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One of the oldest andmost important questionsinmulti-
sensory information-processing research relates to the
extent to which people can discriminate the temporal or-
dering of stimuli presented in different sensory modali-
ties (e.g., Bloch, 1887; Exner, 1875;Hamlin, 1895;Whip-
ple, Sanford, & Colgrove, 1899; see Smith, 1933, for an
early review). The ability to discriminate whether two
events are simultaneous or not is particularly important
given that synchrony provides one of the most salient cues
(along with spatial location) regarding whether stimuli in
different sensory modalities should be bound together to
form a singlemultisensoryperceptual object or else treated
as separate and independent perceptual objects/events
(cf. Driver & Spence, 2000; Robertson et al., 2001; Slut-
sky & Recanzone, 2001; Stein & Meredith, 1993).

A majority of researchers interested in this topic have
used the temporal order judgment (TOJ) task to assess
people’s sensitivity to temporal asynchrony between
stimuli presented in different sensory modalities.1 In a
typical TOJ study, participants are presented with two
stimuli at varying stimulus onset asynchronies (SOAs)
and are required to judge which stimulus was presented
first. In their seminal multisensory TOJ study, Hirsh and
Sherrick (1961) reported that the interval between stimuli
required for participants to judge which modality came
first on 75% of the trials (the so-called just noticeabledif-
ference, or JND) was 20 msec when only two stimuli
were presented. Surprisingly, the JND remained rela-
tively constant across various intramodal andmultisensory
combinations of auditory, visual, and tactile stimuli.
Similar results have been reported in a number of other
multisensory TOJ studies (e.g., Bald, Berrien, Price, &
Sprague, 1942; Rutschmann & Link, 1964; although see
Jaśkowski, Jaroszyk, & Hojan-Jerierska, 1990).2

Spatial Redundancy and Multisensory TOJs
Hirsh and Sherrick (1961) may, however, have sys-

tematically overestimated people’s ability to make mul-
tisensory TOJs, because the stimuli in the different sen-
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In Experiment 1, participants were presentedwith pairs of stimuli (one visual and the other tactile)
from the left and/or right of fixation at varying stimulus onset asynchronies and were required tomake
unspeeded temporal order judgments (TOJs) regarding which modality was presented first. When the
participants adopted an uncrossed-hands posture, just noticeable differences (JNDs) were lower (i.e.,
multisensory TOJs were more precise) when stimuli were presented from different positions, rather
than from the same position. This spatial redundancy benefit was reduced when the participants
adopted a crossed-hands posture, suggestinga failure to remap visuotactile space appropriately. In Ex-
periment 2, JNDs were also lower when pairs of auditory and visual stimuli were presented from dif-
ferent positions, rather than from the same position. Taken together, these results demonstrate that
people can use redundant spatial cues to facilitate their performance on multisensory TOJ tasks and
suggest that previous studies may have systematicallyoverestimated the precisionwith which people
can make such judgments. These results highlight the intimate link between spatial and temporal fac-
tors in determining our perception of the multimodal objects and events in the world around us.
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sory modalities were always presented from different
spatial locations in their study: Auditory stimuli were
presented via an earphone, tactile stimuli were presented
to the index finger placed by the participant’s side, and
visual stimuli were presented from a screen placed di-
rectly in front of the participant. Consequently, the par-
ticipants may simply have responded on the basis of
which location was stimulated first, rather than on the
basis of whichmodality they perceived first (as they had
been instructed by Hirsh & Sherrick, 1961; cf. Spence &
Driver, 1997). That is, the participantsmay have used the
spatial redundancy to improve their multisensory TOJ
performance.3
Support for the claim that people may use redundant

cues to facilitate their performance on the multisensory
TOJ task comes from a study by Taylor (1978), in which
redundant tactile cues were shown to facilitate perfor-
mance on an intramodal tactile TOJ task. Similarly,
Hirsh and Sherrick (1961, p. 428) also reported a ten-
dency for redundant pitch cues to facilitate intramodal
auditory spatial TOJs. To the best of our knowledge,
stimuli in different modalitieswere presented from differ-
ent spatial locations in almost all previous multisensory
TOJ studies (e.g., Bald et al., 1942; Dinnerstein & Blitz,
1964;Hamlin, 1895; Jaśkowski et al., 1990; Rutschmann
& Link, 1964; Smith, 1933; Teatini, Farnè, Verzella, &
Berruecos, 1976; Whipple et al., 1899; although see
Gengel & Hirsh, 1970, for a solitary exception to this
claim). Consequently, it is possible that people may ac-
tually be much worse at judging the correct ordering of
stimuli presented to different sensory modalities than the
majority of the empirical literature would suggest.
The primary aim of the present studywas, therefore, to

examine whether people can use spatial cues when mak-
ing multisensory TOJs regarding which modality has
been presented first. In Experiment 1, we presented pairs
of visual and tactile stimuli from either the same or dif-
ferent spatial locations.The stimuli were separated by an
SOA of between 10 and 200 msec, using the method of
constant stimuli (see Coren,Ward, & Enns, 1999; Shore,
Spence,& Klein, 2001). The participantsmade unspeeded
footpedal discrimination responses regarding which
modality came first? Our prediction was that if partici-
pants can use redundant spatial information when judg-
ing which modality was presented first (or else if they
respond, when possible, on the basis of which location
was presented first), JNDs should be larger (i.e., perfor-
mance should be less accurate) on trials in which the two
stimuli were presented from the same spatial location
than when they were presented from different locations.
In Experiment 2, we used a similar paradigm to investi-
gate the role of spatial redundancy in audiovisual TOJs.

Posture Change and TOJs
Recently, several researchers have reported that changes

in posture can dramatically affect tactile temporal per-
ception (e.g., Shore, Spry, & Spence, 2002a, 2002b; Ya-
mamoto & Kitazawa, 2001a, 2001b). For example, Shore

et al. (2002b) showed that tactile spatial TOJs (left vs.
right stimulus first?) for pairs of identical vibrotactile
stimuli presented one to either hand are more accurate
(i.e., JNDs are lower) when the hands are placed far apart
than when placed close together, despite the fact that the
tactile stimulation remained constant across posture
change. Similarly, Shore et al. (2002a) and Yamamoto
and Kitazawa (2001a) have shown that people’s ability
to discriminatewhich hand was stimulated first by a tac-
tile stimulus can be disrupted by simply crossing the
hands. The participants in Shore et al.’s (2002a) study
achieved JNDs of 34 msec when the hands were posi-
tioned in an uncrossed posture and 124 msec when the
hands were crossed (so that the right hand lay in the left
hemispace and the left hand in the right hemispace) in
complete darkness. By contrast, no such spatiotemporal
processing deficit was reported for pairs of visual stim-
uli placed in identical positions to the two tactile stimuli
when the participants crossed their hands (Shore et al.,
2002a; Yamamoto & Kitazawa, 2001a).
These results, showing an apparent failure to localize

tactile stimuli appropriately when the hands are crossed,
contrast with the pattern of results now emerging from
other research in which people appear to localize touch
to the crossed hands without any problem. For example,
Kennett and colleagues (e.g., Kennett, Eimer, Spence, &
Driver, 2001; Kennett, Spence, & Driver, 2002) have
shown that a spatially nonpredictive vibrotactile stimu-
lus (similar to that used by Shore et al., 2002a) presented
to either the left or the right hand leads to an automatic
(i.e., exogenous) shift of visual spatial attention to the
appropriate external location of the vibrotactile stimu-
lus, no matter whether the hands are placed in an un-
crossed or a crossed posture. Kennett et al.’s results
therefore show that people are capable of localizing vi-
brotactile stimuli presented to the crossed hands under at
least certain conditions (see also Anzola, Bertoloni,
Buchtel, & Rizzolatti, 1977, and Bradshaw, Howard,
Pierson, Phillips,& Bradshaw, 1992, for similar results).
The question therefore arises as to what is (are) the

critical difference(s) between the TOJ studies reported by
Shore et al. (2002a) and Yamamoto and Kitazawa (2001a,
2001b) and the spatial cuing studies reported by Kennett
et al. (2001; Kennett et al., 2002) and others that account
for this difference. It is possible that the difficulty in the
TOJ studies stemmed from the fact that people find it
difficult to process (or spatially remap) two or more vi-
brotactile stimuli if they are presented in rapid succes-
sion in the crossed posture. This might be due to some
form of computational overload or spatiotemporal ambi-
guity specific to the tactile system (see Shore et al., 2002a,
andWeiland, 1960, on this point). Alternatively, the con-
fusion might be caused by differences between the TOJ
and the spatial discrimination tasks themselves. For ex-
ample, participants had to localize the vibrotactile stimuli
in order to respond correctly in the TOJ studies, whereas
they only had to respond explicitly to visual stimuli (and
not to the spatially nonpredictivevibrotactilecue) in Ken-
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nett et al.’s (2001; Kennett et al., 2002) spatial cuing stud-
ies. However, it seems unlikely that this last explanation
will account for the difference, given that several other
studies have shown that people can easily localize single
tactile stimuli when their hands are crossed over the mid-
line (e.g., Anzola et al., 1977; Bradshaw et al., 1992).
The second major aim of Experiment 1 was, therefore,

to assess whether people would find it difficult to local-
ize a vibrotactile stimuluswhen it was presented together
with a visual stimulus in the multisensory TOJ setting. If
participants have no difficulty in localizing the vibro-
tactile stimulus in the crossed posture, we would predict
that their performance should be no different from that
seen in the uncrossed posture. If, however, people find it
difficult to localize a vibrotactile stimulus in the crossed
posture when it is presented close in time to a visual
event near one or the other hand, we would expect per-
formance to change. More specifically, we would expect
that the spatial redundancy gains predicted (and found)
in the uncrossed posture when vision and touch are pre-
sented from different spatial positions (as compared with
the same location) would be eliminated in those blocks
of trials in which the participants adopted a crossed-
hands posture.

EXPERIMENT 1

Methods
Participants . Ten participants (mean age of 20 years) were re-

cruited to take part in the experiment, which took approximately
60 min to complete. All the participants were naive as to the pur-
pose of the experiment, and none had taken part in any psy-
chophysical experiments before.

Apparatus and Materials . The experiment was conducted in a
completely dark sound-attenuated room. The participants were
seated at a table facing straight ahead, with their heads resting on a
chinrest. A red light-emitting diode (LED; luminance of 64.3 cd/m2)
was placed 62 cm in front of the participants on the table and served
as a fixation point. Two identical red LEDs were positioned 26 cm
to either side of the fixation light at the same distance from the par-
ticipant. Two Oticon-A (100W) bone conduction vibrators, with vi-
brating surfaces 1.6 cm in width and 2.4 cm in length, were used to
present the vibrotactile stimuli. One vibrator was placed directly in
front of each of the two peripheral LEDs (i.e., from the same spa-
tial locations). The vibrators were driven by a 200-Hz sine wave
signal from a signal generator. When adopting the uncrossed pos-
ture, the participants rested their hands on the table directly in front
of them, with their left index fingers resting over the left vibrotac-
tile stimulator and their right index fingers over the right vibrator.
When adopting the crossed posture, the participants crossed their
hands over the midline so that the left index fingers now rested over
the right vibrotactile stimulator and their right index fingers rested
over the left vibrator. Visual stimuli consisted of the onset of one or
the other target LED for 15 msec, and the tactile stimuli consisted
of the onset of either vibrotactile stimulator for 15 msec. (Note that
these stimulus durations are somewhat longer that those used in
Hirsh & Sherrick’s, 1961, seminal study.) Although the visual and
tactile stimuli in our study were presented at a clearly suprathresh-
old level, no specific attempt was made to try and match their in-
tensities. 4 White noise was presented continuously at 75 dB (A)
binaurally over headphones throughout the experimental blocks to
mask any sound made by the operation of the vibrators.
The participants normally kept two footpedals depressed, one

under the toe and the other under the heel of their right foot. The

participants lifted their toes to indicate that the visual stimulus had
been presented first and their heels to indicate that the tactile stim-
ulus appeared to have been presented first. Given the use of briefly
presented discrete tactile and visual stimuli, the participants pre-
sumably could use information from the relative perceived time of
onset of the two stimuli, information from the relative perceived
offset of the stimuli, or both types of information in making their
TOJ responses in the present experiment (cf. Stone et al., 2001). No
specific attempt was made to counterbalance the toe–heel response
mapping. However, we think it unlikely that this affected perfor-
mance, given that the participants were required to make unspeeded
TOJ responses in our study. We used footpedal responses, rather
than buttonpress responses, to limit any stimulus–response com-
patibility effects, given lateral displacement of the hands (see, e.g.,
Simon, 1990), and also to rule out any problems in the crossed pos-
ture condition that might be associated with being uncertain as to
which button to press (see Shore et al., 2002a). We have used
footpedal responding in a number of our previous multisensory
studies (e.g., Spence, Nicholls, Gillespie, & Driver, 1998; Spence,
Pavani, & Driver, 2000; Spence, Shore, & Klein, 2001), and par-
ticipants find it easy to use such a method to respond.
The response made by the participant was indicated by the illu-

mination of one of two LEDs placed directly above and below the
fixation light immediately after a response was detected. The upper
light was illuminated to indicate a vision-first response, and the
lower light was illuminated to indicate a touch-first response. The
inclusion of the feedback lights was designed to facilitate the ac-
quisition of the footpedal response mapping by the participants
without giving them any corrective error feedback (which might
have affected their performance and, possibly, even their point of
subjective simultaneity [PSS]; see Gengel & Hirsh, 1970). Presen-
tation of the stimuli and monitoring of the responses was controlled
by an IBM 486 compatible microcomputer using a program written
in Turbo Pascal 6.0. Timing was controlled by an 82C54 interval-
timer chip on one of the input–output cards (DCM-16 and DOP-
24; Blue Chip Technology, Deeside, U.K.) that interfaced to the
LEDs, vibrotactile stimulators, and response pedals.

Design . There were 40 equiprobable conditions produced by
crossing the three within-subjects factors: stimulus location (same
vs. different position), SOA between target stimuli (2200, 290,
255, 230, 210, 110, 130, 155, 190, and 1200 msec; negative
SOAs indicate that the visual stimulus was presented first, whereas
positive values indicate that the tactile stimulus was presented
first), and posture (uncrossed- vs. crossed-hands posture). Our de-
cision to use a relatively broad range of SOAs (which were much
wider that those used by Hirsh & Sherrick, 1961) was based on our
previous work on prior entry, using a similar TOJ paradigm (see
Shore et al., 2001; Spence, Shore, & Klein, 2001). The participants
completed two blocks of 20 practice trials, followed by eight blocks
of 80 test trials. The participants performed each block of trials in
either the crossed or the uncrossed posture, with posture alternat-
ing between successive blocks of trials. Half of the participants
started with their hands in the uncrossed posture, whereas the re-
mainder started with their hands in the crossed posture. The partic-
ipants were presented with 64 single-target trials before the start of
the experimental session to familiarize them with the stimulus–
response mapping used in this experiment. The SOAswere doubled
in the first practice block of TOJ trials to facilitate the participant’s
acquisition of the TOJ discrimination task. The visual and tactile
stimuli were equally likely to be presented from the left as from the
right of fixation.

Procedure. At the start of the experiment, the participants were
informed that they would be presented with one visual and one tac-
tile stimulus on each trial and that each of these stimuli could be
presented randomly from either the left or the right on each trial.
They were informed that they would have to decide on each trial
which stimulus modality had been presented first and that they
would probably find this discrimination diff icult on some occa-
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sions. The participants were also informed that the task was un-
speeded and that they should respond only when confident of their
response. The fixation light was illuminated at the beginning of
each trial. The participants were instructed prior to the experiment
to maintain fixation on this central red LED throughout each block
of trials. After a delay of 750 msec, the first stimulus was presented
from either the left or the right of fixation.5 The second stimulus
was presented after the SOA specified for that condition. If the par-
ticipants made an anticipatory response (i.e., prior to the onset of
the first stimulus) or failed to make a response before the trial was
terminated (3,000 msec after the onset of the first stimulus), an
error feedback signal was presented (,1% of the trials). This con-
sisted of the flickering of the fixation light for 1,000 msec. Other-
wise, the participant’s response was indicated by the illumination of
one of the central lights for 500 msec. The fixation light was illu-
minated to indicate the start of the next trial 750 msec after the end
of the preceding trial.

Results
The population average response for the uncrossed

and crossed postures of Experiment 1 are shown in Fig-
ures 1A and 1B. Although this is an intuitive way of
viewing the data, it can be statistically misleading, since
if the PSS varied between participants, then in the group
average this would misleadingly appear as a change in
slope (see also Estes, 1956). The calculationof both JNDs
and slopes is far more accurate if a model is fit to each
participant’s data and, then, the parameters extracted
from the resulting curve. This procedure of estimating pa-
rameters from a fitted psychometric curve is a standard

psychophysical procedure (for an introduction, see Watt,
1991). To perform this procedure of model fitting and
parameter extraction for the data from Experiment 1 re-
quires a model that relates the SOA to the probability of
a touch-first response, and two candidatemodels suggest
themselves.
The f irst model (the optimal inference model) as-

sumes that (1) the participants have two categories of re-
sponse, vision first or touch first, (2) there is uncertainty
associated with the measurements of the time of onset of
the tactile and visual stimuli, (3) this uncertainty is as-
sumed to be approximately the same for both visual and
tactile stimuli and is well described by a normal distrib-
uted internal estimate, and (4) participants perform hy-
pothesis testing to determine which event occurred first:
That is, they attempt to calculate the probability that the
stimulus ensemble was of the type touch first. Given
these four assumptions and an equally poor probability
for it being either vision or touch first, probability the-
ory (Bayes rule) states that P(touch first | SOA) 5
P(SOA| touch first)/[P(SOA | touch first)1 P(SOA | vi-
sion first)]. In other words, to calculate which event oc-
curred first, participants look at which of the two hy-
potheses (vision first or touch first) was more likely to
have generated the observed SOA. Using the assumed
normality of internal uncertainty, simple algebra gives
us an equationP(touch first | SOA) 5 1/[11exp(2slope.
SOA)]—a logistic sigmoid model. A more complete de-

Figure 1. The population average response, the best fits, and the logic behind the fitting procedure for Exper-
iment 1. (A) The probability of a touch-first response as a function of the stimulus onset asynchrony (SOA, in mil-
liseconds; negative SOAs indicate that vision was presented first, whereas positive values indicate that touch was
presented first) for participants adopting the uncrossed-hands posture. Thin lines represent responses made on
the same-position trials, and thick lines represent responses made on the different-position trials (error bars cor-
respond to the standard errors of the mean). (B) The same data, but this time for participants maintaining the
crossed-hands posture. (C and D) The psychometric functions corresponding to panels A and B, with group av-
erage parameters (see the text for details of the fitting procedure adopted).
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rivation of this Bayes optimal decision rule under nor-
mally distributed noise can be found in Bishop (1995).
The alternative model simply assumes that the partic-

ipants internally calculate the SOA and, if this is greater
than some threshold, then they respond touch first. If
participants’ measurement of time was perfectly accu-
rate, this would result in a step function relating the prob-
ability of responding to SOA, with the threshold at the
PSS. If, more realistically, the estimated SOA is cor-
rupted by noise, this would result in a noisy threshold
model. Given that the internal noise is normally distrib-
uted, the resultingmodel is the well-known probit model
(Finney, 1964). Although these two models have different
motivations (optimal classification vs. noise corrupted
threshold), they give essentially the same predictions.
Both give S-shaped functions relating SOA to probabil-
ity of touch first (the curves are within 5% of each other),
and both predict that the slope of the curve is determined
by the level of noise or uncertainty (high noise or uncer-
tainty results in shallower sloped curves). For computa-

tional simplicity, therefore, we have chosen to use the
optimal-inference–based logistic sigmoid model.
Two other considerations need to be taken into ac-

count when fitting the data. The first is that on a small
fraction of trials (the blink rate), the participant can get
distracted (or blink) and respond independently of the
actual stimuli presented. If we assume this distracted re-
sponding is random (i.e., equally likely to be vision first
or touch first), this percentage of distracted responses
can be estimated by using a combined model in which,
with a probability of (12blink rate), they respond as
given in the above models and, with a probability of
(blink rate), they respond randomly touch first or vision
first. In Experiment 1, the proportion of such trials was
estimated to be very small (1.3%), and so ignoring this
effect would not affect the fit. However, in situations in
which the number of trials in which the participant’s
blink rate is higher, ignoring such an effect can lead to a
systematic overestimate of the slope parameter (cf.
Swanson & Birch, 1992).
The last issue to note here is the optimization criteria

used to find the best-fitting curve. The most natural cri-
terion to adopt is to maximize the log-likelihood(i.e., the
probability that the data were generated with a given set
of parameters). The parameters that maximized the log-
likelihood were estimated using a general-purpose non-
linear optimization algorithm, the Nelder–Mead simplex
method (Nelder & Mead, 1965), implemented by the
Matlab command “fmins” (code available on request).
The above arguments result in a model of the form

From the maximum likelihoodfit of thismodel to par-
ticipant’s responses, the PSS, blink rate, and the JND
(the interval between stimuli required for participants to
judge which modality came first on 75% of the trials)
was calculated (see Table 1). The latter is simply a func-
tion of the slope: JND755 1.099/slope.
A two-waywithin-subjectsanalysisof variance (ANOVA)

performed on the PSS data derived from the psychometric
curve-fitting had the factors of stimulus position (same

P
slope

response SOA
blinkrate

SOA PSS

blink rate 0.5.

|
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Figure 2.Accuracy of multisensory temporal order judgments
(indicated by the just noticeable difference) when the partici-
pants made which modality came first? judgments for pairs of vi-
sual and tactile stimuli presented to either the same or different
sides, with the hands placed in either an uncrossed or a crossed
posture. Error bars represent the between-subjects standard er-
rors of the mean.

Table 1
Means and Standard Errors of the Means for Points of Subjective Simultaneity (PSS),

Slope, and Blink Rate Based on Fits to Each Individual Participant’s Data,
as a Function of Posture and Stimulus Position in Experiment 1

Posture

Uncrossed Hands Crossed Hands

Same Position Different Positions Same Position Different Positions

Measure M SEM M SEM M SEM M SEM

PSS (msec) 210.15002 7.500 223.73002 10.0100 29.8702 7.630 213.95002 5.650
Slope (msec) 0.017 0.002 0.026 0.003 0.022 0.002 0.019 0.002
Blink rate (lapses/trial) 0.006 0.004 0.014 0.011 0.022 0.011 0.021 0.019

Note—Negative values for the PSS indicate that the visual stimulus was presented first. The values were determined by av-
eraging the PSS from the best-fitting function for each individual participant.
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vs. different) and posture (uncrossed vs. crossed hands).
This analysis revealed no significant effects [for stimulus
position,F(1,9)5 1.3, p5 .29; for posture,F(1,9)5 3.5,
p 5 .09; and for the stimulus position 3 posture inter-
action, F(1,9), 1, n.s.]. Visual inspection of Table 1 re-
veals that visual stimuli had to lead tactile stimuli (by ap-
proximately 14 msec, on average) for simultaneity to be
reached. A t test revealed this asynchronyvalue to be sig-
nificantly different from 0 [t(9) 5 22.5, p , .05]. This
finding, which has also been reported in several previous
TOJ studies (e.g., Dinnerstein& Zlotogura,1968;Spence,
Shore, & Klein, 2001, Experiment 1), probably reflects
the fact that conduction latencies for visual stimuli are
longer than those for tactile stimuli and, so, visual stimuli
had to be presented earlier than tactile stimuli in order to
be perceived simultaneously.
A similar ANOVA performed on the JND data revealed

a significant effect of stimulus position [F(1,9) 5 8.7,
p5 .02] and an interactionbetween stimulus position and
posture [F(1,9)5 21.0, p5 .001; the main effect of pos-
ture was not significant,F(1,9), 1, n.s.]. This interaction
was decomposed using Bonferroni-corrected t tests
[tcrit(9) 5 3.11], comparing the two different stimulus
positions for each posture and the two postures for each
position. These revealed a significant effect of stimulus
position for the uncrossed posture [t(9) 5 5.36, p ,
.0005], but not for the crossed posture [t(9)5 1.10, n.s.].
Posture had a significant effect on stimuli from different
positions [t(9) 5 8.19, p , .0001], but not on stimuli
from the same position [t(9) 5 2.98, n.s.; see Figure 2].

Discussion
Although the results of Experiment 1 clearly demon-

strate that spatial redundancy can facilitate visuotactile
TOJs, we thought it possible that it might not necessar-
ily play the same role for different pairs of stimulus
modalities. In particular, one could argue that spatial re-
dundancy might not play such an important role for au-
diovisual TOJs, given the well-known superior temporal
resolution found in the auditory system over either the
visual or the tactile system (e.g., Welch, DuttonHurt, &
Warren, 1986). We also thought it important to replicate
the beneficial effects of spatial redundancy on audiovi-
sual TOJs, given that the majority of previous TOJ stud-
ies have used this pairing of stimulus modalities, rather
than the visuotactile pairing used in Experiment 1.
Therefore, in Experiment 2, we assessed the precision of
audiovisual TOJs as a function of whether the auditory
and the visual stimuli were presented from the same or
different spatial positions.No postural manipulationwas
included in this new experiment, since the participants
no longer received any tactile stimuli.

EXPERIMENT 2

Method
Participants . Ten participants (5 male and 5 female, mean age

of 25 years) were recruited to take part in the experiment, which
took approximately 55 min to complete. All the participants were

naive as to the purpose of the experiment, and none had taken part
in the previous experiment.

Apparatus, Materials, Design, and Procedure.The apparatus,
materials, design, and procedure were exactly as in Experiment 1,
with the following exceptions. Two identical loudspeaker cones
(VE100AO) were positioned so that one was directly behind each
of the peripheral target LEDs. Auditory stimuli consisted of the pre-
sentation of an 8-msec white noise burst (82 dB[A] as measured from
the participants’ head position), and the visual stimuli consisted of
the onset of either peripheral LED for 8 msec. We used somewhat
shorter stimulus presentation durations in this experiment to ensure
that the auditory and the visual stimuli were never presented si-
multaneously (as occurred for the shortest SOA in the previous ex-
periment). White noise was presented continuously at 75 dB(A)
throughout the experiment from a centrally placed loudspeaker
cone to mask any noises made by the participants. The participants
responded using a hand-held response pad. The same range of 10
SOAs between target stimuli was used in Experiment 2 (e.g., 2200,
290, 255, 230, 210, 110, 130, 155, 190, and1200 msec), al-
though positive SOAs now indicated that the auditory stimulus
(rather than the tactile stimulus) was presented first, whereas neg-
ative values still indicated that the visual stimulus was presented
first. The participants normally kept both thumbs on two separate
keys placed vertically one above the other on a custom-made re-
sponse pad (counterbalanced across participants). The participants
were instructed to press the lower key to indicate that the auditory
stimulus had been presented first, and the upper key whenever the
visual stimulus appeared to have been presented first. Response
feedback consisted of the illumination of one of the two LEDs
placed directly above and below the fixation light immediately after
a response was detected. The lower light indicated a sound-first re-
sponse, whereas the upper light indicated a vision-first response.

Results
Best-fitting functions were used to calculate the PSS,

slope, JND, blink rate, and fit for each participant for each
condition (see Experiment 1 for details). The data from 2
of the participants were removed from subsequent data
analysis because they had blink rates in one or more con-
ditions that were far in excess of those of the other partic-
ipants (i.e., mean proportion of blink trials of 37.3% and
55.7%, as compared with an average of 2.0% for the re-
mainder of the participants). The results from the remain-
ing 8 participants are shown in Figure 3 and Table 2.
Visual inspection of Table 2 reveals that visual stimuli

had to lead auditory stimuli (by approximately 20 msec,
on average) for simultaneity to be reached. This finding,
which has also been reported in several previous TOJ
studies (e.g., Gengel & Hirsh, 1970), probably reflects
the fact that conduction latencies for visual stimuli are
longer than those for auditory stimuli and, so, visual stim-
uli have to be presented first for them to be perceived as
being simultaneous. A paired samples t test performed
on the PSS data revealed no significant difference in the
amount by which vision had to lead in the same- versus
different-position conditions for the PSS to be achieved
[t(7) 5 21.69, p 5 .14]. However, the PSS was signifi-
cantly different from 0 only for the different-position
data [t(7)5 2.95, p5 .02], and not for the same-position
data [t(7) 5 1.5, p 5 .17].
A one-tailed paired samples t test on the JND data re-

vealed that the precision of multisensory TOJs was sig-
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nificantly better when the target stimuli were presented
from different positions(M5 53.3msec), rather than from
the same position [M5 41.5 msec; t(7)5 2.03, p , .05;
7 out of the 8 participants exhibited this pattern of per-
formance], just as in the uncrossed posture condition of
the previous visuotactile experiment.

Discussion
The results of Experiment 2 replicated the main find-

ing of our previous study—namely, that multisensory
TOJs are more precise (i.e., JNDs are lower) when the
individual stimuli are presented from different positions
(M 5 41.5 msec) rather than from the same position
(M 5 53.3 msec). This result further supports our main
claim that previous studies may have systematically
overestimated the precisionwith which people can make
multisensory TOJs.
One reviewer raised the possibility that we might have

underestimated the actual precision with which partici-
pants can make multisensory TOJs, because of the rela-
tively wide range of SOAs used in the present experi-
ments (e.g., compare our use of SOAs in the range of
6200 msec for our inexperienced psychophysical ob-
servers with Hirsh & Sherrick’s, 1961, use of a range of
only630 msec for their experienced observers). To as-
sess the reviewer’s point directly, we conducted a subse-
quent study in which 6 additional participants took part
in a replication of Experiment 2, where the only change
was a reduction in the range of SOAs used (290, 275,
255,230,210,110,130,155,175, and190 msec).
None of the participants in this new study was able to

perform this task at much above chance level. Their per-
formance was so bad, in fact, that it proved difficult to
make meaningful fits of their data. Nevertheless, a sim-
ple comparison of the overall percentages of correct re-
sponses across the eight SOAs shared between the two
experiments revealed particularly dramatic decrements
in participants’ performance when this narrower range

of SOAs at the 55- and 90-msec intervals was used. This
result suggests that the use of a relatively wide range of
SOAs in Experiments 1 and 2 was appropriate given the
relative psychophysical inexperienceof our participants.
This result also suggests that the accuracy of multisen-
sory TOJs, at least when assessed using the method of
constant stimuli, can be dramatically influenced by the
range of SOAs over which performance is examined (cf.
Sade & Spitzer, 1998;Urbach & Spitzer, 1995). As such,
any attempt to make direct comparison across different
TOJ studies regarding the accuracy of multisensory tem-
poral precision may be of only equivocal merit if those
studies happen to have involved different ranges of
SOAs.

GENERAL DISCUSSION

The results of both Experiment 1 (uncrossed posture)
and Experiment 2 clearly demonstrate that introducing a
spatially redundant cue can dramatically improve peo-
ple’s ability to determine the temporal order in which
stimuli are presented to different sensory modalities.We

Figure 3. The population average response and the best fits for Experiment 2. (A) The probability of a sound
first response as a function of the stimulus onset asynchrony (SOA, in milliseconds; negative SOAs indicate that
vision was presented first, whereas positive values indicate that sound was presented first) and condition (same
vs. different positions). Thin lines represent responses made on the same-position trials, and thick lines represent
responses made on the different-position trials (error bars correspond to the standard errors of the mean). (B) The
psychometric functions corresponding to panel A, with group average parameters.

Table 2
Means and Standard Errors of the Means for Points of
Subjective Simultaneity (PSS), Slope, Just Noticeable

Difference (JND), and Blink Rate Based on Fits to Each
Individual Participant’s Data, as a Function of Stimulus

Position in Experiment 2

Same Position Different Positions

Measure M SEM M SEM

PSS (msec) 210.30002 6.700 230.10002 10.2000
Slope (msec21) 0.018 0.003 0.022 0.004
JND (msec) 53.3000 15.4000 41.5000 9.800
Blink rate (lapses/trial) 0.005 0.004 0.034 0.012

Note—Negative values for the PSS indicate that the visual stimulus was
presented first. The values were determined by averaging the PSS from
the best-fitting function for each individual participant.
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have demonstrated that spatial redundancy facilitates the
precision with which people can make both visuotactile
(Experiment 1) and audiovisual (Experiment 2) TOJs.
These results are important because they highlight the
spatial confound potentially inherent in nearly all previ-
ous multisensory TOJ studies, in which stimuli in differ-
ent modalities were presented from different spatial lo-
cations (e.g., Hamlin, 1895; Hirsh & Sherrick, 1961;
Rutschmann & Link, 1964; Smith, 1933; Teatini et al.,
1976). Our results suggest that people are significantly
worse at making multisensory TOJs than previous stud-
ies have suggested.
The present experimentsmay actually have underesti-

mated the magnitude of the spatial redundancy effect,
given that there was no unique location associated with
either sensory modality (i.e., vision and touch could both
be presented from either location on any trial, and the
same was true for auditory and visual stimuli in Experi-
ment 2). This contrasts with previous multisensory TOJ
studies, in which a particular location has always been
uniquely associated with stimuli in a particular sensory
modality (i.e., auditory stimuli were always presented
from headphones, and visual stimuli were always pre-
sented from the same position on the screen). Another
reason our results may still reflect an overestimate of
people’s actual ability to make crossmodal TOJs is that
other physical differences between the stimuli presented
in eachmodality (such as their onset profile, their intensity,
or their perceived duration)may also provide participants
with redundant cues on which to base their response.We
believe that it may, in principle, be impossible to ascer-
tain a genuine threshold for multisensory TOJs, given
the difficulty associated with ruling out all such sources
of redundant cuing. Perhaps the most pragmatic solution
is to try and reduce or eliminate as many of the possible
sources of redundancy as possible. This raises the ques-
tion of whether the inclusion of any other redundant di-
mension (such as differences in stimulus intensity or du-
ration between the modalities) would also serve to
facilitate multisensory TOJ performance or whether, in-
stead, spatial locationmay be somehow special (perhaps
resulting in emergent features, such as apparent motion,
that would not occur following the inclusion of other
sorts of redundant information; although see note 3).
This issue remains as an important question for future
research.

Multisensory Binding
If stimuli in different sensory modalities occur at the

same spatial location at approximately the same time, it
is likely that they refer to the same perceptual object. The
brain uses spatiotemporal coincidence to determine
which sensory stimuli should be bound together to form
the multimodal perceptual objects of everyday life (cf.
Driver & Spence, 2000; Neisser, 1976; Robertson et al.,
2001). However, significant differences in the time re-
quired to transduce stimuli perceived by the various sen-
sory epithelia mean that it is unlikely that information

from different modalities will actually arrive at the rele-
vant cortical structures simultaneously (despite the fact
that they may have occurred at the same time). For ex-
ample, it takes less than 1 msec for auditory stimuli to be
transduced at the cochlea, as compared with 30–40 msec
for visual stimuli at the retina, with transduction laten-
cies for tactile stimuli falling somewhere in between, de-
pending on the body site stimulated (e.g., King &
Palmer, 1985; Pöppel, Schill, & von Steinbüchel, 1990).
Furthermore, given that sound and light travel through
air at very different speeds, the asynchrony in arrival
time of different sensory signals can be even more dra-
matic (consider the asynchrony that occurs when we per-
ceive distant thunder and lightening; Pöppel, 1985/1988;
Stone et al., 2001; although see Dennett, 1992). The rel-
ative slowness of transmission of sound through air is
offset to some extent by the faster neural transduction of
auditory stimuli once they have reached the sensory re-
ceptor surface. It has been claimed that these two factors
cancel each other out at a distance of approximately10 m,
a distance known as the horizon of simultaneity (Pöppel
et al., 1990). However, it is clear that for the majority
of events not occurring at (or close to) the horizon of si-
multaneity, auditory and visual stimuli will arrive asyn-
chronously.
Neurophysiologists studying the behavior of neurons

in multisensory brain structures, such as the superior col-
liculus, have shown that cells involved in multisensory
integration typically have fairly wide temporal windows
for the integrationof sensory signals to resolve this prob-
lem (see, e.g., King & Palmer, 1985; Meredith & Stein,
1983; Stein & Meredith, 1993). The problem of cortical
synchronization is not restricted to multimodal percep-
tion but has also been reported for the identification of
different visual features of an object (e.g., Anllo-Vento
& Hillyard, 1996; Moutoussis & Zeki, 1997; Nishida &
Johnston, 2002; see also Schröger & Wolff, 1997, and
Widmann, Scharf, & Schröger, 2000, for related work on
auditory feature processing). It has been argued that the
same mechanisms/processes postulated to resynchronize
asynchronous sensory signals occurring within a partic-
ular sensory modality may also be used to resynchronize
stimuli presented to different sensory modalities (Gross-
berg & Grunewald, 1997).
One consequence of binding different sensory signals

into multisensory perceptual objects or events may be
that information regarding the relative temporal onsets
of the component stimuli are lost. In other words, it ap-
pears that when multisensory binding takes place, the
various sensory signals are “ventriloquized in time” to
provide a single temporal onset for the multisensory per-
cept (cf. Fendrich & Corballis, 2001; Morein-Zamir,
Soto-Faraco, & Kingstone, 2001; Scheier, Nijhawan, &
Shimojo, 1999). This form of temporal ventriloquism
may be equivalent to the well-known spatial ventrilo-
quism effect, in which spatially discrepant stimuli in dif-
ferent modalities are bound together so that they appear
to originate from the same spatial location, at least when
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the spatial discrepancy is not too great (e.g., Bertelson,
1998; Bertelson & Aschersleben, 2001; Slutsky & Re-
canzone, 2001; Welch & Warren, 1980). Similarly,
Piéron (1952) and Fraisse (1963) have also reported that
pairs of stimuli presented within the same sensory
modality are more likely to be perceived as simultaneous
when they are presented from the same, rather than from
different, spatial locations.
The superior performance observed when the multi-

sensory stimuli come from different locations stands in
marked contrast to previous unimodal studies, which
have typically shown better performance for discrimi-
nating multiple visual attributes (such as length and
shape) if they refer to the same static object (e.g., Dun-
can, 1984; Egly, Driver, & Rafal, 1994; O’Craven,
Downing, & Kanwisher, 1999). The standard account of
this one-object benefit for unimodal visual attributes in-
volves object-based mechanisms of attention. The pres-
ent results suggest that these benefits may come at the
cost of a loss of temporal order resolution regarding the
relative temporal onsets of those attributes. Testing this
claim in relation to the perception of different visual at-
tributes of an object will be an interesting task for future
research.

The Cost of Crossing the Hands
The results of the crossed-hands posture condition of

Experiment 1 demonstrate that participants are unable to
take advantage of the spatial redundancy gain (i.e., per-
formance on different-position trials was no better than
that on same-position trials) when they cross their hands
over the midline.When participants adopted the crossed-
hands posture, performance was intermediate between
the performances reported for the same- and the different-
position conditions in the uncrossed posture condition.
Given that previous research has shown that people’s
ability to order/discriminate visual stimuli is unaffected
by crossing the hands (e.g., Shore et al., 2002a;Yamamoto
& Kitazawa, 2001a), our results suggest that participants
may instead be confused about the location of the tactile
stimulus on some percentage of the crossed-hands trials
(see Shore et al., 2002a; Yamamoto& Kitazawa, 2001a),
the reasoningbeing that if participantsare unsure of which
hand received the tactile stimulus when they cross their
hands, they may confound same- and different-location
trials, resulting in an intermediate level of temporal dis-
crimination performance. This difference between the
senses may be attributable to differences in the coordi-
nate framework in which spatial coding takes place for
visual and tactile stimuli: Whereas extrinsic spatial (i.e.,
allocentric) coordinates are typically used by the visual
system, the haptic system frequently processes spatial
information in body-centered coordinates instead (e.g.,
Millar, 1994; O’Connor & Hermelin, 1978; Röder,
Spence, & Rösler, 2002).
Although this account must, at present, remain specu-

lative, it nevertheless seems likely that confusions re-
garding the location of tactile stimuli with the crossed-

hands posture are restricted to situations in which two
stimuli are presented in quick succession, given that pre-
vious research has shown that people have little problem
determining the veridical location of single tactile stim-
uli presented to one or other hand when the hands are
crossed (e.g., Anzola et al., 1977; Bradshaw et al., 1992;
see Shore et al., 2002a, for a more detailed discussion of
this point). If correct, this would argue that people may
be confused about the location of tactile stimuli even
when such tactile stimuli are presented together with a
near-simultaneous visual event by the other hand.
By combining the TOJ methodology outlined here

with cognitive neuroimaging techniques—for example,
positron emission tomography, functional magnetic res-
onance imaging, and such electrophysiologicalmeasures
as event-related potentials—future studieswill hopefully
provide a better understanding of the network of neural
structures, such as the basal ganglia, cerebellum, and in-
sula, underlying temporal perception and temporal dis-
crimination performance (e.g., Bushara, Grafman, &
Hallett, 2001; Raizada& Poldrack, 2001; Rao,Mayer, &
Harrington, 2001). It is particularly important that the
appropriate methods be developed for indexing multi-
sensory temporal perception, given the interest shown by
clinical researchers in the potential application of multi-
sensory temporal perception measures as predictors of
poor reading ability (e.g., Dinnerstein & Blitz, 1964;
Rose, Feldman, Jankowski, & Futterweit, 1999; see also
Carmon & Nachshon, 1971).
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NOTES

1. Some researchers have also used a simultaneous/successive judg-
ment task to investigate multisensory temporal processing (e.g., Efron,
1963; Exner, 1875; Guinzberg, 1928; Stone et al., 2001; van de Par,
Kohlrausch, & Juola, 1999).Using this form of discrimination task, re-
searchers can determine the point of subjective simultaneity of pairs of
stimuli presented to different modalities by varying the stimulus onset
asynchrony (SOA) between them. However, it has been argued that the
simultaneous/successive task may not provide a reliable estimate of a
participant’s sensitivity to asynchrony (i.e., equivalent to the just no-
ticeable difference in TOJ studies), given the likelihood that the crite-
rion for simultaneity adopted by participants will be affected by the par-
ticular range of SOAs presented (Spence, Shore, & Klein, 2001;
Zampini, Guest, Shore, & Spence, 2003).
2. Many different factors have been shown to dramatically affect the

JND. These include the use of untrained psychophysical observers, as
opposed to Hirsh and Sherrick’s (1961) reliance on highly trained psy-
chophysical observers (see Bald et al., 1942; Dinnerstein & Zlotogura,
1968; Gengel & Hirsh, 1970; Hirsh, 1988; Hirsh & Fraisse, 1964;
Spence, Shore, &Klein, 2001), how often the stimulus pair is presented
(note that the participants in Hirsh & Sherrick’s study were allowed to
listen repeatedly to the stimulus pair until certain of their TOJ response),
the introduction of background white noise (Sherrick, 1976), the re-
moval of corrective error feedback (Hirsh, 1988), and the task and con-
text in which the stimuli are presented (e.g., Gengel & Hirsh, 1970;Mc-
Farland, Cacace, & Setzen, 1998).
3. The introductionof a spatial separation between stimuli in TOJ ex-

periments may also facilitate performance, owing to the emergence of
apparent motion cues that occur onlywhen stimuli are rapidly presented
from different spatial locations. Although there is extensive evidence
for the occurrence of apparent motionwithin vision, audition, and touch
(e.g., Burtt, 1917; Strybel, Manligas, Chan, & Perrott, 1990), re-
searchers have argued that it does not occur when stimuli are presented
in different sensory modalities (e.g., Allen & Kolers, 1981; Hirsh &
Sherrick, 1961; McFarland et al., 1998).
4. There is, at present, no agreement in the literature as to what con-

stitutes the most appropriate criterion for matching stimuli cross-
modally—that is, should they be matched for simple detection laten-
cies, for discrimination latencies, for subjective intensities, or according
to some other criterion (for a sense of the variety of different solutions
this problemhas attracted, see, e.g., Bald et al., 1942;Hirsh & Sherrick,
1961; Spence & Driver, 1997; Spence, Shore, & Klein, 2001; Stone
et al., 2001; Strybel et al., 1990; Whipple et al., 1899). However, it
should be noted that any intensity-based modulation of the PSS present
in our study is orthogonal to the experimental manipulations of interest
(i.e., same- vs. different-positioncost and uncrossed vs. crossed posture).
5. It is possible that the onset of the unimodal visual fixation light at

the start of each trial may have acted as an exogenous cue (or priming
stimulus) that automatically drew the participant’s attention toward the
visual modality (see Spence & Driver, 1997, and Spence, Nicholls, &
Driver, 2001, on this issue). Although the 750-msec interval between
the onsets of the fixation light and the first target stimulus is outside the
range of many exogenous cuing effects, any residual effect should only
have reduced the overall amount by which vision had to lead touch for
the PSS to be achieved. Note also that the use of unimodal visual re-
sponse feedback lights in this and many other studies may also have led
to a residual attentional bias toward the visual modality (see Spence,
Shore, & Klein, 2001).
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