dan de tast-receptoren in de huid. Ook de verschillende
verwerkingssnelheden van de neurale boodschappen in het brein dragen bil aan de
natuurliike inter-sensorische a-synchronie waar het brein mee om moet kunnen gaan. C)p
de een of andere manier, zal ons perceptuele systeem zich dus per situatie moeten
aanpassen aan de bepaalde mate van temporele a-synchronie die ontstaat tussen de
verschillende stromen van zintuighike informatie. In clit proefschrift is onder andere
onderzocht hoe en in welke mate het brein voor deze a-synchroniciteit kan corrigeren.

Gebleken is dat het perceptuele systeem onmiddellijk kan corrigeren voor een geringe
mate van inter-sensorische temporele a-synchronie (bet  temporele buikspreker®c), maar dat
er ook van deze a-synchronie 'geleerd' wordt in die zin dat het punt waarop iemand de
verschillende zintuigstromen als 'geliikti idig' waarneemt, afhankelilk is van hetgeen

waaraan deze persoon eerder is blootgesteld (temporele  recalibratie).

Temporeel buiksprekereffect
Zoals hierboven al vluchtig genoemd, wordt voor het meten van een temporeel
buiksprekereffect, een temporeel (tijd) conflict geinduceerd door het presenteren van
auditieve en visuele stimuli met een korte temporele a-synchronie. In de studies die
beschreven worden in dit proefschrift is gekozen voor het gebruik van simpele stimuli,
namelijk piepies en lichtflitsen die net niet op dezelfde tijd worden aangeboden. Het
typische gevolg  in een temporele buiksprekersituatie  is  dat bet geluid de timing  vandevisuele

boodscbap 'van#' (Morein-Zamir et al., 2003; Scheier et al., 1999; Vroomen & de Gelder,
2004). De lichtflits wordt dus waargenomen op (of dichtbij) het tiidstip waarop de piep
wordt gehoord. Dit effect is zeer robuust gebleken, ziinde dat het is aangetoond in
Hoofdstuk 3,4,5 en 6 van dit proefschrift (Experiment 3.1 - 3.4, Vroomen & Keetels,
2006; Experiment 4.1 - 4.3, Keetels et al., in druk; Experiment 5.1 - 5.2; Experiment 6.2,
Keetels & Vroomen, in druk-b).

Hoe wordt het temporele buiksprekereffect gemeten? We gebruiken hiervoor een

paradigma dat is geintroduceerd door Morein-Zamir en haar collega's (2003) en Scheier,
Niiwahan en Shimojo (1999) waarin gebruik werd gemaakt van een visuele temporele-
volgorde-taak (visual TOJ task; ofwel visual Temporal Order Judgment task). In deze en
in onze experimenten kregen proefpersonen steeds twee lichtjes te zien die vlak na elkaar
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Figuur Xederlands, ,Samentatting, Een schematische illustratie van de condities die worden
gebruikt om het 'temporele buikspreker effect' aan te tonen. Proefpersonen kriigen steeds

Mee lichrjes te zien die vlak na elkaar aangaan met een bepaalde Stimulus Onset
Asynchronie (SOA) die kan varitren van  -75 ms.  tot  75 ms. (negatie f betekent onderste
lamp eerst, positief betekent bovenste lamp eerst). De taak van de proefpersoon is om te
beslissen welke van de twee lichties als eerste aanging, de onderste of de bovenste. Er
werden twee geluiden gepresenteerd, ofwel geliiktiidig met het aangaan van de lampies (0

ms. AV-interval, (a) ), ofwel 66n viak voordat het eerste lample crt 66n r lak na het tweede
lampie (100 ms. AV-inten·al; de buikspreker conditie (b) ). Door het temporele
buikspreker effect worden de lampies als het ware in de tiid n:tar de geluids-stimuli
toegetrokken, wat resulteert in een langere waagenomen SOA  (interval)  bii  de  100  ms.
Conditie (b), en dus ook een betere prestatie op de taak (men wordt sensitiever wat
resulteert in een lagere IND ofJust Noticeable Difference).

aangingen; 66n net boven een fixatiepunt en 66n net eronder (ze werden gepresenteerd
met een zogenaamde Stimulus ()nset Asynchronie, of SOA van -75, -60, -45, -30, -15, 15,
30,45,60, of 75 ms, waarbii negatieve getallen aangeven dat het onderste lampie als eerste

aanging). De taak van de proefpersoon is om te beslissen welke van de tivee licbtjes als eerste

aanging, de onderste of de bovenste. Nadat al deze intervallen zo'n 20 keer ziin
aangeboden berekenen we het kleinste interval waarop proefpersonen nog in 75% van de
aanbiedingen een correcte bestissing kunnen maken (50% is kans-niveau, 100% is alles

correct). Deze waarde wordt ook weI de .IND genoemd (de Just Noticeable Difference,
het kleinst waarneembare interval). Om het temporeel buiksprekereffect op te wekken
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werden hvee *luidjes gepresenteerd, 66n vlak voordat het eerste lampie aangaat en 66n vlak
nadat het tweede lampie aangaat (beide keren    100 ms audio-visuele a-synchronie)
Wanneer het temporele buiksprekereffect opt:reedt, worden de lampies als het ware in de
tijd naar de geluids-stimuli toe getrokken (het geluid 'vangt' de visuele waarneming), wat
resulteert in een lan#re waa,genomen SOA (intental) tussen de lampies en dus ook in een
betere prestatie op de taak. Een betere prestatie, ofwel een hogue sensitiviteit resulteert in
een lagere JND (een kleiner interval wordt nog op 75% correct waargenomen). Zie
bovenstaande figuur voor een schematische weergave van het gebruikte paradigma.

In Hoofdstuk 6 (Keetels & Vroomen, in druk-b) is het temporele buiksprekereffect ook
gevonden tussen visuele en tactiele stimuli. Hier bleek dat het tijdstip waarop een visuele
stimulus wordt waargenomen ook kan worden verschoven naar het tiidstip waarop
tactiele stimuli worden aangeboden (in plaats van geluidies, werden in deze stud.ie tactiele
stimuli, korte 'trilleties' op de wi isvingers, voor en na de visuele stimuli gepresenteerd;
Experiment 6.1 - 6.4). Uit het feit dat het temporele inter-sensorische verschuivings-
effect niet alleen optreedt tussen de visuele en auditieve modaliteit maar ook tussen
visuele en tactiele stimuli, kunnen we concluderen dat het een meer generalistisch effect is
dat zich afspeelt tussen de verscbi#ende »tugen in bet agemeen (in plaats van alleen tussen

geluid en visie).

De onderliggende verklaring voor het effect kan worden gezocht in het feit dat het
perceptuele systeem streeft naar temporele coherentie tussen de zintuigen (het
perceptuele systeem 'weet' dat kleirle tijdsverschillen tussen de zintuigen niet perse
betekent dat deze stromen van informatie niet bij elkaar horen). Omdat het visuele
systeem temporeel minder betrouwbaar is dan bijvoorbeeld auditieve temporele
waarneming, wordt het inter-sensorische conflict in dit geval 'opgelost' door meer gewicht
te geven aan de meest betrouwbare zintuigli ike modaliteit:, in dit geval het gehoor.

Nadat was aangetoond dat het temporele buiksprekereffect zich ongeveer hetzelfde
gedraagt voor audio-visuele en visueel-tactiele zintuigparen, hebben we logischerwiis de
stap genomen te onderzoeken of het temporele effect ook aangetoond kon worden tussen
auditieve en tactiele stimuli (Hoofdstuk  7). We hebben hierbij hetzelfde paradigma   als
voorheen gebruikt, maar hebben hierin de visuele TOJ taak vervangen door een tactiele
TOJ taak. Proefpersonen kregen aan iedere wijsvinger een tactiele stimulus aangeboden
(een kort 'trilletje'/vibratie), waarvan de temporele volgorde bepaald moest worden. Om
een temporele buiksprekersituatie te cre8ren wet:d v66r de eerste tactiele stimulus en na de
tweede een geluid agingeboden. De resultaten van deze studie heten geen temporeel
buiksprekereffect zien; cen resultaat wat enigszins opmerkelijk te noemen is omdat
auditief-tactiele inter-sensorische interacties buiten het temporele domein frequent ziin
aangetoond (Caclin et al., 2002; Guest et al., 2002; Jousmaki & Hari, 1998; Kayser et al.,
2005). Van de andere kant is het zo dat verschillende temporele studies voorheen al
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hebben laten zien dat er een verschil is tussen audio-tactiele interacties, en audio-visuele

en visueel-tactiele interacties (Navarra et al., 2006; Zampini et al., 2005a). Gebaseerd op
de bevindingen tot nu toe kunnen we veronderstellen dat audio-tactiele binding 'speciaal'

is in die zin dat kleine temporele a-synchronieEn tussen deze zintuigen niet worden

gecorrigeerd, of wat ook een plausibele verklaring is, dat deze correcties misschien

moeili ik aan te tonen zijn met gedragsmatige testen.

Temporele recalibratie
Naast de directe temporele correcties die plaatsvinden bij aanbiedingen van temporele
inter-sensorische conflicten, is in dit proefschrift ook aangetoond dat dit soort van
temporele correcties ook plaatsvinden op de langere termijn, een fenomeen genaamd
temporele recalibratie (Hoofdstuk 8, 9, en 10; Vroomen et al., 2004; Keetels & Vroomen, in
druk-a; Keetels & Vroomen, submitted). Deze studies laten zien dat het punt dat men
waarneemt als zijnde 'inter-sensorisch synchroon' kan worden aangepast aan hetgeen
waaraan iemand vooraf is blootgesteld (het perceptuele systeem kan als het ware worden

'geleerd' dat een auditief-eerst stimulus, of juist een visueel-eerst stimulus als gelijktijdig
moet worden waargenomen; het systeem kan opnieuw 'geiikt' worden). In dit proefschrift
wordt temporele recalibratie gemeten door proefpersonen een tijdje bloot te stellen aan

kunstmatig geinduceerde asynchrone inter-sensorische stimuli (een aantal minuten waarin
een proefpersoon steeds een net asynchrone lichtflits en piep te zien/horen krijgen).

Hierna wordt het punt gemeten dat proefpersonen als gelijktijdig waarnemen met behulp

van een cross-modale TOJ taak (een taak waarbii visuele en auditieve stimuli worden
aangeboden met variErende  SOAs, waarbil  de taak is  om  aan te geven of geluid of visie als

eerste kwam). Na het uitvoeren van deze taak kunnen we het interval (SOA) berekenen

waarop de proefpersoon de piep en de lamp als gelijktiidig waarnam (de PSS, Point of
Subjective Simultaneity). Het typische resultaat bii temporele recalibratie is dat na auditief-
eerst adaptatie (3 minuten blootstelling aan een a-synchrone AV-stimulus waarvan het

geluid net iets eerder wordt gepresenteerd dan de visuele informatie) een auditief-eerst
stimulus als meer gelijktijdig wordt waargenomen dan na visueel-eerst adaptatie. De
stimulus die iemand waarneemt als ziinde gelijktijdig is dus aangepast aan hetgeen het
perceptuele systeem hieraan voorafgaand heeft 'geleerd'. Deze temporele recalibratie (het
opnieuw 'iiken' van inter-sensorische synchroniciteit) is in dit proefschrift aangetoond
tussen de auditieve en visuele modaliteit (Hoofdstuk 8 en 9; Keetels & Vroomen, in
druk-a; Vroomen et al., 2004) en tussen de visuele en tactiele zintuig modaliteiten

(Hoofdstuk 10; Keetels & Vroomen, submitted). Dit effect leert ons dat het perceptuele
systeem tameliik flexibel is en zich aanpast (zich re-kalibreert) aan kleine audio-visuele 6n

visueel-tactiele a-synchronieEn op eenzelfde soort manier. Deze bevinding wordt nog
eens gesterkt door het feit dat de recalibratie-effecten ongeveer even groot ziin voor beide

zintuigcombinaties.
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Ken andere interessante bevinding aangaande het temporele recalibratie-effect is het
feit dat het effect generaliseert naar 'andere' test-stimuli dan de stimull waaraan de

proefpersoon is geadapteerd (Hoofdstuk 9; Keetels & Vroomen, in druk-a). In deze
studie werden proefpersonen net als in de hierboven beschreven studies een aantal
minuten blootgesteld aan a-synchrone AV-stimulus paren (auditief-eerst of visueel-eerst)
waarna    een    auditief-visuele    T()j taak moest worden   uitgevoerd.    Om    te    testen    of
temporele recalibratie alleen optreedt wanneer de test-stimuli  (de  TOJ stimuli) hetzelfde

ziin als de adaptatie-stimuli (de 'blootstel'-stimuti), of dat het effect ook generaliseert naar
andere testparen, hebben we proefpersonen, na adaptatie, getest met stimuli die geliik
waren qua spatiele set-up of hierin juist verschillend waren. In andere woorden, bij een
verschillende set-up bestond de adaptatiestimulus uit een lamp en piep die uit dezelfde
locatie kwamen, en bestond de teststimulus uit een lamp en piep die werden aangeboden
vanuit verschillende locaties, of vice versa (adaptatie met spatiele dispariteit en test-
stimulus ge-co-lokaliseerd).   De resultaten lieten  zien dat temporele   recalibratie   (de
verschuiving van het punt dat proefpersonen als geliiktiidig waarnemen; de her-iiking van
synchroniciteit) ook plaatsvond wanneer de adaptatie en test-stimuli verschilden in
spatiele set-up. Dit experiment leert ons dat temporele recalibratie generaliseert naar
'andere' test-stimuti, wat betekent dat het perceptuele systeem zich aan kan passen aan
kleine didsverschillen tussen verschillende zintuigmodaliteiten en deze aanpassing ook kan

toepassen in andere situaties.

Samengenomen kan worden geconcludeerd dat temporele correcties plaatsvinden op
een meer algemeen niveau in de perceptie; dit komt naar voren uit het feit dat temporele
recalibratie generaliseert naar andere situaties, en het feit dat de aanpassingen tussen
audio-visuele en visueel-tactiele a-synchronieen zich op dezelfde wiize manifesteren, met
ongeveer dezelfde grootte van effecten. Ook het feit dat het temporele buiksprekereffect
in dezelfcle mate optreedt tussen audio-visuele en visueel-tactiele zintuig combinaties,
suggereert een sterke overeenkomst tussen de integratieprocessen van verschillende

zintuig combinaties.

Spatiele effect op inter-sensorische binding
Veel gedrags- en neuropsychologisch onderzoek heeft het belang van spatiele co-
lokalisatie en temporele synchroniciteit benadrukt als zi inde twee belangrijke voorwaarden
voor inter-sensorische binding (e.g., Bedford, 1989; Bertelson, 1999; Radeau, 1994; Stein

& Meredith, 1993; Welch, 1999; Welch & Warren, 1980). De resultaten van een aantal
studies beschreven in dit proefschrift gaan echter in tegen het spatiele gedeelte van deze

opvatting (de notie dat inter-sensorische integratie alleen plaatsvindt wanneer de
inforrnatie van de verschillende zintuigen afkomstig is vanuit Edn en dezelfde locatie)
Deze studies tonen aan dat spatiele co-lokalisatie geen algemene voorwaarde is voor inter-

sensorische waarneming. In eerste instantie hebben we dit laten zien door gebruik te
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maken van het temporele buiksprekereffect tussen auditieve en visuele informatie (een
manifestatie van inter-sensorische binding). In Hoofdstuk 3 (Vroomen & Keetels, 2006)
hebben we aangetoond dat dit inter-sensorische effect (het auditief'vangen' van de timing

van visuele informatie) even sterk aanwezig blijft wanneer de auclitieve stimuli vanuit een

andere locatie worden aangeboden dan de visuele stimuli. Dus ondanks het feit dat

geluiden helemaal rechts of links van de proefpersoon werden aangeboden, was er nog
steeds een temporele interactie met visuele stimuli die recht voor de proefpersoon

verschenen (ondanks de spatiele discrepantie vond er nog steeds inter-sensorische

integratie plaats). De algemeenheid van deze bevinding werd onderzocht door het effect

van inter-sensorische co-lokalisatie tussen de visuele en tactiele zintuig modaliteit te

bekiiken (Hoofdstuk 4; Keetels & Vroomen, in druk). Ook hier bleek dat het visueel-

tactiele buiksprekereffect niet werd beinvloed door het weI of niet op dezelfde locatie
aanbieden van verschillende zintuigstimuli. Omdat tactiele stimuli in eerste instantie

spatieel worden gecodeerd in het brein (in tegenstelling tot auditieve stimuli die een
tonotopische, op basis van frequenties, initiae codering kennen) suggereren deze

bevindingen zeer sterk dat het delen van dezelfde locatie g€en voorwaarde is voor inter-

sensorische binding in bet agemeen.

In een laatste studie over dit onderwerp is onderzocht hoe de inter-sensorische

correctie op de lange termi in, gemeten met behulp van temporele recalibratie, wordt
beinvloed door spatiele dispariteit (Hoofdstuk 9; Keetels & Vroomen, in druk-a). Hier
hebben we gedemonstreerd dat temporele recalibratie ook plaatsvindt wanneer auditieve

en visuele stimuli vanuit verschillende locaties werden aangeboden tiidens adaptatie

(didens de blootstellings-fase). Deze resultaten leveren sterk bewiis dat ook wanneer

inforrnatiestromen van verschillende zintuigen vanuit verschillende locaties worden

gepresenteerd, deze twee toch een temporele binding aangaan, gegeven dat er naderhand

een verschuiving wordt gemeten in het punt van waargenomen zintuighike

synchroniciteit. Zoals hierboven al vermeld, werd in deze studie bovendien aangetoond
dat het effect zelfs aantoonbaar was bii test-stimuli op andere locaties, wat de notie dat

spatiele co-lokalisatie noodzakeliik is voor inter-sensorische binding verder ontkracht.

Opvallend is dat in 66n studie in dit proefschrift u,el een effect van spatiele co-lokalisatie

op audio-visuele temporele gevoeligheid is gevonden (Hoofdstuk 2; Keetels & Vroomen,

2005).In deze studie hebben we laten zien dat audio-visuele TOJs (taak: kwam de
auditieve of visuele stimulus als eerste?) beter worden wanneer geluid en licht niet vanuit

dezelfde locatie komen, een bevinding die in overeenkomst is met verschillende andere

studies in de inter-sensorische literatuur (e.g., Bertelson & Aschersleben, 2003; Spence et
al., 2003, Zampini et al., 2005; Zampini et al., 2003a, 2003b). Tenminste mee verklaringen

worden naar voren gebracht voor deze verhoogcle temporele sensitiviteit wanneer locaties

tussen geluid en licht verschillen. De eerste is dat er meer inter-sensorische integratie
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optreedt wanneer stimuli van verschillende zintuigen dichter bii elkaar worden
aangeboden. Dit tengevolge van het feit dat de temporele afstand gefuseerd wordt, wat
resulteert in meer moeite op de audio-visuele TC)J taak (de inter-sensorische integratie
verklaring). Een tweede verklaring is dat proefpersonen over extra spatiele informatie
beschikken om hun antwoorden op te baseren wanneer inter-sensorische st]mulusparen
vanuit verschillende locaties afkomstig ziin (Spence et al., 2003). Volgens deze verklaring

weten proefpersonen misschien in eerste instantie niet welke zintuigniodaliteit als eerste
werd gepresenteerd, maar weten ze misschien wel aan welke kant de eerste stimulus
kwam, en wat de relatieve posities van de modaliteiten waren. Dus omdat proefpersonen
over deze spatiele redundante informatie beschikken, kunnen zi j afleiden welke modaliteit
als eerste werd gepresenteerd. Gegeven dat de resultaten van dit proefschrift over het
algemeen laten zien dat temporele inter-sensorische binding onafhankehik is van spatiele

discrepantie (Hoofdstuk 3,4,6,9; Keetels et al., in clruk; Keetels & Vroomen, in druk-a,
in druk-b; Vroomen & Keetels, 2006), kunnen we hier voorzichtig concluderen dat de
geobserveerde effecten van spatiele separatie op audio-visuele TOJ-sensitiviteit vooral
geinduceerd worden door de beschikbaarheid van extra spatiele cues.

De  vmag blijft echter bestaan waarom meerdere studies  in de inter-sensorische literatuur
wel een afname van inter-sensorische integratie laten zien wanneer zintuiglijke stimuti met
spatiele separatie worden aangeboden (zie Calvert et al., 2004; Spence & Driver, 2004
voor reviews), terwijl wi j consistent het tegenovergestelde aantonen (Hoofdstuk 3,4,6,9).
Over het algemeen moet worden opgemerkt dat bi j de experimenten waarin w61 een
effect van co-locatie is gevonden, de spatiele locaties van de stimuli expliciet of impliciet
van belang ziin voor het uitvoeren van de taak, of dat het experimenten ziin waarin

spatiele aandacht een rol kan spelen. Men zou dus kunnen zeggen dat in deze gevallen de
spatiele locatie van de stimuli, de proefpersonen kan helpen bij het uitvoeren van een
taak, en dat om diezelfde reden dus een effect van co-locatie wordt gevonden. Dit
impliceert echter niet dat zonder zintuighike co-lokalisatie gddn inter-sensorische
integratie kan plaatsvinden.

Het idee dat inter-sensorische integratie niet wordt beinvloed door spatiele separatie
tussen de modaliteiten (als spatiele kenmerken, of spatiele aandacht geen rol spelen) is
enigszins contra-inruidef te noemen. Dit omdat welgenomen de meeste natuurliike multi-
sensorische gebeurtenissen vanuit 66n spatiele bron afkomstig ziin Echter, een
onderliggende kritieke assumptie in het idee dat spatiele congruentie cruciaal is voor inter-
sensorische binding is dat spatiele informatie dezelfde functie heeft in de verwerking van
visuele, auditieve en tast informatie. Deze not:ie is echter kwestieus. Voor visie is ruirnte
een onmiskenbaar kenmerk gebleken (Kubovy & Van Valkenburg, 2001), terwi il de
functie van spatiele codering in het auditieve en tactiele domein heel anders is. Zo wordt
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gesuggereerd dat het lokaliseren van geluid voornameli ik is getvolueerd om het visuele
systeem te kunnen sturen (Heffner & Heffner, 1992), en op diezelfde manier is het ook
denkbaar dat de spatiele codering van tast eenzelfde rol vervult in de perceptie (Stein &
Meredith, 1993). Als men accepteert dat spatiele codering in de verschillende modaliteiten
verschillende functies heeft dan is er geen a priori reden waarom inter-sensorische

integratie afhankeli ik moet ziin van spatiele co-lokalisatie.

Intra-sensorische effecten op inter-sensorische binding
Ondanks het feit dat de studies in dit proefschrift zich vooral richten op de binding van
st:innuli van verschillende zintuigliike modaliteiten (inter-sensorische waarneming), is het
zo dat het perceptuele systeem ook om moet kunnen gaan met de integratie van
informatie binnen de zintuigen (intra-sensorische waarneming), En met de interactie
tussen deze twee, nameliik het samenspel tussen inter- en intra-sensorische waarneming

In Hoofdstuk 4 (Keetels et al., in druk). hebben we dit onderwerp aangekaart door het
bestuderen hoe inter-sensorische binding wordt beinvloed door intra-modale binding De
grootte van het audio-visuele temporele buiksprekereffect werd gebruikt als een meting
van de hoeveelheid inter-sensorische binding, en we hebben onderzocht hoe dit effect

wordt geaffecteerd door intra-sensorische auditieve verwerking. Intra-sensorische
auditieve binding werd gevarieerd door de auditieve stimuli, die mogelijk een interactie
aangingen met de visuele stimuli, aan te bieden in een auditieve context (ze werden

aangeboden in een reeks van geluiden met eenzelfde of verschillende frequentie, ritme of

locatie). De resultaten lieten zien dat het temporele buiksprekereffect, ofwel de mate van
inter-sensorische binding, kleiner werd wanneer de geluiden die normaliter interacteerden
met de visuele stimuli, werden aangeboden in een omgeving waarin zii een interactie
aangingen met de 'omgevings'-geluiden. We concluderen daarom dat het groeperen van
geluiden in een auditieve stroom in de sensorische verwerking voorafgaat aan inter-
sensorische bincling. Omdat deze resultaten overeenkomen met verschillende andere

studies waarin het effect van intra-sensorische auditieve groepering op inter-sensorische

binding werd onderzocht (Vroomen & de Gelder, 2000; Watanabe & Shimojo, 2001), lijkt
het hier veilig te concluderen dat intra-sensorische processen zich in het perceptuele

proces afspelen v66r de inter-sensorische binding zich voltrekt.

Inter-sensorische binding in de fovea en in het perifere visuele veld
Verschillende inter-sensorische effecten zi in minder sterk gebleken wanneer ze in de
fovea (het centrum van het visuele gezichtsveld waarin de gevoeligheid van het netvlies

het hoogst is voor het zien van detail) plaatsvinden dan wanneer ze in het perifere visuele
veld (het minder scherpe gezichtsveld om de fovea heen) worden aangeboden (Shams et
al., 2002a; Shams et al., 2003; Shams et al., 2002b). In Hoofdstuk 5 hebben we
onderzocht of het perifeer-foveaal verschil ook aantoonbaar is voor het temporele
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buiksprekereffect. Het temporele buiksprekereft-ect w·erd opgewekt doc,r gebruik te
maken van de visuele TOI taak waarin een kort geluid voor en na de visuele stimuli werd
aangeboden. ()m het effect van verschillende locaties van het visuele veld te onderzoeken
werken de visuele stimuli ofwel in de fovea gepresenteerd (op 1 graad afstand links en
rechts van het fixatie-punt), ofwel in het perifere visuele veld (op 5 graden afstand links
en rechts van het fixatie-punt). Hier lieten de resultaten zien dat de TC).1 taak over het
algemeen makkelijker was wanneer de lampies in de fovea werden gepresenteerd (lagere

INDs; lagere kleinst waarneembare intervallen), en dat er een trend was in de richting van
grotere temporele buiksprekereffecten in het perifere visuele veld, in vergeliiking tot het
foveale visuele veld. Om te controleren of het niet de lamp-lamp afstand was die dit effect

veroorzaakte (die was namelijk groter in de perifere conditie) is er een tweede experiment
uitgevoerd wagirbii de afstanden tus.sen de visuele stimuli constant werden gehouden (in
beide condities 2 graden lamp-lamp afstand; ofwel in de forea, ofwel in het perifere
visuele veld gepresenteercl). Nu bleek er geen verschil te ziin in moeiliikheid van de TOI
taak, en er bleek ook geen verschil te ziin in de hoeveelheid temporeel buiksprekereffect.
Gegeven dat de effecten zeer klein waren, concluderen we dat er mogelijk plafondeffecten
een rol hebben gespeeld en kunnen er op basis van deze resultaten nog Keen duideliike
conclusies worden getrokken aangaande de rol van foveale en perifere visuele velden vcmr

het inter-sensorische temporele buiksprekereffect.

Samenvatting en Conclusies
In dit proefschrift werd getracht een bijdrage te leveren ian een antwoord op de vragen
'hoe de verschillende zintuiglijke mc,daliteiten met elkaar samenwerken' en 'hoe coherente

representaties van de omgeving worden gevormd'. Natuurlijk kan dit proefschrift op deze

relatief grote vragen geen sluitend antwc,ord geven. Wel is het zo dat we zeker een stuk
wi izer ziin geworden aangaande het ondemerp 'inter-sensonkcbe binding in bet temporele

domein'.

Zo is ten eerste aangetoond dat het perceptuele systeem, zij het binnen bepaalde

FIerw.en, kan comgeren voor temporele a-€yncbroniciteit tussen rersebillende Wntuiglijke

informatiestromen, en is er gebleken dat het systeem dit op zo'n manier doet dat de meest
betrouwbare zintuigmodaliteit de timing van de minder betrouwbare modaliteit 'vangt'

(het temporeel buiksprekereffect). Dit is een bevinding die toepasbaar is gebleken voor
zowel auditief-visuele en visueel-tactiele zintuigcombinaties. Ook hebben we aangetoond
dat dit soort van temporele correcties ook op de lange termiin plaatsvinden (temporele

recalibratie). Deze beide effecten, het temporele  buiksprekereffect,  en  het  temporele

recalibratie-effect,  ziin van groot belang voor het behouden van temporele coherentie
tussen de zintuigen, en getuigen van de flexibiliteit van ons brein om te corrigeren voor

de, per situatie verschillende, hoeveelheid inter-sensorische a-synchroniciteit.
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Een andere belangrijke bevinding die we hebben gedaan, betreft de mate waarin
Kintuigljke co-lokalisatie een nood keloke voonvaarde is voor inter-sensorisibe integratie. Uit
verschillende studies beschreven in dit proefschrift is gebleken dat temporele inter-
sensorische binding nog steeds plaatsvindt wanneer informatie van verschillende

zintuigen vanuit verschillende locaties komt. Ondanks het feit dat deze bevinding in

zekere zin contra-intuitief te noemen is, concluderen we dat het brein spatiele co-
lokalisatie niet in het algemeen gebruikt als 'cue' voor het wel of niet integreren van inter-
sensorische informatie.

Een ander interessepunt in dit proefschrift betrof de interadie tussen intra-sensonkbe

binding en inter-sensoriscbe binding (respectievelijk de binding 'binnen' en 'tussen' zintuigen).
Aangaande dit onderwerp is gevonden dat de mate van inter-sensorische temporele
binding afneemt wanneer geluiden die normaliter temporeel interacteren met visuele

stimuli, in een bepaalde auditieve context worden aangeboden. We concluderen daarom
ook dat intra-sensorische auditieve waarneming in het perceptuele verwerkingsproces
vooraf gaat aan inter-sensorische integratieprocessen.

Dan tot slot moet ik besluiten met twee studies waarin gddn sluitende resultaten zijn
gevonden. Zo is uit de huidige experimenten niet geheel duidelijk hoe en of temporele
comdies ook plaatsvinden  tussen  de  auditieve en  tactiele  dintuig modaliteiten, en hebbenwe nog geen

sluitend ant,voord kunnen vinden op de vraag of verscbillende locaties in bet visuele veld de mate
van inter-sensoriscbe integratie bdnvioeden. Dit ziin zaken die in vervolg onderzoeken zeker nog

aan de orcle gesteld gaan worden.
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