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When presented with two stimuli, one auditory and the 
other visual, an observer can perceive them either as re-
ferring to the same unitary audiovisual event or as refer-
ring to two separate unimodal events. The binding versus 
segregation of these unimodal stimuli—what Bedford 
(2001) calls the object identity decision; see also Radeau 
and Bertelson (1977)—depends on both low-level (i.e., 
 stimulus-driven) factors, such as the spatial and tem-
poral co-occurrence of the stimuli (Calvert, Spence, & 
Stein, 2004; Welch, 1999), as well as on higher level (i.e., 
cognitive) factors, such as whether or not the participant 
assumes that the stimuli should “go together.” This is 
the so-called “unity assumption,” the assumption that a 
perceiver makes about whether he or she is observing a 
single multisensory event rather than multiple separate 
unimodal events—a decision that is made, at least in part, 
on the basis of the consistency of the information avail-
able to each sensory modality (Welch & Warren, 1980, 
p. 663; see also Laurienti, Kraft, Maldjian, Burdette, & 
Wallace, 2004),1 and on the basis of perceptual grouping 
(Lyons, Sanabria, Vatakis, & Spence, 2006; Radeau & 
Bertelson, 1987; Sanabria, Soto-Faraco, Chan, & Spence, 
2004; Spence, Sanabria, & Soto-Faraco, 2007; Thomas, 
1941) and phenomenal causality (Guski & Troje, 2003; 
Michotte, 1946). It has been argued that whenever two or 
more sensory inputs are perceived as being highly consis-
tent (i.e., as being related in a way that they appear to “go 
together”),2 observers will be more likely to treat them 
as referring to a single audiovisual event (Jackson, 1953; 

Welch & Warren, 1980). They will then be more likely to 
assume that such inputs have a common spatiotemporal 
origin, and will therefore be more likely to bind them into 
a single multisensory perceptual object or event (Bedford, 
2001; cf. Corballis, 1994).

Research on the audiovisual binding of sensory infor-
mation, specifically with regard to the question of stimu-
lus localization, dates back more than 60 years (see Jack-
son, 1953; Thomas, 1941; Witkin, Wapner, & Leventhal, 
1952). By now, many different studies have shown that 
auditory stimuli are typically mislocalized toward visual 
stimuli, if they are presented at approximately the same 
time (Hairston et al., 2003; Jack & Thurlow, 1973; Radeau 
& Bertelson, 1977; Slutsky & Recanzone, 2001). The 
magnitude of this spatial ventriloquism effect has been 
shown to decrease as the separation between the auditory 
and visual stimuli is increased (Jack & Thurlow, 1973; 
Jackson, 1953; see Bertelson & de Gelder, 2004, for a 
review). Researchers have recently suggested that such 
crossmodal integration may in fact result from the statisti-
cally optimal combination of the unimodal inputs (Alais 
& Burr, 2004; Battaglia, Jacobs, & Aslin, 2004; Ernst & 
Banks, 2002; Heron, Whitaker, & McGraw, 2004; Roach, 
Heron, & McGraw, 2006).

In the last few years, a phenomenon analogous to spa-
tial ventriloquism has also been demonstrated in the tem-
poral domain whereby, within a certain temporal window, 
visual stimuli are “pulled” into approximate temporal 
alignment with the corresponding auditory stimuli (Fend-
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rich & Corballis, 2001; Morein-Zamir, Soto-Faraco, & 
Kingstone, 2003; Scheier, Nijhawan, & Shimojo, 1999; 
Vroomen & Keetels, 2006). Also, a combination of spatial 
and temporal factors has been shown to affect audiovisual 
judgments of phenomenal causality on the basis of the 
saliency of the constituent perceptual events (i.e., with-
out strict audiovisual synchrony being required; Guski & 
Troje, 2003). Common motion and other Gestalt grouping 
principles have also been shown to facilitate crossmodal 
binding (Lyons et al., 2006; Sanabria et al., 2004; Soto-
Faraco, Kingstone, & Spence, 2003; Spence et al., 2007; 
Vroomen & de Gelder, 2000).

Given that a great deal is now known about the low-
level spatiotemporal constraints on the multisensory in-
tegration of simple arbitrary stimulus pairs (as indexed, 
for example, by research on the ventriloquism effect, 
both spatial and temporal, with auditory beeps and vi-
sual flashes), it is important that, by using more realistic, 
ecologically valid, and meaningful stimuli, researchers 
start to explore the multisensory integration of events 
that more closely resemble our everyday experience. The 
use of more naturalistic stimuli should allow researchers 
to determine whether or not enhanced crossmodal inte-
gration will occur when people are presented with more 
meaningful combinations of auditory and visual stimuli 
(an idea often presented under the rubric of the “unity as-
sumption”; Bertelson & de Gelder, 2004; Jack & Thur-
low, 1973; Jackson, 1953; Vroomen, 1999; Welch, 1999; 
Welch & Warren, 1980).

The literature on spatial ventriloquism suggests that a 
greater visual bias of perceived auditory location occurs 
for more “meaningful” (or “compelling”; see Warren, 
Welch, & McCarthy, 1981) combinations of audiovisual 
stimuli—such as, for example, the sight of a steaming 
kettle and a whistling sound (Jackson, 1953)—than for 
the kinds of arbitrary, or nonmeaningful, combinations 
of stimuli, such as flashing lights and brief tones, that 
typically have been presented in the majority of previous 
laboratory studies. However, whereas several empirical 
studies have been taken to provide support for the “unity 
assumption” in the domain of spatial ventriloquism (Jack 
& Thurlow, 1973; Jackson, 1953; Warren et al., 1981; but 
see also Radeau & Bertelson, 1977, for evidence that the 
“realism” of the stimuli used has no effect on adaptation 
effects), the possibility that these results reflect nothing 
more than a response bias has not, as yet, been ruled out 
(Bertelson & Aschersleben, 1998; Bertelson & de Gelder, 
2004; Caclin, Soto-Faraco, Kingstone, & Spence, 2002; 
Welch, 1999). For example, it is possible that the partici-
pants in Jackson’s early study might simply have been bi-
ased to assume that hearing a steam whistle and seeing 
a steaming kettle at the same time meant that these two 
events ought to go together. Consequently, participants 
may have been more likely simply to decide to point to 
the location where they saw the steaming kettle, despite 
having been verbally instructed to point to the source of 
the whistling sound. Note that the participants presum-
ably did not have any such preconceptions of unity when 
confronted with an arbitrary pairing of auditory and visual 
stimuli—such as, for example, the sound of a bell and the 

onset of a light source, as used in Jackson’s other spatial 
ventriloquism experiment.

It therefore remains uncertain, from the findings of 
these previous studies, whether the “unity assumption” 
actually influenced the perceptual experience of partici-
pants in a relatively automatic manner, or whether it sim-
ply biased their decisional strategies instead (note also 
the possibility that other forms of decisional bias, such 
as criterion shifts, may also have influenced participants’ 
performance in these former studies; see Shaw, 1980). It 
is also possible, of course, that the effects reported in these 
previous studies of spatial ventriloquism relevant to the 
evaluation of the “unity assumption” may equally reflect 
some unknown combination of perceptual and decisional 
effects.

It should also be pointed out that the presentation of 
“informationally rich” stimuli such as the sight and sound 
of a kettle (i.e., events that have a greater internal temporal 
coherence and temporally varying structure) may promote 
more enhanced multisensory integration than stimuli of 
“low” informational content such as briefly presented 
lights and tones, where the only time-varying informa-
tion consists of the onset and offset transitions (Jack & 
Thurlow, 1973; Jones & Jarick, 2006). This form of mul-
tisensory integration, driven by the coherence or correla-
tion between two sensory signals, can be thought of as a 
bottom-up form of integration (Armel & Ramachandran, 
2003; Bermant & Welch, 1976; Radeau & Bertelson, 
1987; Welch, 1999). It is, however, actually quite diffi-
cult to distinguish between the bottom-up and top-down 
modulation of multisensory integration in many situations 
(see the General Discussion on this point).

The possibility that “informationally rich” stimuli may 
give rise to enhanced multisensory integration has been 
supported by research reported by Warren et al. (1981). 
In their spatial ventriloquism study, the dynamic face of 
a speaker or a static visual stimulus (consisting of a 1 
2 cm piece of tape placed at the location on the screen 
where the speaker’s mouth would have been) was pre-
sented, together with an auditory speech signal under vari-
ous degrees of spatial discrepancy. Warren et al. reported 
that the visual bias of perceived auditory localization was 
significantly larger when the visual stimulus consisted of 
the dynamic face associated with the speaker’s voice than 
when it consisted of the simple static visual “spot.” The 
authors argued that the “informationally richer” auditory 
and visual signals—the speaker’s face and the matching 
voice—were more compelling than the visual “spot” and 
speech signal which, when combined, had lower informa-
tional content. As a consequence, more audiovisual inte-
gration was observed in the former case than in the latter. 
It is possible, however, that Warren et al.’s findings reflect 
nothing more than a temporal coherence difference that 
was present in the conditions utilized—that is, with the 
visual “spot” plus speech signal, which obviously lacked 
any crossmodal temporal coherence (whereas there would 
have been a high degree of temporal coherence between 
the matching auditory and visual speech stimuli).

The last few years have seen researchers extending 
their ideas on sensory dominance from the domain of 
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spatial ventriloquism to that of temporal ventriloquism 
(Bertelson & Aschersleben, 2003). In particular, several 
researchers have argued that auditory cues may dominate 
visual cues in the temporal domain (Fendrich & Corbal-
lis, 2001; Morein-Zamir et al., 2003; Scheier et al., 1999; 
Vroomen & Keetels, 2006). For example, Morein-Zamir 
et al. reported a series of experiments in which their par-
ticipants were presented with pairs of brief visual stimuli, 
one above and the other below a central fixation point. 
The stimulus onset asynchrony (SOA) between the onset 
of the two light emitting diodes (LEDs) was varied using 
the method of constant stimuli (Spence, Shore, & Klein, 
2001). Brief uninformative tones were also presented 
from a loudspeaker cone situated directly behind the fixa-
tion light. One sound was presented before the first light 
and the other was presented after the second light. Even 
though the sounds provided no useful information about 
which light (the upper or lower one) had been presented 
first, the presence of the sounds significantly improved 
the sensitivity of participants’ temporal order judgment 
(TOJ) performance over a condition in which the sounds 
were presented in synchrony with the lights, or a condi-
tion of no sounds at all. On the basis of this and other 
experimental results, Morein-Zamir et al. argued that the 
first sound temporally ventriloquized the perceived onset 
of the first light earlier, thereby increasing the apparent 
temporal separation between the first and second light and 
improving TOJ performance. Results such as these have 
therefore been taken to suggest that whereas visual stim-
uli typically lead to the spatial ventriloquism of auditory 
stimuli, auditory stimuli may ventriloquize the perceived 
time at which visual stimuli seem to occur.

As yet, however, no one has attempted to address the 
question whether or not the “unity assumption” also af-
fects temporal perceptual phenomena such as temporal 
ventriloquism; therefore, in order to address the question 
of what effect, if any, the “unity assumption” has on tem-
poral perception in humans, we presented pairs of auditory 
and visual speech stimuli that were either matched (refer-
ring to the same complex underlying perceptual event) 
or mismatched (by combining the auditory and visual 
streams from different perceptual events). We matched 
the informational content of the stimuli across conditions 
by using exactly the same stimuli in both the matched and 
mismatched speech conditions (cf. Warren et al., 1981). 
In our first experiment, we used audiovisual speech stim-
uli (syllables) uttered by a female and a male speaker. 
According to the “unity assumption,” participants should 
find it harder to determine whether the visual lip move-
ments or the auditory speech were presented first when the 
two stimuli refer to the same underlying perceptual event 
than when they do not. Such an outcome would provide 
the first empirical demonstration that the “unity assump-
tion” can facilitate the crossmodal binding of audiovisual 
speech stimuli at a perceptual level, while ruling out the 
decisional level confound that has hampered the interpre-
tation of all previous studies on this topic.

Although the idea of investigating the perceptual con-
sequences of combining a man’s voice with a woman’s 
face (or vice versa) is by no means new, previous research 

in this area has primarily focused on addressing ques-
tions related to speech identification performance, with 
a particular focus on the McGurk effect (McGurk & Mac-
Donald, 1976). Moreover, the results of these previous 
studies of audiovisual speech perception are inconclusive 
as to whether the magnitude of the McGurk effect (i.e., the 
visual influence on the perception of audiovisual speech) 
is affected by whether or not the speaker’s face and voice 
are gender-matched (Easton & Basala, 1982; Green & 
Gerdeman, 1995; Green, Kuhl, Meltzoff, & Stevens, 
1991; Walker, Bruce, & O’Malley, 1995).

In the present article, we used this gender match/
mismatching design, together with a TOJ task, to address 
what impact the “unity assumption” has on temporal per-
ception of audiovisual speech stimuli, while avoiding the 
potential response bias confound encountered in previous 
research. In our TOJ task, the participants had to decide 
on each trial whether the auditory or the visual speech 
stimulus had been presented first. The use of the TOJ task 
allowed us to obtain two performance measures: the just 
noticeable difference (JND) and the point of subjective si-
multaneity (PSS). The JND provides a standardized mea-
sure of the sensitivity with which participants could judge 
the temporal order of the auditory and visual stimuli. The 
PSS provides an estimate of how long the speech event in 
one sensory modality had to occur before the speech event 
in the other modality in order for synchrony to be perceived 
(or rather, for the “vision first” and “sound first” responses 
to be chosen equally often). Our use of a TOJ task allowed 
us to overcome the response bias account that has ham-
pered the interpretation of all previous studies of the “unity 
assumption” in the spatial domain because the presentation 
of the matched-versus-mismatched video clips should not 
differentially affect the likelihood of participants making a 
“sound first” as opposed to a “vision first” response (i.e., 
judgments of temporal order were orthogonal to judgments 
of unity in our experimental design).

EXPERIMENT 1

Method
Participants. Nineteen participants (7 men and 12 women) 18–

32 years of age (mean age, 23 years) were given a £5 Sterling gift 
voucher or course credit in return for taking part in the experiment. 
All of the participants were naive as to the purpose of the study, and all 
reported having normal hearing and normal or corrected-to-normal 
visual acuity. The experiment lasted for approximately 40 min.

Apparatus and Materials. The experiment was conducted in 
a completely dark sound-attenuated testing booth. The participants 
sat at a small table, facing straight ahead. The visual stimuli were 
presented on a 17-in. (43.18-cm) TFT color LCD monitor (SXGA 
1,240  1,024 pixel resolution; 60-Hz refresh rate), placed at eye 
level approximately 68 cm from the participant. The auditory stimuli 
were presented by means of two Packard Bell Flat Panel 050 PC 
loudspeakers, each 25.4 cm on either side of the center of the moni-
tor; in other words, the auditory and visual speech stimuli were pre-
sented from the same spatial location. Throughout the experiment, 
white noise was presented continuously at 55 dB (A; as measured 
from the participants’ head positions) from a loudspeaker cone 
positioned directly above the monitor (22.3 cm from its center) in 
order to mask any sounds made by the participants. The audiovisual 
stimuli consisted of eight black-and-white video clips presented on 
a black background using the Presentation programming software 
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(Neurobehavioral Systems Inc., CA). The video clips (300  280-
pixel, Cinepak Codec video compression, 16-bit audio sample size, 
24-bit video sample size, 25 frames/sec) were processed using the 
Adobe Premiere 6.0 software package. The clips consisted of the 
following: (1) close-up views of the faces of a British woman and of 
a British man (see Figure 1A) uttering the syllables (phonemes) / / 
and / /; (2) the same lip movements, but with the auditory chan-
nels reversed, so that the female face was now paired with the male 
voice uttering the same syllable and the male face was paired with 
the female voice. Both clips had a duration of 385 msec; that is, the 
duration of the event was equal to that of the entire clip, with both 
the auditory and visual signal being dynamic over the same time 
period. All speech stimuli were recorded under the same conditions, 
with the mouth starting and ending in a closed position. The articula-
tion of / / and / / was salient enough without having the speaker 
make the stimuli unnatural (through exaggerated enunciation). In 

order to achieve accurate synchronization of the dubbed video clips, 
each original clip was reencoded using XviD codec (single pass, 
quality mode of 100%). Using the multitrack setting in Premiere 
6.0, the visual and auditory components of the to-be-dubbed videos 
were aligned based on the peak auditory signals of the two videos. 
The matched audiovisual signals (both lip movements and auditory 
speech signals) were subsequently aligned with the mismatched au-
ditory or visual signal. A final frame-by-frame inspection of the 
video clips was performed in order to ensure the correct alignment 
of the auditory and visual signals.

At the beginning and end of each video clip, a still image (ex-
tracted from the first and last 33.33 msec of each clip, respectively) 
and background acoustic noise were presented for a duration equiva-
lent to the SOA (values reported below) in order to avoid cuing the 
participants as to the nature of the audiovisual delay with which 
they were being presented. In order to achieve a smooth transition 

Figure 1. (A) Still images of the speech video clips used. (B) Schematic illustration of 
the sequence of auditory and visual events presented in each video clip; a still image, 
acoustic noise signal, and fade in/out were presented at the start and end of each video 
clip. The still image or the acoustic noise was presented for a duration equivalent to 
the SOA present in each video clip.
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at the start and end of each video clip, a 33.33-msec cross-fade was 
added between the still image and the video clip. The cross-fading 
effect initially created a black screen that gradually faded to the still 
image and subsequently faded to the video clip (a similar fade was 
introduced at the end of each video clip), creating a smooth start and 
ending to each video (see Figure 1B). The participants responded by 
holding a standard computer mouse in both hands, using the right 
thumb for “vision first” responses and the left thumb for “audition 
first” responses (or vice versa; the response buttons were counter-
balanced across participants).

Design. Nine possible SOAs between the auditory and visual 
stimuli were used: 300, 200, 133, 66, and 0 msec. Nega-
tive SOAs indicate that the auditory stream was presented first; 
positive values indicate that the visual stream was presented first. 
This particular range of SOAs was selected on the basis of previous 
research showing that people can typically discriminate the tempo-
ral order of briefly presented, matched auditory and visual speech 
stimuli at a 75% correct level (i.e., the conventionally defined JND; 
Spence et al., 2001) at SOAs of approximately 80 msec (McGrath & 
Summerfield, 1985; Munhall & Vatikiotis-Bateson, 2004; Vatakis & 
Spence, 2006). The participants completed one block of 8 practice 
trials before the main experimental session in order to familiarize 
themselves with the task and with the video clips. The practice block 
was followed by 5 blocks of 144 experimental trials, consisting of 
two presentations of each of the 8 video clips at each of the 9 SOAs 
per block of trials. The intertrial interval was set at 1,000 msec, and 
the various SOAs were presented randomly within each block of tri-
als using the method of constant stimuli (see Spence et al., 2001).

Procedure. The participants were informed that they would be 
presented with a series of matched and mismatched video clips of 
the faces and voices of a woman and a man. In order to familiarize 
the participants with the normal appearance of the speakers on the 
video clips, a clip showing the entire face and playing the original 

voice of each speaker was presented briefly at the start of the experi-
ment. The participants were informed that on each trial they would 
have to decide whether or not the auditory or visual speech signal 
appeared to have been presented first, and that they would some-
times find this task difficult, in which case they should make an 
informed guess. The participants were also informed that the task 
was self-paced and that they should respond only when confident 
of the response. The participants did not have to wait until the video 
clip had finished before making their response, but a response had to 
be made before the experiment would advance to the next trial.

Results and Discussion
The proportions of “vision first” responses were con-

verted to their equivalent z scores under the assumption of 
a cumulative normal distribution (see Finney, 1964). The 
data from the 7 intermediate SOAs ( 200, 133, 66, 
and 0 msec) were used to calculate best-fitting straight 
lines for each participant for each condition; in turn, these 
data were used to derive values for the slope and intercept 
(matched, / /, r2  .91, p  .01; / /, r2  .95, p  .01; 
mismatched, / /, r2  .95, p  .01; / /, r2  .92, p  
.01); the r2 values reflect the correlation between the SOAs 
and the proportion of “vision first” responses, and hence 
provide an estimate of the goodness of the data fits; see 
Figure 2A). The 300-msec points were excluded from 
this computation; most participants performed nearly 
perfectly at this interval, and therefore these points did 
not provide significant information regarding our experi-
mental manipulations (Spence et al., 2001, took a similar 
approach). The slope and intercept values were used to 

Figure 2. Mean percentage of “vision first” responses plotted as a function of stimulus onset asynchrony (SOA) for each of the pho-
neme and word conditions used in Experiments 1–4.
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calculate the JND (JND  0.675/slope; because 0.675 
represents the 75% and 25% points on the cumulative nor-
mal distribution) and PSS (PSS  intercept/slope) val-
ues (see Coren, Ward, & Enns, 2004, for further details).

For all of the analyses reported here, Bonferroni-
 corrected t tests (where p  .05 prior to correction) were 
used for all post hoc comparisons. The JND and PSS data 
for each of the matched and mismatched speech stimuli 
were analyzed using a repeated-measures ANOVA with 
the factor of face–voice match (matched vs. mismatched). 
Preliminary analysis of the data with the factors of face–
voice match and speech token revealed no main effect 
[F(1,18)  3.96, p  .17] or interaction involving the 
speech token factor [F(1,18)  2.71, p  .20]; and so we 
combined the data from the two different speech tokens 
used in our subsequent analysis.

Analysis of the JND data revealed a significant main 
effect of face–voice match [F(1,18)  6.92, p  .01], 

with participants finding it significantly more difficult3 to 
judge the temporal order of the auditory and visual speech 
stimuli correctly when face and voice matched—that is, 
when they referred to the same underlying multisensory 
speech event (M  70 msec)—than when they were 
mismatched—that is, when they came from speakers of 
a different gender (M  59 msec; see Figure 3A).4 The 
analysis of the PSS data also revealed a significant main 
effect of face–voice match [F(1,18)  4.33, p  .05] (see 
Figure 3B), with the matched audiovisual speech stim-
uli requiring an auditory lead for the PSS to be reached 
(M  7 msec), whereas a visual lead was required for the 
mismatched speech (M  11 msec). Similar variations in 
the PSS have been reported in other recent TOJ studies 
using speech stimuli, and can presumably be attributed 
to the different “weighting” of visual and auditory sig-
nals involved in the production of various different speech 
sounds (Abry, Cathiard, Robert-Ribes, & Schwartz, 

Figure 3. (A) Average JNDs for the matched and mismatched audiovisual speech stimuli (phonemes and words) pre-
sented in Experiments 1–4. (B) PSSs for the matched and mismatched phonemes and words. The error bars represent 
the standard errors of the mean.
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1994; van Wassenhove, Grant, & Poeppel, 2005; Vatakis 
& Spence, 2006). Note that we had no specific predic-
tions of what effect, if any, the presentation of matched-
 versus-mismatched video clips would have on the PSS 
values reported here, because researchers have not, as yet, 
specifically predicted the effect of the “unity assumption” 
on this particular performance measure. The PSS data are 
therefore reported in the present study primarily for the 
sake of completeness.

Overall, the results of Experiment 1 indicate that par-
ticipants found it easier to discriminate the temporal order 
of the auditory and visual speech stimuli when these were 
mismatched than when they were matched. This outcome 
provides the first robust psychophysical evidence that the 
“unity assumption” can facilitate the crossmodal binding 
of multisensory information in speech stimuli at a per-
ceptual level. This conclusion is warranted by the fact that 
any bias to assume that the matched auditory and visual 
stimuli should be bound together could not have biased 
participants toward either a “vision first” or “sound first” 
response as would have been the case had we used a simul-
taneity judgment task, in which any assumption of unity 
might also have led to a decisional bias toward partici-
pants making the simultaneous response.

We worried that if participants had somehow “seen 
through” the experiment, they might intentionally have 
performed more accurately on those TOJ trials in which 
the stimuli were mismatched; however, it is important to 
note that participants could not simply have performed 
more accurately, since it would have been unclear to them 
at many of the intermediate SOA values tested what the 
correct/appropriate response should have been (i.e., either 
audition or vision first). This is one of the principal ad-
vantages of the TOJ task over the simultaneity judgment 
task when attempting to test the “unity assumption.” One 
might also wonder, however, whether participants might 
intentionally have “thrown” trials—that is, made incorrect 
responses on those trials in which they felt certain of the 
correct response, in order to please the experimenter. One 
argument against this possibility is the fact that perfor-
mance in the matched and mismatched conditions did not 
differ significantly at the longest SOAs, at which partici-
pants were most confident of their responses, and presum-
ably the point at which they would have been most likely 
to respond incorrectly. Note also that if participants had 
adopted a conscious strategy of deliberately responding 
incorrectly at these longer SOAs, a slowing of response 
latencies at the longer intervals, as compared with the 
shorter intervals, could have been expected (cf. Shore, 
Spence, & Klein, 2001). However, subsequent analysis 
of the response time (RT) data from Experiment 1 did not 
provide any evidence to support this account. In particular, 
there was no main effect of SOA in the RT data [F(1,18)  
1.18, p  .29].

In our Experiment 2, we attempted to replicate our 
findings on the effect of the “unity assumption” on the 
temporal perception of speech stimuli, while at the same 
time examining whether the effect would extend to the 
perception of spoken words. We used the words happy 
and odor; happy was chosen because it has an onset pho-

neme (/ /) that is “poor” in visual cues and information. 
(According to the 1993 International Phonetic Alphabet, 
/ / has a glottal place of articulation, compared with the 
bilabial / / used in Experiment 1.) We chose to test word 
stimuli in Experiment 2 because we first wanted to explore 
whether the unity effect would generalize to influence 
people’s perception of other kinds of speech stimuli. One 
could argue that the use of only two phonemes (in Experi-
ment 1) might not be sufficient to provide solid evidence 
for our findings, so we used words that provided another 
complex stimulus. Second, aware of the great variability 
in the PSS values sometimes obtained for syllables versus 
words (Vatakis & Spence, 2006), we wanted to test both 
kinds of stimuli, in case this PSS variability had any effect 
on the matching-versus-mismatching effect.

EXPERIMENT 2

Method
Eighteen new participants (5 men and 13 women), 18–42 years of 

age (mean age, 25 years), took part in this experiment. The appara-
tus, stimuli, design, and procedure were exactly the same as in Ex-
periment 1, except that the audiovisual speech stimuli now consisted 
of (1) close-up views of the two faces from Experiment 1 uttering 
the words happy and odor (both clips of 800 msec in duration); and 
(2) movements the same but with the auditory channels reversed, so 
that the female face was paired with the male voice uttering the same 
word, and vice versa.

Results and Discussion
The goodness of the data fits was significant for all 

conditions (matched, happy, r2  .93, p  .01; odor, r2  
.95, p  .01; mismatched, happy, r2  .94, p  .01; odor, 
r2  .95, p  .01; see Figure 2B). Analysis of the JND data 
once again revealed a significant main effect of face–voice 
match [F(1,17)  11.12, p  .01], indicating that partici-
pants found it significantly harder to judge the temporal 
order of the auditory and visual speech stimuli when face 
and voice matched (M  105 msec) than when they were 
mismatched (M  76 msec; see Figure 3A), just as in Ex-
periment 1. The analysis of the PSS data (see Figure 3B) 
also revealed a significant main effect of face–voice match 
[F(1,17)  17.93, p  .01], with the matched audiovi-
sual speech stimuli requiring a greater visual lead (M  
50 msec), than did the mismatched stimuli (M  12 msec). 
Note here that the trend in the PSS data was in the reverse 
direction to that reported in Experiment 1 (where the 
matched stimuli required an auditory lead at the PSS).

The results of Experiment 2 demonstrate that partici-
pants found it significantly easier to discriminate the tem-
poral order of the auditory and visual speech stimuli when 
the latter were mismatched than when they were matched. 
These results therefore provide further evidence that the 
“unity assumption” can facilitate the crossmodal percep-
tual binding of multisensory speech stimuli—in this case, 
audiovisually presented words—as indexed here by the 
increased JND observed for matched as opposed to mis-
matched speech stimuli reported in both Experiments 1 
and 2.

In the two experiments reported so far, however, only 
the mismatched video clips were dubbed. The matched 
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video clips were not dubbed, because exact synchroniza-
tion of the auditory and visual streams was assured by 
the original recordings themselves. We thought it possible 
that the dubbing of the mismatched video clips might in-
advertently have created between the matched and mis-
matched video clips some kind of physical difference that 
participants noticed and used to improve their temporal 
discrimination performance. In Experiment 3, therefore, 
we attempted to replicate our findings (on the effect of the 
“unity assumption” on the temporal perception of speech 
stimuli) by using both dubbed matched and dubbed mis-
matched versions of syllables that belonged to the same 
phonetic categories as those used in Experiment 1. We 
used the syllables / / and / / (i.e., a bilabial and a back 
vowel, respectively, just as in Experiment 1). If the pattern 
of results reported in Experiment 3 was similar to that re-
ported in the two previous experiments, we could rule out 
any account of the JNDs reported between the matched 
and mismatched speech stimuli in terms of artifacts intro-
duced by the dubbing procedure.

EXPERIMENT 3

Method
Fourteen new participants (6 men and 8 women), 19–24 years 

of age (mean age, 21 years), took part in this experiment. The ap-
paratus, stimuli, design, and procedure were exactly the same as for 
Experiment 1, with the sole exception that the audiovisual speech 
stimuli were dubbed for both the matched and mismatched condi-
tions and consisted of (1) clips 385 msec long, with close-up views 
of the two faces from Experiment 1 which were now uttering the 
syllables / / and / /; and (2) the same lip movements, but with the 
auditory channels reversed, so that the female face was paired with 
the male voice uttering the same word, and vice versa. In order to ac-
curately synchronize the video clips, we used the multitrack setting 
in Premiere 6.0 and aligned the visual and auditory components of 
the to-be-dubbed videos on the basis of the peak signals of the two 
videos. A final frame-by-frame inspection of the video clips was 
performed in order to ensure the correct alignment of the auditory 
and visual signals.

Results and Discussion
The goodness of the data fits was significant for all 

conditions (matched, / /, r2  .95, p  .01; / /, r2  .96, 
p  .01; mismatched, / /, r2  .94, p  .01; / /, r2  .95, 
p  .01; see Figure 2C). Analysis of the JND data revealed 
a significant main effect of face–voice match [F(1,13)  
11.42, p  .01] , with participants finding it significantly 
harder to judge the temporal order of the auditory and vi-
sual speech stimuli correctly when face and voice matched 
(i.e., when they referred to the same underlying multisen-
sory speech event; M  92 msec) than when they were 
mismatched (i.e., when they came from different gender 
speakers; M  69 msec; see Figure 3A). Analysis of the 
PSS data also revealed a significant main effect of face–
voice match [F(1,13)  17.87, p  .01] (see Figure 3B), 
with the matched audiovisual speech stimuli requiring an 
auditory lead for the PSS to be achieved (M  9 msec), 
just as in Experiment 1, whereas a visual lead was required 
for the mismatched speech (M  38 msec).

Overall, the results of Experiment 3, like those of Ex-
periments 1 and 2, indicate that participants found it easier 

to discriminate the temporal order of the auditory and vi-
sual speech stimuli when the latter were mismatched than 
when they were matched. Given these findings, and the 
fact that the same dubbing procedure was used to create 
all of the video clips (both matched and mismatched) in 
our third experiment, we can safely rule out an artifact of 
the particular dubbing procedure utilized in the creation of  
the mismatched video clips as being the principal cause 
of the difference in performance between the matched 
and mismatched audiovisual speech stimuli. Rather, these 
results provide additional support for our claim that the 
effect of the “unity assumption” seen in Experiments 1 
and 2 represents a robust empirical phenomenon.

In the matched conditions of the three experiments re-
ported so far, the auditory and visual components were de-
rived from exactly the same utterance and speaker, whereas 
the mismatched conditions were not (see also Green et al., 
1991, for a similar stimulus manipulation used in previous 
studies). One could therefore argue that the mismatched 
conditions, in comparison with the matched conditions, 
were gender-mismatched and were composed of auditory 
and visual components derived from different speech ut-
terances. In order to determine whether the unity effect 
obtained in the three experiments reported so far relied on 
gender-based differences (i.e., involving amplitude and/or 
timbre differences between female and male voices) that 
may have been present in our mismatched speech stimuli, 
we conducted a fourth (and final) experiment. In Experi-
ment 4, we attempted to replicate our findings with regard 
to the effect of the “unity assumption” on the temporal 
perception of speech stimuli but now using the matched 
versus mismatched presentations of the syllables / / and 
/ / derived from the same female speaker. If the pattern 
of results in our final experiment was found to be similar 
to that reported in our three previous experiments (where 
different speakers were utilized in the mismatched condi-
tions), then this would show that the obvious physical gen-
der mismatch present in the mismatched video clips was 
not required in order to obtain the unity effect reported in 
Experiments 1–3.

EXPERIMENT 4

Method
Twelve new participants (3 men and 9 women), 21–33 years of 

age (mean age, 25 years), took part in this experiment. The appara-
tus, stimuli, design, and procedure were exactly the same as for Ex-
periment 1 with the following exceptions in the audiovisual speech 
stimuli: (1) close-up views of the face of just one woman (different 
from the one used in the previous experiments) uttering the syllables 
/ / and / / (both clips of 385 msec in duration); and (2) the same 
lip movements but with the auditory channels reversed so that the 
female face uttering / / was now paired with the same female voice 
uttering / / and vice versa.

Results and Discussion
The goodness of the data fits was significant for all 

conditions (matched, / /, r2  .96, p  .01; / /, r2  
.96, p  .01; mismatched, / /, r2  .95, p  .01; / /, 
r2  .95, p  .01; see Figure 2D). Analysis of the JND 
data revealed a significant main effect of face–voice 
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match [F(1,11)  5.76, p  .03], with the participants 
finding it significantly harder to judge the temporal order 
of the auditory and visual speech stimuli correctly when 
the face and voice matched—that is, when they referred 
to the same underlying multisensory speech event (M  
65 msec)—than when they were mismatched—that is, 
when they came from different utterances (M  52 msec; 
see Figure 3A). The analysis of the PSS data also revealed 
a significant main effect of face–voice match [F(1,11)  
4.92, p  .05] (see Figure 3B), with the matched audiovi-
sual speech stimuli requiring a visual lead for the PSS to 
be achieved (M  26 msec), whereas a smaller visual lead 
was required for the mismatched speech (M  9 msec). 
Note here that whereas the trend in the PSS data toward a 
visual lead is similar to that reported in Experiment 2, it is 
in the reverse direction to that reported in Experiments 1 
and 3; where the matched stimuli required an auditory lead 
at the PSS, thus suggesting that the “unity assumption” 
does not have a particularly reliable influence on the PSS. 
Instead, it seems more likely that the shifts reported in the 
PSS are driven by differences between the relative visual 
salience and onset time of the auditory components of dif-
ferent speech sounds (van Wassenhove et al., 2005).

Overall, the results of Experiment 4, in which the same 
speaker was utilized in both the matched and mismatched 
video clips, replicate the findings of all three previous ex-
periments; that is, participants found it significantly easier 
to discriminate the temporal order of the auditory and vi-
sual speech stimuli in the mismatched than in the matched 
conditions, even when the mismatch occurred between 
different speech events uttered by the same speaker. Thus, 
our findings cannot be accounted for by any possible 
 gender-based differences in the matched and mismatched 
conditions of the three previous experiments. The results 
of our final experiment therefore provide additional sup-
port for the view that the “unity assumption” can influ-
ence audiovisual speech perception.

GENERAL DISCUSSION

The most important finding to emerge from the four 
experiments reported in the present article was that par-
ticipants found it significantly easier to discriminate the 
temporal order of the auditory and visual speech stimuli 
when they were mismatched (i.e., when the female voice 
was paired with a male face, or vice versa, in Experi-
ments 1–3) than when they were matched (see Figure 3A). 
Taken together, these results therefore provide the first 
psychophysical evidence that the “unity assumption” can 
modulate the crossmodal binding of multisensory infor-
mation at a perceptual level, at least in the case of the 
temporal perception of audiovisual speech stimuli as stud-
ied here. The enhanced multisensory binding taking place 
in the matched speech condition resulted in poorer tem-
poral discrimination performance when the participants 
were presented with matched audiovisual speech events 
(i.e., originating from the same perceptual event) than that 
seen in the mismatched speech condition (i.e., when the 
stimuli came from different speech events). We were able 
to equate the informational content of the stimuli by using 

precisely the same stimuli to generate both the matched 
and mismatched video clips (cf. Warren et al., 1981). 
Moreover, the response bias account that has confounded 
the interpretation of all previous research in this area (see 
Bertelson & de Gelder, 2004, for a review) cannot account 
for our results, because any response bias—that is, any 
bias to assume that the vocal and facial signals either were 
or were not matched—should not have influenced par-
ticipants preferentially toward making either an “auditory 
first” or a “visual first” response.

Unity and the McGurk Effect
The results of previous studies of audiovisual speech 

perception have provided somewhat inconsistent evidence 
concerning the question of whether or not the magnitude 
of the McGurk effect is affected by gender-based match-
ing versus mismatching of speech stimuli. Our results, 
demonstrating the existence of significant differences be-
tween gender-matched and gender-mismatched stimuli, 
with audiovisual temporal discrimination performance 
being poorer in the former case, would appear to conflict 
with the results of a study by Green et al. (1991), which 
reported that the magnitude of the McGurk effect—the in-
fluence of visual speech on the perception of audiovisual 
speech—was unaffected by whether or not the lip move-
ments and auditory speech signals were gender-matched. 
There are, however, two important points to note here. 
First, it has been argued by several researchers that the 
McGurk effect may dissociate from other audiovisual 
tasks, due to the possibly distinct perceptual processes un-
derlying the former effect (Rosenblum & Saldaña, 1992; 
but see Bedford, 2001). Second, two other published stud-
ies (Easton & Basala, 1982; Walker et al., 1995) have in 
fact reported a significant effect of gender mismatching 
on audiovisual speech perception (i.e., providing results 
that also conflict with those of Green et al., 1991).

Easton and Basala (1982) reported two experiments in 
which they assessed the ability of participants to lip-read 
(monosyllabic and/or compound words) under conditions 
of unimodal visual presentation rather than under con-
ditions of discrepant visual-auditory presentation (i.e., 
by varying the degree of discordance of the initial and 
final phonetic positions of words that were presented). 
Easton and Basala reported that their participants’ ability 
to recognize (i.e., lip-read) visual speech was substantially 
impaired by the presence of discrepant auditory informa-
tion. The magnitude of this crossmodal interference effect 
was related to the “compellingness,” the degree to which 
the two events appeared to “go together,” of the visual-
 auditory signals, in terms of the extent to which they were 
perceived as constituting a unified perceptual event (cf. 
Warren et al., 1981). Walker et al. (1995) also observed 
an interaction between gender discrepancy and familiarity 
in their study of the McGurk effect. In particular, a smaller 
McGurk effect was observed with gender-incongruent 
auditory and visual speech stimuli, but only when par-
ticipants were familiar with either the speaker’s face or 
voice. Thus, the results of these two studies would appear 
to suggest that the “unity assumption” can affect the au-
diovisual integration of speech stimuli, at least under cer-
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tain conditions, a finding that would be in agreement with 
the findings concerning audiovisual temporal perception 
reported here.

Temporal Ventriloquism and the Unity Effect
The unification of events presented in different sensory 

modalities (an auditory and visual signal, in our case) 
should lead to the merging of the sensory signals into a 
single multisensory percept. This multisensory stimulus/
event should presumably have a unique temporal onset. 
Consequently, any asynchrony that happened to be pres-
ent between the auditory and visual signals prior to their 
integration would be expected to be reduced, if not elimi-
nated completely, by the multisensory integration of the 
component unisensory events. Hence, participants should 
find it harder to judge whether the visual lip movements or 
the auditory speech came first, thus resulting in a higher 
JND. The specific mechanisms that govern this reduced 
temporal resolution are still unknown, but one possible 
explanation emerges from recent work on the phenom-
enon of temporal ventriloquism: Over the last few years, 
a number of studies have shown that auditory signals can 
ventriloquize the perceived time of occurrence of slightly 
asynchronous visual signals (Fendrich & Corballis, 2001; 
Morein-Zamir et al., 2003; Scheier et al., 1999; Vroomen 
& Keetels, 2006). Hence, in the present study, the greater 
degree of multisensory integration seen in the matched 
conditions (attributable to the “unity assumption”) may 
have led to a reduction in the onset latency differences 
between the auditory and visual stimuli and therefore to 
worse temporal discrimination performance than in the 
mismatched conditions, where less integration (tempo-
ral ventriloquism) should presumably have taken place. 
Uncovering the specific mechanism underlying the unity 
effect will clearly represent an important issue for future 
research.

The analysis of the PSS data in the present article re-
veals that the matched phoneme video clips used in Ex-
periments 1 and 3 required small auditory leads, whereas 
the mismatched clips required visual leads for the PSS to 
be reached. This was not true for the word video clips used 
in Experiment 2, or for the syllable clips used in Experi-
ment 4, where visual leads were required instead for both 
the matched and mismatched video clips. One possible ex-
planation for this difference might be that the phonetic and 
physical properties involved in the production of different 
speech sounds vary as a function of the particular speech 
sound being uttered (e.g., / / in Experiment 1; / / in 
Experiment 4). For example, for speech stimuli having 
a high visibility speech contrast (e.g., for bilabial stimuli 
such as / /), the human information processing system 
requires less of a visual lead for the PSS to be achieved 
than when in the presence of ambiguous (i.e., less infor-
mative) visual signals (e.g., Vatakis & Spence, 2006).

This view has received support from a recent neuroim-
aging study by van Wassenhove et al. (2005), in which it 
was shown that salient visual inputs, as in the phoneme 
/ /, affected auditory speech processing at very early 
stages of processing (i.e., within 50–100 msec of stimu-
lus onset) by enabling the perceptual system to make a 

prediction concerning the about-to-be-presented auditory 
input. The authors argued that this difference in the nature 
of the production of different speech sounds might explain 
the variations reported previously in the auditory or visual 
delays and/or leads required for the successful perception 
of synchrony for audiovisual speech (Abry et al., 1994; 
van Wassenhove et al., 2005; Vatakis & Spence, 2006). 
Given that auditory stimuli may dominate for certain au-
diovisual speech stimuli, whereas visual cues dominate 
for other speech stimuli, the crossing of the auditory and 
visual stimuli (of putatively differing “dominance” val-
ues) in the present study may help to explain why the PSS 
values in the mismatched videos were sometimes different 
from those reported for the matched conditions despite the 
fact that, overall, the same stimuli were presented in both 
cases. Resolving the factors contributing to the PSS shifts 
observed in the experiments reported in the present study 
represents a pertinent area for future research.

Top-Down and Bottom-Up Factors Contributing 
to Multisensory Integration

It is important to note that multisensory integration can 
be modulated by both top-down and bottom-up factors (see 
also Welch, 1999). Thus far, we have assumed that the ef-
fect of the “unity assumption” on performance reported in 
the present study was attributable to top-down factors (i.e., 
cognitive factors that affect the decision about whether or 
not two signals go together, or refer to the same event; 
Radeau & Bertelson, 1977). However, it is important to 
note that stimulus-driven (or structural) factors, such as 
any fine-timescale temporal correspondence or correla-
tion between the stimuli occurring in the two streams (see 
Armel & Ramachandran, 2003; Bermant & Welch, 1976; 
Jones & Jarick, 2006; Radeau & Bertelson, 1977, 1987; 
Welch, 1999) can also facilitate multisensory integration 
in a purely bottom-up manner. We attempted to minimize 
any such bottom-up differences in the integration of the 
auditory and visual speech stimuli in the present study by 
carefully matching the timing of the visual and auditory 
events used to make the matched and mismatched videos. 
We cannot, however, unequivocally rule out the possibil-
ity that any subtle residual differences in the degree of 
matching may also have resulted in slightly different lev-
els of bottom-up multisensory integration. Therefore, at 
the present time, it would seem most prudent to assume 
that our findings on the influence of the “unity assump-
tion” on multisensory temporal perception reflect some 
unknown combination of both top-down and bottom-up 
factors influencing multisensory integration. It is worth 
noting, however, that both top-down and bottom-up fac-
tors presumably operate at the same time to facilitate the 
appropriate multisensory integration of environmental 
events under the majority of naturalistic conditions (see 
Radeau & Bertelson, 1977; Welch, 1999).

It would appear likely that the processes underlying the 
unification of sensory signals are more attentionally de-
manding when driven in a top-down manner than when 
driven in a bottom-up way; it would, therefore, be inter-
esting for future research to investigate any such atten-
tional differences that might help to discriminate between 



754    VATAKIS AND SPENCE

top-down and bottom-up driven integration. One possi-
bility here involves manipulating the perceptual load of 
a concurrently presented secondary task (Lavie, 2005). 
Loading a participant’s attention might be expected to im-
pair any top-down (i.e., attentionally demanding) process 
of unification, while leaving any bottom-up integration 
relatively intact (though see Alsius, Navarra, Campbell, 
& Soto-Faraco, 2005).

Suggestive evidence concerning the interplay between 
top-down and bottom-up effects on the unification of 
auditory and visual signals has been reported in a recent 
audiovisual spatial ventriloquism study by Hairston et al. 
(2003). Specifically, these authors demonstrated that the 
accuracy of their participants’ auditory localization perfor-
mance was dependent on both the low-level characteristics 
of the sensory environment (i.e., structural factors) and on 
higher order (i.e., cognitive) factors (Welch, 1999). The 
participants in Hairston et al.’s study not only had to judge 
the perceived location of the auditory stimuli (as in tradi-
tional spatial ventriloquism studies), but also had to report 
whether or not the auditory and visual stimuli appeared to 
have been spatially “unified” on each trial (i.e., originat-
ing from the same location). The crossmodal visual bias of 
auditory localization was found to be more pronounced on 
those trials where participants reported the auditory and 
visual stimuli to be unified than when they did not.

It is, however, important to note here that Hairston et al.’s 
(2003) use of a pointing response to localize the auditory 
targets means that the crossmodal bias reported in their 
study might unfortunately reflect nothing more than a re-
sponse bias, as discussed earlier (see Bertelson & Ascher-
sleben, 1998; Bertelson & de Gelder, 2004; Caclin et al., 
2002; Welch, 1999). Moreover, it must at present remain 
unclear whether the top-down unification of the sensory 
signals by participants resulted in more multisensory in-
tegration (as indexed by a larger ventriloquism effect), or 
whether instead any trial-by-trial differences in the strength 
of the ventriloquism effect resulted in any variation in the 
degree of unification of the stimuli that the participants sub-
sequently experienced; perhaps the unification judgments 
were driven solely by how close in space the auditory and 
visual stimuli appeared to have been presented in any given 
trial. Furthermore, the failure to monitor the participants’ 
adherence to the central fixation instructions also means 
that an overt orienting (eye-movement) account of Hair-
ston et al.’s findings cannot be ruled out either (Thurlow & 
Jack, 1973; Weerts & Thurlow, 1971).

It is perhaps worth pointing out that recent research has 
also suggested a potential role for purely top-down factors 
in determining whether distance constancy is observed 
for the case of audiovisual temporal judgments (see Ar-
nold, Johnston, & Nishida, 2005, pp. 1281–1283; Sugita 
& Suzuki, 2003). In particular, Arnold et al. conducted 
an experiment in which they compared the psychophys-
ical performance of their participants on an audiovisual 
TOJ task as a function of whether or not they were told 
to imagine the sound and visual stimuli as having origi-
nated from a common environmental location. Certain of 
Arnold et al.’s results suggest that this purely cognitive 
(top-down) manipulation concerning the origin (same vs. 

different) of the auditory and visual stimuli did indeed 
influence the pattern of results obtained.

There appear to be specific mechanisms in the human 
perceptual system involved in the binding of spatially and 
temporally aligned sensory stimuli. At the same time, the 
perceptual system also appears to exhibit a high degree of 
selectivity in terms of its ability to separate highly con-
cordant events from events that meet the spatial and tem-
poral coincidence criteria, but which do not necessarily 
“belong together.” This has been demonstrated recently by 
Laurienti et al. (2004), who presented semantically con-
gruent and semantically incongruent audiovisual stimuli 
to participants in a feature discrimination task. The par-
ticipants in their study had to make speeded discrimina-
tion responses regarding whether a “red” or “blue” tar-
get had been presented on each trial. The target stimuli 
consisted of either a red or blue circle and/or the word 
red or blue spoken over headphones, respectively. On tri-
als where a bimodal target was presented, it was always 
congruent (i.e., a red circle together with the word red ). 
Distractor stimuli, which participants had to try to ignore, 
consisting of a green circle and/or the word green, were 
also presented on many of the trials. The participants re-
sponded more rapidly and accurately on the congruent bi-
modal target trials than on unimodal target trials, with the 
worst performance being reported on those trials where 
incongruent distractor stimuli were presented at the same 
time as the target. These results therefore show that the se-
mantic content of multisensory stimuli, together with their 
temporal and spatial attributes, can also play an important 
role in multisensory perceptual processing.

When taken together with the results of the present 
study, Laurienti et al.’s (2004) findings add to a growing 
body of evidence suggesting a significant role for more 
cognitive factors in modulating multisensory integration 
(see also Arnold et al., 2005; Miller, 1972; Welch, 1999). 
Finally, it should be noted that the existence of such top-
down influences on multisensory integration is inconsis-
tent with previous claims (e.g., Radeau, 1994) that mul-
tisensory integration might reflect an encapsulated (i.e., 
cognitively impenetrable) process.
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NOTES

1. Note that whereas the term “unity assumption” has appeared fre-
quently in the literature on the ventriloquism effect over the years, 
there appears to be some disagreement whether it refers to a top-down 
(i.e., cognitive) or a bottom-up (i.e., stimulus-driven) process. Part of 

the problem is that many of the factors (such as spatial and temporal 
coincidence) that promote a top-down assumption of unity are also 
likely to lead to enhanced bottom-up multisensory integration (Stein 
& Meredith, 1993; Welch, 1999). Several researchers (Bedford, 1994; 
Epstein, 1975; Fisher & Pylyshyn, 1994; Radeau & Bertelson, 1977; 
Welch & Warren, 1980) have used the term pairing instead to desig-
nate essentially the same notion, albeit with fewer cognitive overtones 
(see Bertelson & Aschersleben, 2003; Welch, 1999).

2. For the purposes of the present article, we define consistency op-
erationally, in terms of two or more sensory inputs being highly con-
sistent if they originate in the same environmental event (and hence 
inconsistent whenever they have different environmental causes). 
Other researchers have used the term compellingness to designate 
essentially the same notion (Easton & Basala, 1982; Warren, Welch, 
& McCarthy, 1981). It should, however, be noted that under certain 
contrived laboratory conditions, stimuli from different sensory mo-
dalities can sometimes appear to be highly consistent even when they 
originate from different environmental events (see, e.g., Welch, 1972, 
for one such example).

3. It is important to note that lower JND values (estimated from a 
given psychometric function) do not necessarily equate to a higher 
percentage of correct responses, especially if they are accompanied by 
a large vision-first or sound-first bias (i.e., a nonzero PSS, as reported 
in the experiments documented in the present study). Therefore, we 
also calculated the accuracy of participants’ TOJ responses in all four 
of our experiments. The results showed that participants responded 
more accurately to the mismatched stimuli than to matched stimuli 
in all four experiments. Main effects of matching, SOA, and match-
ing  SOA interaction: for Experiment 1, F(1,18)  12.34, p  .01; 
F(5,90)  21.63, p  .01; F(5,90)  6.33, p  .01; for Experiment 2, 
F(1,17)  4.50, p  .05; F(5,85)  10.20, p  .01; F(5,85)  10.63, 
p  .01; for Experiment 3, F(1,13)  17.59, p  .01; F(5,65)  
13.24, p  .01; F(5,65)  8.22, p  .01; for Experiment 4, F(1,11)  
5.63, p  .05; F(5,55)  7.00, p  .01; F(5,55)  3.77, p  .05.

4. Because the slope differences were not particularly visible in our 
psychometric functions, one might wonder whether the JND differ-
ences obtained across the various conditions might have reflected an 
artifact of the particular analysis performed. Specifically, we thought 
it possible that the shift in the psychometric functions observed be-
tween the matched and mismatched conditions could have been driven 
by changes in performance as a function of the particular range of 
SOAs used to fit our psychometric functions. In order to address 
this concern, we repeated the analysis of the data from all four ex-
periments but now utilized the data from only the middle five SOAs 
( 133 msec to 133 msec). However, this analysis revealed exactly 
the same pattern of results as those obtained utilizing the 7 SOAs 
reported in the main analyses in the text (in particular, for the main 
effect of matching: Experiment 1 [F(1,18)  4.93, p  .03], Experi-
ment 2 [F(1,17)  5.95, p  .02], Experiment 3 [F(1,13)  7.72, p  
.01], and Experiment 4 [F(1,11)  3.10, p  .04]. The results of these 
additional analyses therefore show that the main effect of matching re-
ported in all four of our experiments does not simply reflect an artifact 
of the range of SOAs used to calculate the psychophysical estimates 
of performance.

(Manuscript received December 6, 2005; 
revision accepted for publication November 27, 2006.)
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