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Participants made unspeeded temporal order judgments (TOJs) regarding which occurred first, an auditory
or a visual target stimulus, when they were presented at a variety of different stimulus onset asynchronies. The
target stimuli were presented either in isolation or positioned randomly among a stream of three synchronous
audiovisual distractors. The largest just noticeable differences were reported when the targets were presented in
the middle of the distractor stream. When the targets were presented at the beginning of the stream, performance
was no worse than when the audiovisual targets were presented in isolation. Subsequent experiments revealed
that performance improved somewhat when the position of the target was fixed or when the target was made
physically distinctive from the distractors. These results show that audiovisual TOJs are impaired by the presence
of audiovisual distractors and that this cost can be ameliorated by directing attention to the appropriate temporal

position within the stimulus stream.

Our ability to extract meaningful information from the
complex scenes of everyday life is enhanced by the in-
tegration of the sensory cues available to different sen-
sory modalities (see, e.g., Stein & Meredith, 1993). The
temporal synchrony and spatial coincidence of individual
sensory stimuli are two of the key factors that modulate
the perception of unified multisensory events (see, e.g.,
Calvert, Spence, & Stein, 2004; Driver & Spence, 2000;
Slutsky & Recanzone, 2001). Previously, the multisensory
perception of synchrony has normally been investigated
using the temporal order judgment (TOJ) task (see Shore
& Spence, 2005, and Spence, Shore, & Klein, 2001, for
reviews). In a typical multisensory TOJ study, two stimuli
from different sensory modalities are presented at vari-
ous stimulus onset asynchronies (SOAs), and participants
have to make unspeeded judgments regarding which sen-
sory modality appeared to have been presented first.

Early multisensory TOJ studies using simple transi-
tory stimuli (such as brief sound bursts and light flashes)
suggested that auditory and visual stimuli needed to be
separated by a minimum of 20 msec for people to be able
to judge correctly which modality came first on 75% of
the trials (the so-called just noticeable difference, or JND;

see, e.g., Hirsh & Sherrick, 1961). However, it is important
to note that in the majority of previous studies (including
Hirsh & Sherrick’s seminal study), the auditory and visual
stimuli were presented from different spatial locations, and
participants may therefore have used redundant spatial in-
formation to facilitate their TOJ responses (that is, par-
ticipants may have judged which location came first rather
than which modality came first; see Spence et al., 2001,
and Zampini, Shore, & Spence, 2003). Subsequent stud-
ies in which such spatial confounds have been removed
(by presenting the stimuli in different modalities from the
same spatial location) have revealed that discrete pairs of
auditory and visual stimuli need to be separated by approx-
imately 60—70 msec in order for naive participants (i.e.,
those without extensive experience of psychophysical test-
ing procedures) to judge accurately which modality was
presented first (see, e.g., Zampini et al., 2003).

In order to investigate the temporal constraints on the
multisensory perception of synchrony under more realistic
conditions, one has to move away from the study of simple
transitory stimuli of low informational content (like the stim-
uli typically used in the majority of previous TOJ studies;
see, e.g., Hirsh & Sherrick, 1961; Zampini et al., 2003) to-
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ward the use of more ecologically valid and complex stimuli
such as, for example, speech, music, or object actions (see
de Gelder & Bertelson, 2003; McGrath & Summerfield,
1985; Vatakis & Spence, 2006a, 2006b). However, the re-
search published to date suggests that people’s ability to
detect the asynchrony of informationally rich audiovisual
stimuli is very poor. For example, Dixon and Spitz (1980)
reported that people noticed that a continuous stream of au-
diovisual speech was asynchronous only when the auditory
stream led the visual stream by at least 131 msec, or when
it lagged by 258 msec or more. More recently, Grant, van
Wassenhove, and Poeppel (2004) reported that participants
noticed the asynchrony in a continuous speech stream only
when the speech sounds led the visual lip movements by at
least 50 msec, or when they lagged by 220 msec or more.

The sensitivity to temporal asynchrony observed in the
two studies cited above is much higher than that reported in
studies that used simple auditory and visual stimuli (where
JND values have typically ranged from 20—70 msec; see,
e.g., Hirsh & Sherrick, 1961; Zampini et al., 2003). What
accounts for such dramatic differences in temporal discrimi-
nation performance for simple versus complex audiovisual
stimuli? In the present study, we address this question by
investigating whether the presence of synchronous audio-
visual distractors would affect TOJ performance for simple
sound-light pairs. In our first experiment, asynchronous
pairs of auditory and visual stimuli were presented either
in isolation (distractor-absent blocks), as in most previous
multisensory TOJ studies, or they were presented randomly
among a stream of synchronous distractors (distractor-
present blocks). If the presence of distractors adversely af-
fects temporal discrimination performance, this might help
to explain the marked differences in people’s sensitivity
to audiovisual synchrony revealed by previous research-
ers who used simple sound and light pairs (e.g., Hirsh &
Sherrick, 1961; Zampini et al., 2003) versus those who
used more complex speech stimuli (e.g., Dixon & Spitz,
1980; Grant et al., 2004; Vatakis & Spence, 2006a, 2006b;
see also Fujisaki & Nishida, 2005).

EXPERIMENT 1

Method

Participants. Twenty-three participants (12 male and 11 female),
between 20 and 32 years of age (mean age of 25) took part in the ex-
periment. All of the participants reported having normal hearing and
normal or corrected-to-normal vision. All were naive to the purpose
of the experiment, and they varied in their previous experience of
psychophysical testing procedures. The experiment took approxi-
mately 50 min to complete.

Apparatus and Stimuli. The experiment was conducted in a
completely dark sound-attenuated booth. A loudspeaker cone (7 cm in
diameter) was positioned centrally on a table 64 cm in front of the par-
ticipant. A red light-emitting diode (LED), placed in the middle of the
loudspeaker cone, was oriented so that when it was activated, it illu-
minated the surface of the loudspeaker cone. The auditory and visual
stimuli were presented from exactly the same spatial location in order
to avoid the spatial confound that can arise when stimuli from differ-
ent sensory modalities are presented from different spatial locations
(see Spence et al., 2001, and Zampini et al., 2003, on this point).

The auditory stimuli consisted of 8-msec bursts of white noise at
75 dB(A), as measured from the participant’s ear position; the visual
stimuli consisted of the illumination of the red LED for 8 msec. The

target event always consisted of an asynchronous pairing of the au-
diovisual stimuli, whereas the distractors consisted of the simultane-
ous presentation of the auditory and visual stimuli. The target stimuli
were either presented in isolation or positioned randomly among a
stream of three synchronous audiovisual distractors. No specific at-
tempt was made to match the intensities of the auditory and visual
stimuli, which were both presented at a clearly suprathreshold level.
White noise was presented continuously at 50 dB(A), as measured
from the participants’ ear position throughout the experiment from a
loudspeaker positioned 14 cm directly above the target loudspeaker
to mask any sounds made by participants.

Design. Two different block types were presented to participants
in Experiment 1: In the distractor-absent blocks, the auditory and
visual target stimuli were presented in isolation; in the distractor-
present blocks, the asynchronous audiovisual target stimuli were
presented together with three sequentially presented synchronous
audiovisual distractors. The asynchronous target stimuli appeared
randomly in Positions 1, 2, 3, or 4 of the stream (see Figure 1). The
temporal interval between successive events varied randomly among
four possible intervals (230, 255, 290, or 390 msec). The auditory
and visual target stimuli were separated by one of eight possible
SOAs (*+546 msec, =246 msec, =141 msec, and £66 msec; nega-
tive SOAs indicate that the auditory stimulus was presented first),!
which varied from trial to trial according to the method of constant
stimuli (Spence et al., 2001). Distractor-present and distractor-
absent blocks were presented alternately with their order of presen-
tation counterbalanced across participants. There were 32 trials in
each of the four distractor-absent blocks and 128 trials in each of
the four distractor-present blocks. Each of the four target positions
was presented randomly four times at each of the eight SOAs in
each block of trials. The participants completed three 15-trial prac-
tice blocks consisting of two distractor-absent blocks followed by
one distractor-present block. The distractor-absent blocks were pre-
sented first to facilitate the acquisition of the task by participants.

Procedure. The participants received detailed verbal instructions
prior to the start of the experiment, and they were allowed to ask for
any clarification if they wished. The participants were informed that
they would have to decide on each trial whether the auditory or the
visual target stimulus had been presented first and respond by press-
ing one of two response keys placed on the table directly in front of
them. The participants were instructed to press the sound key if they
judged that the auditory target had appeared first and the light key
if they judged that the visual target had appeared first. Participants
had 6 sec after stimulus onset to respond (after which the trial was
terminated); however, participants were instructed to respond only
when confident of their decision. When participants responded “light
first,” feedback in the form of a 75-msec illumination of the red LED
was provided; when they responded “sound first,” a 75-msec burst
of white noise was provided. The participants were informed that the
feedback simply indicated which response they had made and did
not indicate correctness. The participants were also informed that if
they responded before stimulus presentation had been completed, or
if they failed to make a response before the trial was terminated, error
feedback, in the form of a 1,000-msec illumination of the red LED,
would be presented. Such responses occurred on fewer than 3% of
trials overall and were not analyzed. The first stimulus was presented
1,250 msec after the start of each trial. The participants were allowed
to take a break between the blocks of experimental trials.

Results

The “vision first” responses (see Figure 2A) were con-
verted to their equivalent z-scores assuming a cumulative
normal distribution (cf. Finney, 1964). Best-fitting straight
lines for each condition were calculated for each partici-
pant. Slope and intercept values were then derived from
these straight lines. These two values were used to calcu-
late the JND (JND = 0.675/slope, since +0.675 represents
the 75% point and —0.675 represents the 25% point on the



300 VATAKIS, BAYLISS, ZAMPINI, AND SPENCE

Condition

Distractor Absent

.Y

Visual

Alone

B

Time

Auditory

Distractor Present

Position 1 Visual H I:I I:I D

Auditory >

Visual J N %
Position 2

Auditory |_| H |_| I_l >

Visual —I_I N g
Position 3 H

Auditory b

Visual —I—I—I @ )
Position 4

Auditory | | | 2 >

— —— ——

Variable temporal gaps (in the range of
230-390 msec) between successive

offsets and onsets

V

EAu

isual target Visual

stimulus distractor
ditory target I:I Auditory
stimulus distractor

Figure 1. Schematic illustration of the five types of trials presented in Experi-
ments 1-3. The asynchronous auditory and visual target stimuli could be presented
either in isolation (distractor-absent condition) or randomly among three synchronous
distractors (distractor-present condition, with the target being presented in positions
1, 2, 3, or 4, respectively). The four distractor-present conditions were presented ran-
domly in Experiments 1 and 3 and in separate blocks of trials in Experiment 2. Visual
target first (depicted) and auditory target first trials were presented equiprobably.

cumulative normal distribution) and the point of subjec-
tive simultaneity (PSS; PSS = —intercept/slope) values
(see Coren, Ward, & Enns, 2004, for further details). The
JND provides a standardized measure of the accuracy with
which participants were able judge the temporal order of
the auditory and visual target stimuli. The PSS indicates the
amount of time by which one stimulus modality had to lead
the other in order for synchrony to be perceived (i.e., for
participants to make the “sound first” and “light first” re-
sponses equally often). For all of the analyses reported here,

Bonferroni-corrected ¢ tests (where p << .05 prior to correc-
tion) were used for all post hoc comparisons. The JND and
PSS data were both analyzed using a one-way ANOVA with
the factor of stimulus type (five levels: distractor absent,
and distractor present in Positions 1, 2, 3, and 4). Data from
4 participants were removed from subsequent analysis be-
cause their PSS and/or JND values exceeded 600 msec (i.e.,
they fell outside the SOA range tested; cf. Spence et al.,
2001, for similar exclusion criteria), indicating that these 4
participants were not able to perform the task.
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Figure 2. Mean percentage of “vision first” responses plotted as a function of stimulus
onset asynchrony for each of the five conditions in Experiments 1 (A), 2 (B), and 3 (C).

Analysis of the JND data (see Figure 3A) revealed a
significant main effect of stimulus type [F(4,90) = 10.24,
p < .01]. Participants were significantly more sensitive to
the temporal order of the auditory and visual target stimuli

when the stimuli were presented in isolation (i.e., in the
distractor-absent condition, mean JND = 108 msec) than
when the target occurred in Position 2 (M = 304 msec)
or 3 (M = 248 msec) of the distractor-present blocks
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(both ps < .01, by ¢ test pairwise comparisons). Partici-
pants were also significantly more sensitive to the tem-
poral order of the asynchronous target stimuli when they
were presented at the start of the distractor stream (i.e., in
Position 1, M = 160 msec) than when they appeared in
Position 2 or 3 (both ps < .01). Greater sensitivity in par-
ticipants’ responses was also observed when the asynchro-
nous target was in the last position (i.e., Position 4; M =
184 msec) of the distractor stream than when the target
was in Position 2 (p < .01). Although there were some nu-
merical differences between the IND values reported in the
distractor-absent blocks and the values reported when the
audiovisual target stimuli were presented at either the start
or the end of the distractor stream (i.e., in Position 1 or 4 of
the distractor-present blocks, respectively; see Figure 3A),
these differences failed to reach statistical significance.

A similar analysis of the PSS data (see Figure 3B)also re-
vealed a significant main effect of stimulus type [F(4,90) =
11.43, p < .01]. When the audiovisual target stimuli were
presented in isolation (i.e., the distractor-absent condition)
or at the start of the stream in the distractor-present blocks
(i.e., in Position 1), the onset of the visual target had to
lead that of the auditory target by 38 msec and 6 msec, re-
spectively, for the PSS to be achieved. This contrasts with
the 165 msec and 64 msec by which the auditory stimu-
lus had to lead when the target occurred in Positions 2 or
3, respectively, in the stream (p < .01 for both compari-
sons). Finally, the auditory stimulus had to lead the visual

stimulus by a significantly greater interval for the PSS to
be achieved when the target was presented in Position 2
(M = 165 msec) than when it was presented in Position 3
or4 (M = 25 msec; p < .05; p < .01, respectively). With
the exception of Positions 1 [#(18) = 0.18, p = .86] and 4
[#(18) = —1.00, p = .33], paired samples ¢ tests revealed
that all of the PSS values were significantly different from
0 msec (i.e., from veridical simultaneity).

Discussion

The results of Experiment 1 demonstrate that audio-
visual TOJ performance was significantly impaired (i.e.,
JNDs were significantly higher) when the asynchronous
audiovisual target stimuli were presented in the middle of a
stream of synchronous audiovisual distractors (in Position 2
or 3 of the distractor-present blocks) than when they were
presented at either the start or the end of the stream (in Po-
sition 1 or 4), or when they were presented in isolation (in
the distractor-absent condition). Furthermore, the presence
of the distractors also had a significant effect on the PSS.
In particular, the visual stimulus had to be presented before
the auditory stimulus in order for the PSS to be achieved
when the target was presented in isolation or at the start of
the stream (see Zampini et al., 2003, for similar results); for
the middle positions (Positions 2 and 3), an auditory lead of
165 msec and 64 msec, respectively, was required.

The JND values obtained in Experiment 1 are notice-
ably higher than those typically observed in previous au-
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Figure 3. Mean JND (A) and PSS (B) values for the five conditions tested in Experi-
ment 1. The error bars represent the standard errors of the means.
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diovisual TOJ studies (see, e.g., Hirsh & Sherrick, 1961;
Zampini et al., 2003). While this difference was expected
in the distractor-present blocks (where the JNDs ranged
from 160—-304 msec), we were somewhat surprised to find
JND values in excess of 100 msec in the distractor-absent
blocks as well. The JND in the distractor-absent blocks
(i.e., in the condition most similar to that used in previous
audiovisual TOJ studies) is much larger (M = 106 msec)
than that reported in many previous studies (e.g., the
20 msec reported in Hirsh & Sherrick’s 1961 study,
and the 60—70 msec reported in Zampini et al.’s 2003
study). One account for these differences might be the
wider range of SOAs used in the present study (i.e., from
—546 to +546 msec) as compared with the =30-msec
SOA range tested in Hirsh and Sherrick’s study and the
*200-msec SOA range tested in Zampini et al.’s study. It
seems plausible that the use of a wider range of SOAs in the
present study might have resulted in participants’ adopting
a broader temporal focus for their attention than did partic-
ipants in previous studies, resulting in poorer temporal dis-
crimination performance (Navarra et al., 2005; Noesselt,
Fendrich, Bonath, Tyll, & Heinze, 2005; but see Zampini,
Guest, Shore, & Spence, 2005, on this point).2

One reason that the JNDs may have been so large in the
distractor present blocks relates to the fact that the audiovi-
sual target stimuli were presented randomly in each of the
four positions in the stream on each trial. Consequently, the
participants would have had no strategic reason to direct
their attention to a particular point in the stimulus stream in
advance. Previous research has shown that target discrim-
ination performance can improve when targets appear at an
expected point in time as compared with when they appear
at an unexpected point in time (see, e.g., Correa, Sanabria,
Spence, Tudela, & Lupiaiez, 2006; Lange & Rdoder, 2006;
Nobre, 2001). Indeed, the fact that performance in Experi-
ment 1 improved when the audiovisual target stimuli were
presented at the end of the distractor stream, as compared
with when they appeared at the two middle positions,
may reflect the fact that participants, after having been
presented with three synchronous distractors beforehand,
were able to infer that the target would be in the last posi-
tion and thus direct their attention temporally (Barnes &
Jones, 2000; Riess-Jones, 2001).

We therefore thought it possible that performance in
the distractor present blocks might improve if the position
of the target in the stream were fixed and known to the
participants in advance. We assessed this possibility in
Experiment 2 by fixing the position of the asynchronous
target stimuli within each block of trials: If participants
were able to focus their attention on the appropriate tem-
poral position within the stimulus stream, then one would
expect to see an improvement in their temporal discrim-
ination performance (and hence lower JNDs).

EXPERIMENT 2

Method

Participants. Thirteen new participants (5 male and 8 female)
between 20 and 34 years of age (mean age of 24) took part in Experi-
ment 2. One participant’s data were removed from any subsequent

analysis because of large PSS and/or IND values (cf. Spence et al.,
2001).

Apparatus, Stimuli, Design, and Procedure. These were ex-
actly the same as those used in Experiment 1 with the sole exception
that the position of the asynchronous audiovisual target stimuli in
the distractor-present blocks was fixed within each block of trials
(rather than varying randomly from trial to trial, as was the case in
Experiment 1). The participants were informed of the position of
the asynchronous target stimuli within the distractor stream at the
start of each distractor-present block. Two blocks of trials were pre-
sented for each position in the distractor-present stream. The order
of presentation of each of the four distractor-present blocks was
counterbalanced across participants with the sole restriction that the
same target position was never presented in consecutive distractor
present blocks.

Results and Discussion

Participants failed to respond before a trial was terminated
on fewer than 1.5% of trials overall, and the data from these
trials were not used in the following analyses. The propor-
tion of “vision first” responses is highlighted in Figure 2B.

Analysis of the JND data (see Figure 4A) revealed a sig-
nificant main effect of stimulus type [F(4,55) = 5.93,p <
.01]. Participants were significantly more sensitive to the
temporal order of the target stimuli in the distractor-absent
blocks (M = 105 msec); they were also significantly more
sensitive to the order of the target stimuli in the distractor-
present blocks when the target appeared as the first item in
the stream (M = 105 msec) than when it appeared in Po-
sition 2 (M = 205 msec; p < .01 for both comparisons),
but not when it appeared in Position 3 (M = 161 msec)
or 4 (M = 125 msec). The JND was significantly larger
in blocks in which the target was the second or third item
in the stream than in blocks in which the target occupied
the last position in the stream (both ps = .02). None of
the other comparisons reached significance. Analysis of
the PSS data (see Figure 4B) revealed no main effect of
stimulus type [F(4,55) = 1.66, p = .17].

Comparison of Performance in
Experiments 1 and 2

We performed a combined analysis of the data from
Experiments 1 and 2 to investigate whether advance
knowledge of the position of the target in the distractor
stream led to an improvement in accuracy of temporal dis-
crimination responses. A between-experiments ANOVA
on the JND data with the between-participants factor of
Experiment (1 vs. 2) and the within-participants factor
of stimulus type revealed a significant main effect of
experiment [F(1,29) = 8.31, p < .01]. JNDs were sig-
nificantly lower in Experiment 2 (M = 140 msec) than
in Experiment 1 (M = 201 msec), showing that advance
knowledge of the target position did indeed lead to a sig-
nificant overall improvement in temporal discrimination
performance. There was also a significant main effect of
stimulus type [F(4,116) = 16.82, p < .01], with INDs
for discrimination of asynchronous targets presented in
Positions 2 (M = 255 msec) and 3 (M = 204 msec) sig-
nificantly higher than those for targets presented in Po-
sition 1 (M = 132 msec) or 4 (M = 155 msec), or when
the distractors were absent (M = 106 msec). When the
target was presented at the end of the stream, performance
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Figure 4. Mean JND (A) and PSS (B) values for the five conditions tested in Experi-
ment 2. The error bars represent the standard errors of the means.

was also significantly worse than when the target was pre-
sented by itself. There was no interaction between experi-
ment and stimulus type [F(4,116) = 1.65,p = .17].

A similar analysis of the PSS data revealed significant
main effects of experiment [F(1,29) = 8.00, p < .01] and
stimulus type [F(4,116) = 12.50, p < .01]. The main effect
of experiment can be attributed to the fact that the auditory
target had to lead the visual target by 42 msec, on average,
for the PSS to be achieved in Experiment 1, whereas in Ex-
periment 2, the visual stimulus had to lead by 17 msec, on
average. Significant differences were also reported between
the distractor-absent and Position 1 conditions (in which
the visual stimulus had to lead by 40 msec and 25 msec, res-
pectively, for the PSS to be achieved) and Positions 2 and 3
of'the distractor-present conditions (in which auditory leads
of 87 msec and 35 msec, respectively, were required). When
the target was presented as the last item in the distractor
stream, an auditory lead of 6 msec was required. There
was also a significant interaction between experiment and
stimulus type [F(4,116) = 4.14, p < .01], with PSS values
in Experiment 2 differing significantly from those reported
in Experiment 1 only for the middle two positions (i.e., 2
and 3) in the stream (both comparisons, p < .01).

Overall, the results of Experiment 2 highlight a signifi-
cant improvement in TOJ performance relative to that seen
in Experiment 1 when the position of the target was fixed
within the stream of distractors. Presumably this improve-

ment reflects the fact that participants were able to direct
their attention temporally to the position of the target stim-
ulus in the distractor stream in advance in Experiment 2
(see, e.g., Correa et al., 2006; Lange & Rdder, 2006; Nobre,
2001), whereas they were unable to do this in Experiment 1
(except perhaps when the target appeared at the last posi-
tion in the stream, when all uncertainty regarding the tar-
get position should have been removed). TOJ performance
was better (i.e., INDs were lower) when the target was pre-
sented at the start or end of the distractor stream than when
it was presented in either of the middle two positions. Even
though fixing the target position in Experiment 2 improved
discrimination accuracy for audiovisual targets presented in
the middle positions in the stream (i.e., Positions 2 and 3),
performance in these conditions was still significantly worse
than it was for the other two positions in the stream. The
poor discrimination accuracy for target stimuli presented
in the middle positions was observed despite the fact that
participants knew in advance where in the distractor stream
the target event would occur and presumably could have
thus directed their temporal attention accordingly (Barnes
& Jones, 2000; Riess-Jones, 2001).

Although the comparison of the results of Experiments 1
and 2 shows that fixing the position of a target in a distractor
stream significantly improves temporal discrimination per-
formance, one could argue that it does not unequivocally
settle the question of whether the poor performance for
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the middle target positions in the stream of distractors was
due to poor temporal selection, task demands, or crowding
(see, e.g., Chung, Levi, & Legge, 2001; Fujisaki & Nishida,
2005). In particular, we thought it possible that the similar-
ity between the target and the distractors might have caused
some confusion as to which was the target pair even when
the position of the target pair was fixed within the distractor
stream. Other possibilities are that participants may have
inappropriately paired one of the target stimuli with one
of the distractors or that the task might have been too de-
manding for the participants (given that they had not only
to complete the TOJ task but also to determine the position
of the target pair within the stream of distractors).

In order to discriminate between these various possibil-
ities, we conducted a further experiment. In Experiment 3,
we distinguished the target stimuli from the distractors
by making the color of the visual target stimulus dif-
ferent from that of the distractor lights and by present-
ing the auditory target at a different frequency from the
distractor sounds (cf. Fujisaki & Nishida, 2005). Thus,
by reducing the likelihood that the target stimuli would
be confused with the distractors, we were able to evalu-
ate the confusion account of the results of Experiments
1 and 2. If performance for the middle target positions
in the distractor-present stream in Experiment 3 was still
significantly worse than it was for targets in the first and
last positions of the stream, then this would suggest that
crowding was responsible for the poor performance ob-
served when the target was presented in the middle posi-
tions of the distractor stream.

Another possible account of the poor performance ob-
served when the target pair occupied either of the middle
positions in the distractor stream in Experiments 1 and 2
may be related to the phenomenon of intramodal percep-
tual grouping (see, e.g., Sanabria, Soto-Faraco, Chan, &
Spence, 2004; Spence, Sanabria, & Soto-Faraco, in press;
Wertheimer, 1938). That is, unimodal perceptual grouping
may have occurred due to the physical similarity between
the target and distractor stimuli (in terms of the duration
of the stimuli and the matching of the frequency and color
of the target with the distractor stimuli). Grouping may
also have occurred because equal numbers of auditory and
visual stimuli were presented, and the auditory and visual
stimulus pairs were presented close together in both space
and time. However, any such unimodal perceptual group-
ing of the target with the distractors (in either audition
or vision) should be interrupted by presenting target and
distractor in different colors and frequencies (see Spence
et al., in press; Vroomen & de Gelder, 2000). Therefore,
if temporal discrimination performance is still impaired
for the middle target positions in Experiment 3, then the
grouping account cannot successfully explain the pattern
of results in the two experiments reported so far.

EXPERIMENT 3

Method

Participants. Twenty-four new participants (9 male and 15 fe-
male) between 20 and 32 years of age (mean age of 25) took part in
Experiment 3.

Apparatus, Stimuli, Design, and Procedure. These were ex-
actly the same as those used in Experiment 1 with the sole excep-
tion that the auditory target was presented at a different frequency
(1500 Hz) from the synchronous distractor tones (500 Hz), and
the visual target consisted of the brief illumination of a red LED,
whereas the synchronous visual distractors were green (the result of
a bicolor LED). The participants were instructed to report whether
the higher frequency target sound was presented before or after the
red target light while ignoring the lower frequency tones presented
in synchrony with the green lights.?

Results and Discussion

The proportion of “vision first” responses is highlighted
in Figure 2C. A one-way ANOVA performed on the IND
data (see Figure 5A) derived from these psychometric
functions revealed a significant main effect of stimulus
type [F(4,119) = 3.50, p = .01]. Participants were signif-
icantly more sensitive to the temporal order of the target
stimuli in the distractor-absent blocks (M = 116 msec)
and when the target appeared as the first item in the stream
(M = 127 msec; p = .01) than in the distractor-present
blocks when the target appeared in Position 2 (M =
225 msec; p = .03), but not when it appeared in Position 3
(M = 163 msec) or 4 (M = 145 msec). None of the other
comparisons reached statistical significance. A similar
analysis of the PSS data (see Figure 5B) revealed no main
effect of stimulus type [F(4,119) = 1.37, p = .25].

Comparison of Performance in Experiments 1
and 3 and Experiments 2 and 3

We performed a combined analysis of the data from
Experiments 1 and 3 in order to investigate whether the
physical distinctiveness of the target pair in the distractor
stream introduced in Experiment 3 led to an improvement
in the accuracy of temporal discrimination performance
relative to that seen when target position was uncertain
(Experiment 1). An ANOVA on the JND data with the
between-participants factor of experiment (1 vs. 3) and
the within-participants factor of stimulus type revealed
a significant main effect of experiment [F(1,41) = 3.61,
p = .05]. This result demonstrates that the distinctive-
ness of the target pair in Experiment 3 led to a significant
improvement in temporal discrimination performance
(JND = 155 msec) over performance when the target
pair was not physically distinctive (Experiment 1; JND =
201 msec). This result adds further support to the view
that the poor temporal discrimination performance re-
ported for targets presented in the middle of the distractor
stream in the distractor-present blocks of Experiment 1
may be attributed to uncertainty on the part of the partici-
pants about the temporal position of the target stimuli in
the distractor stream (Barnes & Jones, 2000; Riess-Jones,
2001). There was also a significant main effect of stimu-
lus type [F(4,164) = 20.64, p < .01], with significantly
larger JNDs for asynchronous targets presented in Posi-
tions 2 (M = 265 msec) and 3 (M = 205 msec) than for
targets presented in Position 1 (M = 144 msec) or 4 (M =
165 msec) or for targets presented when the distractors
were absent (M = 112 msec). When the target pair was
presented at the end of the distractor stream (i.e., in Po-
sition 4), performance was also significantly worse than
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Figure 5. Mean JND (A) and PSS (B) values for the five conditions tested in
Experiment 3. The error bars represent the standard errors of the means.

when the target pair was presented by itself. There was
no interaction between experiment and stimulus type
[F(4,164) = 2.13,p = .1].

A similar analysis of the PSS data revealed no main ef-
fect of experiment [F(1,41) = 5.01, p < .05]. However, a
significant main effect of stimulus type [F(4,164) = 16.53,
p < .01], and a significant experiment X stimulus type
interaction were obtained [F(4,164) = 4.36, p < .01]. Sig-
nificant differences were reported between the distractor-
absent and distractor-present conditions in Positions 2,
3, and 4 (in which the auditory stimulus had to lead by
97 msec, 19 msec, and 3 msec, respectively, for the PSS to
be achieved). In addition, significant differences were re-
ported between Position 2 and Positions 1 (in which visual
leads of 10 msec were required), 3, and 4 of the distractor-
present conditions. There was also a significant interaction
between experiment and stimulus type, with PSS values in
Experiment 3 differing significantly from those reported
in Experiment 1 only for the middle two positions in the
stream (both comparisons, p < .01).

Given these results, it should come as no surprise that
a similar between-experiments analysis of the data from
Experiments 2 and 3 revealed no main effect of experi-
ment [F(1,34) = 0.34, p = .56] or any interaction be-
tween experiment and stimulus type [F(4,136) = 0.11,
p = .98]. These latter results demonstrate that the physi-
cal distinctiveness of the target pair introduced in Ex-

periment 3 did not lead to a significant improvement in
temporal discrimination performance over and above that
attributable to fixing the position of the target in advance.
Both experimental manipulations seem to have provided
the participants with sufficient information with which
to identify the target successfully. This comparison also
shows that the poor performance in the distractor-present
blocks cannot be attributed solely to the distractors’ fa-
cilitating unimodal auditory and/or visual perceptual
grouping, since changing the color and frequency of the
target pair should have eliminated any tendency to group
the target stimuli with the distractors (see, e.g., Spence
et al., in press; Vroomen & de Gelder, 2000). A similar
between-experiments analysis of the PSS data also re-
vealed no main effect of experiment [F(1,34) = 0.50,p =
.99], or any interaction between experiment and stimulus
type [F(4,136) = 0.79, p = .54].

Overall, the comparisons of Experiments 1 and 3 and
Experiments 2 and 3 revealed that there was significant
improvement in performance when the target pair was
made distinctive (either by changing its physical proper-
ties or by directing the participant to the position of the
target pair) from the distractor pairs in the stream. Making
the target physically distinctive from the distractors was
no more effective in improving temporal discrimination
performance than making the target position predictable
(Fujisaki & Nishida, 2005). Such an outcome verifies the
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fact that crowding persists even if the observer knows
which stimulus constitutes the target (Montaser-Kouhsari
& Rajimehr, 2005).

GENERAL DISCUSSION

Taken together, the results of the three experiments re-
ported here show that people find it particularly difficult
to discriminate the temporal order of asynchronous audio-
visual target events when they are presented in the middle
of a stream of synchronous audiovisual distractors. INDs
were significantly lower when the target stimuli were
presented in isolation or at the start or end of a stream
of synchronous audiovisual distractors than when they
were presented in the middle of the stream (in Positions 2
and 3). Performance for targets presented in the middle of
the stream improved when the position of the target within
the distractor stream was fixed (Experiment 2) rather than
when it varied randomly from trial to trial (Experiment 1).
Similarly, temporal discrimination accuracy for the targets
in the middle of the stream improved significantly when
the target and distractor stimuli were made physically
different from the distractors (Experiment 3), but accu-
racy was still poor compared with accuracy for the other
positions in the stream (i.e., compared with Positions 1
and 4). Finally, even though the INDs were numerically
somewhat smaller in the distractor-absent condition than
when the asynchronous targets were presented at the start
of the audiovisual stream (in Position 1) in the distractor-
present condition, this difference failed to reach statistical
significance in any of the experiments (or in any of the
between-experiments comparisons).

Can the detrimental effects of the presence of a stream of
synchronous audiovisual distractors on TOJ performance
be explained in terms of a crowding effect? Crowding (or
lateral masking) typically refers to the decreased discrim-
ination, detection, or recognition performance observed
when a visual target is presented among spatially adjacent
but nonoverlapping distractor stimuli (see, e.g., Chung
et al., 2001). Similarly, auditory research has shown that
target discrimination performance sometimes deteriorates
when a target sound is embedded within a temporal se-
quence (or spatial array) of masking auditory stimuli (see,
e.g., Chan, Merrifield, & Spence, 2005; Kidd, Mason,
Rohtla, & Deliwala, 1998; Leek & Watson, 1984). Espe-
cially relevant to the present research is a review of studies
by Yost and Watson (1987) in which they found better per-
formance (in terms of accuracy) for auditory targets pre-
sented at the start or end of an auditory sequence than for
targets presented in the middle positions of the sequence.
The performance decrement reported in previous unimodal
crowding studies has typically been attributed to the fact
that participants had to attend to the stimulus stream and
extract salient information regarding the target stimulus
while at the same time trying to ignore (or suppress) the
processing of the distractor stimuli. If the distractors are
presented too close to the target in either space or time,
then the distractors’ crowding the target may impair selec-
tion and thus result in a performance decrement.

In the present study, we thought it possible that the
distractors occurring before and after the target when the
target was presented in the middle (i.e., Positions 2 or 3) of
the stream of identical synchronous audiovisual distractors
may have impaired temporal discrimination performance
because of crowding. In our study, the temporal gap be-
tween the offset of the preceding synchronous distractor
and the onset of the first element of the asynchronous
target pair was in the range of 222-382 msec. A similar
temporal gap also separated the offset of the second target
element and the onset of the next distractor in the stream.
The crowding account would certainly predict poorer per-
formance (i.e., higher JNDs) for targets presented in the
middle of a stream of distractors than for those presented
at the beginning or end of the stream, just as we observed.
In addition, the crowding account may also explain the
poorer performance observed when the target was pre-
sented at the end of the stream (i.e., in Position 4) com-
pared with when it was in Position 1, since recent studies
have not limited the effects of crowding to only the middle
positions of a sequence of stimuli (see Pelli, Palomares,
& Majaj, 2004). We therefore believe that our results may
provide the first evidence of crowding in a multisensory
setting (as compared with previous studies of unimodal
crowding; e.g., those by Chung et al., 2001; Kidd et al.,
1998; Leek & Watson, 1984); our results also provide the
first evidence of the effects of crowding specifically on
temporal discrimination performance. Even though the
mechanisms underlying crowding are still not fully under-
stood (see, e.g., Cavanagh, 2001), our results nevertheless
demonstrate that the effect of crowding must be different
from that of grouping (since no support for a grouping ac-
count was found in the comparison between the results of
Experiments 1 and 2). Finally, our results also show that
whatever the origin of this crowding mechanism may be,
its effects can nevertheless be reduced significantly (al-
though not completely eliminated) by both top-down (Ex-
periment 2) and bottom-up (Experiment 3) segregation.

Previous studies have shown that people can selectively
orient their attention to a particular point in time (i.e.,
within a trial) and that this can improve performance (al-
though note that none of the studies reported to date have
looked at streams of stimuli, but have typically looked at
abrupt, discrete stimulus presentation instead; see, e.g.,
Correa et al., 2006; Lange & Rdoder, 2006; Nobre, 2001).
Our results therefore both confirm and extend these pre-
vious findings by showing that temporal attention may
play an important role in the perception of multisensory
temporal events. In future research, it would be of inter-
est to vary the temporal separation between successive
items in the stream in order to determine just how large
an interval is needed between them before observers are
able to ignore the distractors successfully when making
audiovisual TOJs.

Recent research by Fujisaki and Nishida (2005) has
shown that the temporal perception of multisensory events
is also affected by changes in the temporal frequency at
which stimuli are presented. Specifically, Fujisaki and
Nishida reported a series of experiments showing that
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participants’ discrimination performance in a synchrony
judgment task deteriorated as the temporal modulation
frequency increased above 2—4 Hz using periodic pulse
trains of stimuli. The authors suggested that this decre-
ment in performance was due to the difficulty participants
had in separating the salient temporal features from the
other rapid repetitive signals; such separation would have
assisted them in detecting the audiovisual synchrony of a
specific target event that they were interested in. Fujisaki
and Nishida’s findings therefore support the hypothesis
that the temporal processing of audiovisual signals is gov-
erned by the slow and attention-demanding processing of
the various signal attributes and the consequent computa-
tion of the temporal relationships of the different signals
as a function of the saliency of the signal features.

In the present study, the visual target had to be pre-
sented before the auditory target in order for synchrony
to be perceived (i.e., for the PSS to be achieved) for asyn-
chronous audiovisual pairs presented in the first position
(see Zampini et al., 2003, for similar results) and last posi-
tion of the stream, whereas auditory leads were required
for the two middle positions (i.e., in the conditions that
participants found most difficult). Large individual differ-
ences in the PSS were also observed between participants
in all three of the experiments reported here (see the error
bars in Figures 3B, 4B, and 5B), a trend that has also been
observed in previous TOJ studies (see, e.g., Stone et al.,
2001; see also Mollon & Perkins, 1996). The greatest in-
terparticipant variability was noted when the auditory tar-
get was presented before the visual target (e.g., see the left
side of the graphs shown in Figure 2), which may be due
to the fact that we are naturally biased toward events that
are first presented visually (see, e.g., Fujisaki, Shimojo,
Kashino, & Nishida, 2004; Grant, Greenberg, Poeppel, &
van Wassenhove, 2004; see also Spence & Squire, 2003).
Such differences were not unexpected given previous re-
ports regarding the variability of the PSS, both between
individuals (see, e.g., Arnold, Johnston, & Nishida, 2005;
Mollon & Perkins, 1996; Stone et al., 2001) and between
different studies (see Spence et al., 2001, for a review).
Understanding the factors that contribute to determining
the PSS, both between individuals and between studies,
remains an important issue for future research (cf. Spence
& Squire, 2003).

In conclusion, the novel paradigm used in the present
study allowed us to examine audiovisual temporal per-
ception for audiovisual targets presented in a continuous
stream of distractors. Audiovisual temporal discrimination
performance was shown to be significantly worse for asyn-
chronous target stimuli presented in the middle of a stream
of distractors than for targets occurring either in isolation
or at the start or end of the stream. Performance improved
when the asynchronous target was made physically dis-
tinctive (in color and frequency) from the distractors or
when its position was fixed within the stream. Our para-
digm might be extended further in future studies to inves-
tigate temporal perception under more ecologically valid
and informationally rich stimulus settings. It would be in-
teresting, for example, to investigate how sensitive we are
to asynchrony for audiovisual target words or notes when

they are presented in isolation versus as part of a continu-
ous audiovisual stream of speech or music, respectively
(cf. Stolz, 1999; Vatakis & Spence, 2006a, 2006b). Such
investigations will be necessary if one wishes to move
away from simple stimuli (such as light flashes and/or
sound bursts) to stimuli that apply more directly to our ev-
eryday experience (e.g., International Telecommunication
Union, 1998; Reeves & Voelker, 1993). It is only by study-
ing the temporal aspects of perception for more complex,
informationally rich stimuli that we will be better able to
understand the perception of multisensory synchrony and
the factors that modulate our everyday perception of uni-
fied multisensory events.
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NOTES

1. In a pilot study, we used SOAs of =190, £90, £55, and =30 msec.
Participants’ performance suggested that the task was too difficult at
these SOA levels, so higher SOA values were used in the experiments
reported here.

2. In order to explore whether the larger JNDs obtained in the
distractor-absent blocks of Experiment 1 (as compared to those observed
in previous studies; i.e., Hirsh & Sherrick, 1961, and Zampini et al.,
2003) were attributable to the larger intervals used in Experiment 1 or to
the alternation between distractor-absent and distractor-present blocks,
we conducted a follow-up study. Five new participants were presented
with four blocks of distractor-absent trials in which only a single pair
of auditory and visual target stimuli appeared, as in the majority of
previous audiovisual TOJ studies (see, e.g., Hirsh & Sherrick, 1961,
and Zampini et al., 2003); the participants had to make TOJs regarding
which modality, audition or vision, appeared to have been presented
first. The results (mean JND = 120 msec) were very similar to those
obtained in the distractor-absent blocks of Experiment 1 (mean JND =
107 msec), showing that the larger JND values in the present study pre-
sumably reflect our use of larger SOAs rather than the alternation be-
tween distractor-present and distractor-absent blocks.

3. In order to ensure that the participants were indeed able to correctly
identify the position of the target stimuli in the distractor sequence, we
conducted a follow-up study in which 5 participants were presented with
two distractor-present blocks and had to identify the position of the target
by pressing buttons 1, 2, 3, or 4 on a standard computer keyboard. The
results showed that participants were able to identify the position of the
target correctly regardless of whether it appeared in Positions 1, 2, 3, or
4 in the stimulus stream, with participants responding correctly on more
than 97% of the trials in each of the 4 positions.

(Manuscript received April 21, 2005;
revision accepted for publication April 19, 2006.)
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