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Amanda Bowen
VISUAL LOCALIZATION ACCURACY DETERMINES THE BIAS OF
AUDITORY TARGETS IN AZIMUTH AND DEPTH
Thesis under the direction of James A. Schirillo, Ph.D., Professor of Psychology.
Visual bias is a psychophysical phenomenon where an accurately localized signal, such
as a light, will bias a spatially discrepant signal that is localized with less accuracy, such
as a sound, when the two signals are perceived as unified. Many previous studies have
demonstrated visual bias in azimuth, but none have directly tested, or found, this effect in
depth. By increasing the saliency of the auditory and visual signals from a previous
experiment, the current study was able to produce more accurate depth discrimination.
Visual localization error was smaller than that of auditory localization error in both
azimuth and depth, and visual bias was demonstrated in both dimensions. Additionally,
visual localization accuracy was positively correlated to visual bias on perceived unified
trials.

vi

INTRODUCTION
The accurate perception of our everyday world not only involves the ability to
localize auditory and visual stimuli in space, but also our ability to combine information
from the two modalities. Oftentimes, our ability to localize an auditory signal is poor, in
terms of accuracy and variability, and for this reason we typically rely more on visual
signals to inform us about our environment. Visual signals tend to be localized more
accurately and with less variability, and tend to bias the less reliable auditory signals
towards them when they are presented in both spatial and temporal proximity (Bertelson
& Aschersleben, 1998; Bertelson & Radeau, 1981; Hairston et al., 2003; Wallace et al.,
2004; Warren, 1979; Warren, Welch, & McCarthy, 1981). This perceptual phenomenon
is referred to as the ventriloquist effect. A practical example of this effect is when one is
watching a movie in a theater and the voices of the actors, despite coming from the
surrounding area, appear to be coming from the screen.
Whereas some have theorized that visual bias is due to a complete capture of the
weaker auditory signal by the stronger visual signal (Bertelson & Radeau, 1981), a more
supported theory states that multiple modalities are combined in a statistically optimal
fashion. Maximum Likelihood Estimation (MLE) suggests that we weight auditory and
visual signals according to their reliability in order to make the most precise localization
estimates possible given the information present (Alais & Burr, 2004; Battaglia, Jacobs,
& Aslin, 2003; Ernst & Banks, 2002; Godfroy, Welch, Sandor, & Roumes, 2008). The
following thesis will examine both the localization of auditory and visual signals in two
dimensions, azimuth and depth, as well as calculate the visual bias of a cross-modal
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auditory-visual signal and examine the relationship between bias and the variance and
accuracy of the unimodal localizations.
Visual & Auditory Localization
The localization of auditory and visual targets in azimuth (i.e., lateral space) and
depth depend on our ability to integrate several cues within each modality. Such auditory
cues include the spectral signature created by the shape of the outer ear, or pinna (Blake
& Sekuler, 2006), and binaural cues, or the differences in timing (ITDs) and intensity
(IIDs) at which sounds hit the right and left ear. ITDs tend to be particularly important for
judging the direction of sounds and are most distinguishable in low frequency sounds
since longer wavelengths can travel around the head. IIDs are helpful in judging the
distance of sounds and are typically more distinguishable in high frequency sounds as
sound waves are diffracted when they are shorter than the diameter of the head (Brungart
& Rabinowitz, 1999; Hartmann, 1999). Errors in distance perception occur most often for
sounds directly in front and behind of the individual, as that is when interaural
differences are most ambiguous.
Brungart and Rabinowitz (1999) demonstrated the importance of interaural
differences in auditory depth perception. In an anechoic chamber using a Kenmar
manikin with a microphone placed at the eardrum locations, head-related transfer
functions (HRTFs), or synthetic sound recordings that take binaural and pinna differences
into account, were measured from sounds produced within a relatively small distance
(0.12 m to 1 m). An acoustic point source produced a moving periodic chirp signal
ranging from 200 Hz to 15 kHz and the HRTF recordings showed that differences in the
timing and intensity of the sound hitting each ear increased as the sound moved closer to
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the manikin. ITDs increased only slightly as distance decreased, and the majority of this
increase happened when signals were in the median plane. IIDs were near 0 dB in the
median plane (right in front of the head), and increased as sources moved lateral to the
head.
When binaural cues are weak (especially in the median plane), distance judgments
greatly depend on amplitude, which decreases as the distance between an individual and a
sound source increases (Ashmead, LeRoy, & Odom, 1990; Brungart, 1999). Brungart
(1999) found superior localization performance in experimental conditions containing
fixed-amplitude sounds, meaning loudness varied only with changes in distance, allowing
individuals to derive sound distance information. Additionally, sound intensity, or
pressure, varies as the inverse of the distance to a sound. Altering pressure cues so as to
render them useless for judging a sound source’s distance (i.e., making them equal at the
participants’ ears despite the sound’s increasing distance) causes the discrimination
threshold for distance to increase significantly (Ashmead, LeRoy, & Odom, 1990).
The reverberations from a sound source also affect the way in which auditory
signals are perceived. The ratio of direct-to-reverberant energy (v) varies with sound
source distance; a larger ratio of direct-to-reverberant energy typically signifies a closer
sound source (Butler, Levy, & Neff, 1980). In this way, sounds with more reverberations
are perceived as being further away than those with less. However, when only
reverberations differ among auditory signals, localizations are somewhat variable
(Zahorik, 2002b). Additionally, sound frequency is helpful for localization (Coleman,
1968), and, as low frequency sounds contain more reverberations than high frequency
sounds, they are typically perceived as being further away. Butler, Levy, and Neff (1980)
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demonstrated the aforementioned finding by presenting participants with 5 s trains of
broadband noise bursts that were either high pass or low pass filtered. Localization
responses demonstrated that low frequency sounds were always perceived as being
further from the participant than high frequency sounds, regardless of room type. Overall,
with many auditory cues available for localization of auditory signals, individuals
typically gain information about a sound source according to what features are most
salient about that particular sound, and this saliency affected by sound type, distance, and
direction (Zahorik, 2002a).
Visual cues, including stereopsis and head/eye orientations, provide participants
with the ability to judge light locations in two dimensions. Stereo vision enables
individuals to see objects in depth in near space as binocular disparity, which is produced
by a slight disparity between the left and right eye images when viewing an object (Blake
& Sekuler, 2006; Schiffman, 2000). Stereo acuity, or the ability to gauge the depth
between objects, is found to be better for objects that are closer to a fixation point rather
than farther from a fixation point, because the disparity threshold (or the threshold at
which you can resolve small disparities) decreases as the distance between a fixation
point and a target point decreases (McKee, Levi, & Bowne, 1990). Objects that are
further than a fixation point appear at an uncrossed disparity, whereas objects closer than
a fixation point are at a crossed disparity. Because these objects are not at fixation, they
project onto non-corresponding points on the back of the retina which provides a relative
distance cue, albeit an unconscious one (Schiffman, 2000).
The angle between the line from one eye to another and from one eye to the target
represents the ocular vergence angle (Blohm, Khan, Ren, Schreiber, & Crawford, 2008).
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The angles differ for objects of different distances, serving as a cue to the absolute
distance of an object (Viguier, Clement, & Trotter, 2001). Neurons, which are activated
by specified regions in space, produce movements in eyes, ears (in animals with
moveable ears), and the head to focus on locations of sounds and lights, providing
localization information (Stein & Meredith, 1993). Convergence occurs when the eyes
turn toward each other to view an object that is close to an individual, indicating that the
muscles used to control eye movements may provide an indication of target distance
(Schiffman, 2000).
Our ability to use visual cues to localize stimuli is typically more accurate than
our ability to use auditory cues to localize sounds. Indeed, previous research has found
that participants are less variable and more accurate in their visual target localizations
than auditory target localizations (Alais & Burr, 2004; Battaglia, Jacobs, & Aslin, 2003;
Godfroy et al., 2008; Hairston et al., 2003). Results from a previous study also showed
that visual localization was more accurate than auditory, but only in the azimuth
dimension (Bowen, 2009). In addition, temporally and spatially aligning visual and
auditory stimuli result in localization performance that is less error-ridden and less
variable than the best modality alone (Godfroy et al., 2008). Moreover, giving individuals
signals from multiple sensory modalities also typically decreases reaction time, as was
found by Barutchu et al. (2010) and Bowen (2009).
However, integrating information from multiple sensory modalities is not entirely
straightforward. The superior colliculus is involved with integrating information from
both visual and auditory inputs. The superior colliculus is organized in a map-like fashion
with specified regions that are responsive to stimuli contained within certain areas in
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space, and these regions are called receptive fields. Parts of the receptive fields of
multisensory neurons overlap but other parts do not. Thus, stimulus combinations only
produce stronger responses when two stimuli are in spatial or temporal proximity, and
when the stimuli do not produce a strong effect on their own (Anastasio, Patton, &
Belkacem-Boussaid, 2000; Stein & Meredith, 1993). As such, it is expected in the current
study that visual localization will be more accurate and less variable than auditory
localization and that auditory stimuli, when paired with spatially coincident visual stimuli,
will be localized with more accuracy and less variability on perceived unified trials than
all other multisensory conditions. I anticipate replicating this effect in azimuth, as well as
producing the effect in depth by increasing the discriminability of the signals in depth.
Visual Bias
More precise localization in the visual modality tends to bias auditory signals in
azimuth. This robust finding is known as the ventriloquist effect, much as a ventriloquist
can deceive their audience into perceiving words as coming from a dummy instead of the
ventriloquist. For example, Bertelson and Radeau (1981) found that competing visual
signals from 7˚ to 25˚ in azimuth will pull the perceived location of a centrally located
auditory target to the left or right. Similarly, Bertelson and Aschersleben (1998)
demonstrated that a central light will cause participants to localize auditory targets that
are moving from the right or left toward a center point to be localized on the opposite
side of their origination, showing that visual bias is a perceptual process.
Visual bias is also affected by cognitive processes, specifically, the judgment of
unity. For example, in a follow-up to the first study by Bertelson and Radeau (1981),
when participants were asked whether they perceived the light and sound to be fused,
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there was an overall reduction in the number of times they incorrectly identified an
auditory target as coming from the visual signal’s location and bias occurred only on
trials indicated as fused. Additionally, Warren (1979) presented participants with visual
and auditory or visual and proprioceptive (touch) information together while displacing
the visual information using a visually distorting prism. Participants biased auditory and
haptic targets to the visual signals in both instances, but bias was reduced when the
researchers informed participants that the visual information they were receiving may be
unreliable. Warren, Welch, and McCarthy (1981) explained that only when there is
compelling evidence that two cues are originating from the same event and participants
make a “unity assumption” do they bias. Choe, Welch, Gilford, and Juola (1975) found
that participants are more likely to perceive lights and sounds as being unified when they
occur simultaneously than when they are separated by even a short time period. Thus, the
co-occurrence of visual and auditory stimuli aids in the perception of unity, which is
oftentimes required for visual signals to bias auditory ones.
Other literature in the extensive research on visual bias in azimuth has indicated
the importance of unification judgments. Hairston et al. (2003) had participants localize
either visual or auditory targets only in unimodal trials, or auditory targets in the presence
of distracting (irrelevant) visual signals that were either coincident or of increasing spatial
disparities in cross-modal trials. Participants also made unity judgments in each crossmodal trial, which indicated whether they perceived the lights and sounds as coming from
the same or different locations. Variability was smaller for visual-only and spatially
coincident multisensory localizations than for auditory-only localizations. Thus, in trials
where visual and auditory stimuli were spatially disparate, there was a bias of auditory
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stimuli towards the light and bias was positively correlated to unity judgments (i.e., more
bias was found for trials that participants reported as being unified).
In a follow-up study to Hairston et al. (2003), Wallace et al. (2004) examined the
relationship between bias, perceptual unity, and localization variability using both
spatially disparate and temporally disparate lights and sounds. They presented
participants with a sound in conjunction with either a spatially disparate or temporally
disparate light flash. The participants’ task was to localize the sound and then make a
unification judgment. When participants judged the sound and light as unified, they
almost completely biased the sound to both spatially and temporally disparate lights.
However, on trials where the visual and auditory stimuli were close but perceived as
being nonunified, the participants demonstrated a negative bias, indicating that they
perceived the sound as repulsed away from the light. This negative bias was also found in
a study by Körding et al. (2007). They showed that when participants perceived a sound
and light, situated lateral to each other in space, to be nonunified, they pushed the
auditory signal away from the visual signal.
While there have been numerous multisensory localization studies in azimuth,
very few studies have examined the localization of auditory and visual stimuli in depth.
In the auditory-only domain, Mershon and Bowers (1979) produced sound signals that
were 1, 2, and 6 m away from a participant who was asked to report the perceived
distance of the sound in feet and centimeters. Brungart, Durlach, and Rabinowitz (1999)
similarly had participants judge auditory distance by moving a response sensor to the
perceived origination of sounds that were presented from 10 cm to 1 m away. Zahorik’s
(2002a) participants also judged the distance of sounds (including white noise and speech
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samples) presented from 0.3 m to 13.8 m away. Results from these studies demonstrated
that participants were somewhat inaccurate at auditory depth localization, whereas
auditory localization in azimuth tends to be fairly correlated with actual sound locations
(Brungart, Durlach, & Rabinowitz, 1999). In particular, participants tend to overestimate
close sounds and underestimate far sounds, with estimates becoming more error ridden as
sounds are presented further away. Likewise, visual localization in depth, unlike visual
localization in azimuth, is not extremely accurate, as Viguier, Clement, and Trotter
(2001) found that participants’ localizations became worse as light sources increased in
distance from 20 cm to 120 cm.
Similar to unimodal localization studies in depth, there have been relatively few
studies devoted to multisensory localization in depth. Gardener (1968) found that by
placing speakers in a row (ranging from 3 to 30 feet) in an ancheoic chamber, such that
only the front speaker was visible, participants localized all auditory stimuli at the nearest
speaker. Mershon, Desaulniers, Amerson, and Keifer (1980) expanded on Gardener’s
(1968) finding by using reverberant rooms and demonstrating that participants will bias a
sound towards a visible “dummy” loudspeaker that is either near or far from the sound,
thus demonstrating ‘visual capture.’ While Zahorik (2001) employed an experimental
method very similar to Gardener (1968) and Mershon et al. (1980), he found results that
conflicted with both of these studies. Zahorik (2001) used sounds recorded in an ancheoic
chamber and reproduced them from 5 loudspeakers ranging from 1 m to 5 m away (with
only the nearest loudspeaker being visible) in a semi-reverberant room. The participants
were either blindfolded or had full use of their eyesight. When participants were able to
see the loudspeakers, they were much more accurate at judging the distance of each
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sound presented, and, for this reason, they did not show visual capture. The results of
these studies clearly demonstrate that the only few multisensory localization studies in
depth have produced confusing findings regarding bias.
The findings of visual bias have been particularly robust in the azimuth dimension,
and, as such, are expected to be reproduced in the current study. However, this finding
has not been reliably extended to the depth dimension. A previous study exploring this
phenomenon was unable to produce visual bias in depth, perhaps due to the experimental
set-up (Bowen, 2009). Consequently, the current study employed techniques to increase
the saliency of the visual and auditory signals in order to increase depth discrimination. If
participants are better able to discriminate the signals in depth, then they should show
visual bias on perceived unified trials in depth as well as azimuth.
Maximum Likelihood Estimation
There have been competing reasons suggested for why visual signals tend to bias
auditory ones. Some theorists have suggested that the stronger visual signal completely
dominates the auditory signal, known as visual capture. On a related note, Bertelson and
Radeau (1981) proposed a criterion-shift theory, stating that whenever a participant fuses
two signals, the location of the two signals is based on only one modality while the other
modality is ignored. However, studies of visual bias do not typically produce 100% bias,
as would be expected if localization is based on the biasing modality alone. An
alternative theory to visual capture may be a better fit with the previous literature on bias.
A Maximum Likelihood Estimation (MLE) theory has been proposed to explain visual
bias; specifically, visual signals are more reliable than auditory (i.e., they show less
variability and error) and, therefore, pull auditory targets toward them. Ernst and Banks
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(2002) found that visual-only localization was less variable than haptic-only localization.
Because of the smaller variance (i.e., higher reliability of visual information), participants
assigned more weight to the visual, as opposed to the haptic signal, in cross-modal trials.
Ernst and Banks (2002) were able to accurately predict multisensory localizations using
the MLE model. Additionally, through increasing degradations to the visual stimuli, they
were able to show how participants continue to weight those signals less in cross-modal
trials, in-line with MLE predictions. Other researchers have produced similar results
using visual and auditory signals (Alais & Burr, 2004; Battaglia, Jacobs, & Aslin, 2003).
Because the distribution of multisensory localization responses tend to fit an MLE
model, this suggests that participants are combining visual and auditory signals in a
statistically optimal fashion. The MLE model estimates the weight of each modality
based on the variance of each signal; the more variance a modality has compared to the
other modality, the less weight it is assigned. The variances of the localization of visual
and auditory signals in the unimodal trials are used to predict the amount of reliance that
participants will place on the two signals when they are presented with both in crossmodal trials. Moreover, these weights are used to produce an estimate of stimulus
localization that is more reliable than the best unisensory estimate (Battaglia, Jacobs, &
Aslin, 2003; Ernst & Banks, 2002). Therefore, the variance of the bimodal distribution
should be smaller than either single modality alone (Witten & Knudsen, 2005). Based on
the MLE model’s predictions, it is hypothesized in the current study that multisensory
localization on trials in which the light and sound are spatially coincident and perceived
as being unified by the participant should be more accurate and less variable than the
localizations made in the best unimodal condition (i.e., most likely, vision).
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Godfroy et al. (2008) demonstrated that localizations made in unimodal visual
trials were superior to those of auditory trials, but the most precise localizations were
made on trials where participants were supplied with both signals, suggesting that
congruent stimuli produce localization that is just as or more precise than that of the best
modality alone. Participants made localizations on visual- or auditory-only trials, as well
as bimodal trials in which the visual and auditory signals are spatially and temporally
coincident. Visual localization was more accurate and less variable than auditory
localization. Most importantly, localization was least variable when participants were
presented with both auditory and visual information. In the current study, participants
were presented with both spatially coincident and noncoincident signals, but it has been
shown that the perception of unity is more important for finding visual bias than the
actual spatial coincidence of the signals (Hariston et al., 2003; Körding et al., 2007;
Wallace et al., 2004; Warren, 1979; Warren, Welch, & McCarthy, 1981), and for this
reason, visual bias is expected in all trials perceived as unified. However, only auditory
targets from cross-modal trials that are actually spatially coincident and perceived as
unified should be localized with superior accuracy and less variability.
Despite the poor accuracy with which auditory signals are localized compared to
visual signals, auditory localization in azimuth has been shown to be superior to auditory
localization in depth. In a study by Brungart, Durlach, and Rabinowitz (1999), judgments
of distance became more error-ridden with increasing distance and when sounds were
closer to the median (versus lateral) plane, but azimuth localizations were highly
correlated with the actual locations of the sounds in azimuth. For this reason, it is
reasonable to expect that error should be higher for both auditory and visual signals in
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depth than in azimuth, and localization should be less variable in azimuth versus depth in
cross-modal trials. However, it is expected that in order for participants to demonstrate
bias in both azimuth and depth, visual localization must be, to some extent, accurate with
low variability, in the unimodal trials of both dimensions. This leads to the hypothesis
that visual accuracy will be predictive of visual bias on perceived unified trials; i.e., if
participants demonstrate a very small amount of error in visual unisensory localization,
they will be more likely to bias to the visual stimuli in cross-modal trials.
It is unclear whether it is visual accuracy or the auditory to visual variance, or
both, that is related to bias. It is possible that a higher auditory to visual variance ratio is
related to bias on perceived unified trials. Specifically, if auditory localization precision
is low and visual localization precision is high in unimodal trials, one would expect
participants to rely more on the visual signal than auditory signal in multimodal trials.
Therefore, there should be a positive correlation between the auditory-to-visual variance
ratio and bias on perceived unified trials. This would be supportive of a MLE model’s
predictions that unimodal variance can be used to predict the weight participants place on
the two signals in multimodal trials, and, thus, the distribution of responses in said trials.
Similarly to the MLE model, a Bayesian model also makes estimations about
outcomes using the variance models. However, a Bayesian model makes a different
assumption than the MLE model. Specifically, the MLE model does not use prior
information regarding the outcome of the data for its estimations. The MLE assumes a
prior of one, meaning all instances are equally likely to occur (i.e., no previous
information). However, a Bayesian theorem uses prior information, which can be
anything from previous statistical information (e.g., believing a fair coin will end up on
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heads 50% of the time) to the fact that the human visual system is biased due to its
greater reliability than other sensory systems. This prior information is then used along
with the likelihood distribution, which is the probability of the data given the population
mean or the stimulus source. The result is a posterior probability, which is the probability
of the stimulus or population mean given the data, which, in turn, updates the prior. In
this way, the prior in a Bayesian model is not a fixed value but a distribution that is
constantly being updated according to the data (Jacobs, 2008; Witten & Knudsen, 2005).
The Bayesian theorem also accounts for the enhancement of localization when an
auditory and a visual signal are presented at the same time and place. With increasing
neural input from a signal, a target will go from most likely spontaneous (the rate of
detection of a signal when no signal is present due to random neural firing) to most likely
driven (the rate at which one is detecting a signal that is actually present). When two
signals are present and one signal has a strong neural input (e.g., the visual signal), the
detection of that signal is not greatly enhanced by a second signal (e.g., the auditory
signal). However, because the auditory signal is weak, the detection of the signal
becomes much more reliable when accompanied by a visual signal. Overall, pairing two
signals together will result in an enhancement of localization (i.e., result in less error and
variability), but the enhancement is greater for weak stimuli (Anastasio, Patton, &
Belkacem-Boussaid, 2000). Therefore, in the current study, the more variable and less
accurate auditory-only localizations are, the more the visual signal will influence their
localization on spatially coincident trials.
Given what is known about visual and auditory localization, an MLE theorem can
explain how individuals bias auditory stimuli towards visual stimuli, but an MLE
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theorem cannot be continuously updated with information from the data to better estimate
localization on cross-modal trials. This may explain why some researchers have found
that a Bayesian model better fits their data than an MLE model. For example, both Alais
and Burr (2004) and Battaglia, Jacobs, and Aslin (2003) found that the visual system
receives a disproportionate amount of weight compared to the auditory system, and, even
when the visual stimuli is extremely degraded, individuals still rely on both auditory and
visual cues relatively equally on cross-modal trials. This means that even when the visual
stimulus is poor, individuals still rely on that system to a relatively large degree
compared to an intact auditory signal. A Bayesian theorem can account for the preference
of the visual system through the use of a prior, whereas the MLE model cannot.
Examination of the comparison of the MLE and Bayesian models are outside the scope of
the current experiment, but it is worth noting the similarities of the variance model
proposed by the two theories as well as the advantage the Bayesian model has in
estimating the distribution of responses in multisensory localization.
The Current Study
Overall, auditory and visual localizations made in azimuth tend to be more
accurate and less variable than auditory and visual localizations made in depth. In a
previous study, participants localized stimuli that were 200 msec in duration. They made
localizations of either a visual or auditory stimulus in unimodal sessions or of an auditory
stimulus in the presence of a visual distracter in cross-modal sessions, after which they
made a unification judgment. As expected, participants biased their auditory localizations
to the visual distracters on perceived unified trials, but not on perceived nonunified trials.
However, this effect occurred only in azimuth, not in depth, likely due to the poor

15

accuracy and high variability of both visual and auditory localizations made in depth on
unimodal trials (Bowen, 2009).
The current study employed methods to increase the saliency of both visual and
auditory targets in order to increase depth discrimination among participants. These
methods to increase the saliency of visual information include using multiple fixation
planes composed of noius points that were present for the duration of the experimental
trials and signals that were Gaussian envelopes and presented for a long (i.e., 1000 msec)
duration. Additionally, sound recordings with a flatter spectral function so all frequencies
are equally represented, and a long duration sound (i.e., a 700 msec signal with 300 msec
reverberation time) were used to increase the saliency of the auditory targets. If target
saliency was increased adequately enough for participants to gain information about
depth it is expected that visual and auditory unimodal localizations will follow the same
pattern in depth as in azimuth, and visual bias should also be demonstrated in depth.
However, all things being equal, individuals should still be better at localizing visual and
auditory signals in azimuth than visual and auditory signals in depth. What is unknown is
whether auditory localization variance will exceed visual localization variance to a
greater extent in azimuth versus depth. If the ratio is larger in azimuth, then it is
reasonable to expect individuals to demonstrate more visual bias in azimuth than in
depth; this may be supportive of the MLE model’s prediction that unimodal variances are
in-line with the weights participants give the two signals in cross-modal trials.
Consequently, this work will expand on the robust effect of visual bias by using unimodal
variance to predict the extent of bias of cross-modal visual-auditory stimuli in azimuth
and depth.
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The current study aims to garner support for four specific hypotheses. First,
multisensory localizations on coincident trials that are also perceived as unified are
expected to be more accurate than all other cross-modal conditions. Additionally,
localizations made on cross-modal trials that are coincident and perceived as unified are
expected to be more accurate and less variable than localizations made in the most
accurate sensory modality. Furthermore, if visual localization is more accurate than
auditory localizations in unimodal trials in azimuth and depth, then visual bias is
expected to be apparent in both dimensions for spatially noncoincident cases perceived as
unified. Finally, it is expected that there will be a positive correlation between bias on
perceived unified trials and visual accuracy, as well as the ratio of auditory to visual
localization variance.
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METHODS

Participants
Five experimentally naïve work-study students from the Wake Forest University
psychology department participated in the current study. These students received
payment from the department for their participation in the study. Additionally, two
experimentally naïve individuals from the community agreed to participate in the study.
All procedures were approved by the Institutional Review Board of Wake Forest
University and were performed in accordance with the ethical standards established by
the 1964 Declaration of Helsinki.
Materials
The experiment was conducted in a 4’ x 10’ non-anechoic psychophysics
laboratory. Before the sound recordings and experimental trials took place, the visual and
auditory stimuli were calibrated. This ensured that the auditory and visual stimuli were
beginning and ending at the same time. This calibration was conducted using an Agilent
54641A two-channel Oscilloscope 350 MHz, 2 GSa/s. Sound reference measurements
were also made to ensure that when a sound was played, the amplitude of that signal was
known. These reference measurements were made at the location of each observer’s head
by placing a ½’’ condenser microphone from Brüel & Kjær (omni-directional cartridge
type 4191, 200V, free-field, 3Hz – 40kHz) enhanced by a ½’’ microphone preamplifier
(Type 2669-B), and measuring amplifier (Type 2609) at the location of the chin rest.
During an initial setting, binaural-related impulse responses (BRIRS) were
constructed for each participant by positioning a loudspeaker (Infinity Reference 3002cf
3.5 Speaker System Frequency Response 85Hz – 21kHz; 75 Watts; 4 Ohms SPL 92 dB)
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at each of 9 different locations. Two Sennhesier (KE4-211-2) miniature-ear capsule
microphones enclosed by Etymotic Research ER-13R-2 ring seals were placed in each
observer’s ears and sounds were recorded by the loudspeaker from each of the locations.
These recordings were then played back as virtual sounds, and the BRIRs accounted for
the unique transfer characteristics of the observer’s pinna, outer ear canal, head and torso,
as well as the experimental room reverberations just as accurately as synthetic HRTFs
(Savioja, Huopaniemi, Lokki, & Väänänen, 1990; Vesa & Lokki, 2006).
Wightman and Kistler (1989a) produced a veridical experience of free field
sounds from stimuli presented through headphones. They recorded HRTFs from both ears
of participants by placing a miniature microphone into the ears. There was a large amount
of interindividual variability among HRTFs, as would be expected among different
individuals. Additionally, waveforms produced from ear-canal recordings closely
resembled those of waveforms produced from free field sounds. In an additional study,
Wightman and Kistler (1989b) had participants localize acoustics that they heard from
the free field or over headphones. The HRTFs were recorded to sound as if they were
originating from the same location as the free field acoustics and participants localized
the acoustics in virtually the same locations in 3 dimensions. In the current experiment,
sounds were recorded from actual areas in space, and, as Plenge (1974) demonstrated,
sounds containing individualized interaural differences will produce a veridical external
projection. We are confident that these headphone sounds were externalized by the
participants, as Levy and Butler (1978) further demonstrated that the ability to externalize
sounds is strong; participants in Levy and Butler’s study (1978) were even able to

19

externalize sounds lacking interaural differences in time and intensity. An example of a
recorded BRIR from location 3 (i.e., the far right) can be seen in Figure 1.

Figure 1. Sound Recording: Recording of sound from location 3. Notice the IID
(span of signal) and ITD (onset of signal) differences between the left (top) and right
(bottom) ears. This sound signal lasts for 700 msec with 300 msec of reverberations.
The sound signal consisted of a 700 msec impulse response using a maximum
length sequence followed by 300 msec of reverberations; the reverberations were
generated by the room while the sound signal was generated by Tucker-Davis
Technologies software (System 3: 2 DSP Piranha Multiprocessor for 2 channel D/A A/D
conversion). The sounds were played to participants through dynamic, open, diffuse-field
studio headphones from Beyerdynamic (DT 990 Pro; Nominal frequency response 5Hz –
35kHz).
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The visual stimuli were produced using a 20’’ flat-profile, fixed-frequency
Clinton Monoray monitor (640 x 480 spatial resolution) at 200 Hz to provide flicker-free
stereo-fusion (100 Hz to each eye on alternate frames). The yellow (CIE x = 0.43, y =
0.54, 200 cd/m2 calibrated luminance) DP104 phosphor CRT is designed for stereoscopic
applications decaying to 0.1% peak intensity within 0.6 msec. The CRT monitor was
situated 70 cm away from the participant and FE-1 ferroelectric Shutter Goggles driven
by Cambridge Research Systems Visual Stimulus Generator VSG 2/5 were used to view
the visual stimuli (75 cd/m2 Gaussian envelope 1° visual angle light flash for 1000 msec)
and target for localization (60 cd/m2 0.1° square visual probe). These stimuli looked like
a yellow dot or square flashed on the screen as stereoimages. A joystick was used to
make localizations.
Design and Analyses
The sound and light locations consisted of three arcs of increasing depth from the
participant to a CRT monitor screen (situated 70 cm away from the participant), with
three sounds situated lateral to each other in each arc (see Figure 2). All center stimuli
were located at 0° azimuth, while the locations to the right and left of each central point
were located at 8.78° visual angle (i.e., stimuli 1 and 3 were 8.78° from 2, 4 and 6 were
8.78° from 5, 7 and 9 were 8.78° from 8). The center stimuli 2, 5, and 8, were located at
83.30 cm, 69.30 cm, and 54.95 cm in depth, respectively. Stimuli 1 and 3 were located at
83.23 cm, targets 4 and 6 at 69.06 cm, and stimuli 7 and 9 at 54.89 cm away from the
participants. Fixation was established through the use of multiple noius points that were
present on the screen for the entire duration of the experimental session that created
multiple fixation planes. The back arc of signals were at an uncrossed disparity, meaning
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they appeared to be located “within” the computer monitor and behind fixation, whereas
the front row appeared at a crossed disparity, or closer to the participant than fixation
(Schiffman, 2000).
83.23 cm

83.30 cm 2

1

69.06 cm 4

3

69.30 cm 5

8
54.89 cm 7 54.95 cm

6

9

α = 8.78 deg visual angle

Figure 2. Sound and Light Locations: Sounds and lights were produced from 9
different locations during experimental trials. Signals 1, 3, 4, 6, 7, and 9 are located
at 8.78° visual angle from central signals, and each arc is of increasing depth, from
54.89 cm to 83.30 cm, away from the participant.
The participants completed two unimodal sessions, one at the beginning of the
series of experimental sessions, and a second at the completion of all experimental
sessions. In this way, the first unimodal session could be compared to the second
unimodal session for practice effects. Participants completed eight cross-modal sessions
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in between their completion of the two unimodal sessions. In each unimodal session, the
participants completed 360 trials where they were presented with a 1000 msec sound
burst, consisting of 700 msec direct sound and 300 msec reverberation or a Gaussian
envelope 1° visual angle light flash for 1000 msec in random sequence. The sounds and
lights were presented at each of the nine locations once per block (18 stimuli) in a
random order and each block was repeated 20 times. The participant’s task was to move a
small (i.e., 0.1°) square visual probe in stereo-depth that initially appeared in the center of
the screen, after the visual or auditory stimulus was presented, to where they perceived
the stimulus to have originated. A joystick was used to move the probe side to side in
azimuth and back and forth in depth before clicking a button on the joystick to indicate
their localization response. This direct localization method has been shown to produce
more accurate localization estimates than other methods, such as pointing or verbally
estimating distance and direction (Brungart, Rabinowitz, & Durlach, 2000).
In each cross-modal session, the light and sound were presented simultaneously
from either the same location (72 trials) or from separate locations (72 trials) randomly
intermixed, and this was completed twice for a total of 288 trials per session. Again, the
small, moveable visual probe appeared in the center of the screen and participants moved
this probe with the joystick, clicking the trigger after positioning it at their localization
response to indicate their localization. Participants were instructed to localize the auditory
stimuli only, not the visual stimulus. They were made aware of the fact that on some
trials the lights and sounds would be spatially coincident, while on other trials they would
be noncoincident. They were instructed to keep their eyes fixated on the noius points
during the stimulus presentation and in between trials and to try to not move their eyes
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toward the presented stimulus until the moveable probe appeared in the center of the
screen. The participants were also asked to remain as accurate as possible while
localizing as quickly as possible. They were instructed to always localize the stimulus
where they first perceived the stimulus as originating from. After making a localization
response, the participants indicated whether they perceived the two stimuli as being
unified or nonunified by either moving the joystick forward to indicate unification or
backward to indicate nonunification and clicking the joystick button a second time to
record their response.
Upon completion of the experimental trials, the data for each participant were
aggregated which constituted a single multisensory data set and two separate unisensory
data sets for the first and second unimodal sessions. The localization responses were
converted from pixel units to cm. The distance of localizations in depth were computed
by taking the square root of the sum of the squared cm values of the azimuth localizations
and depth localizations for each trial. The localizations made in azimuth were converted
into degrees of visual angle. All trials in which localizations were made closer than 0 cm
in depth (at the participant’s nose) or further than 160 cm in depth (double the distance of
the furthest signal) were removed from all data sets. These data sets were used for all
analyses.
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RESULTS

Unimodal Trials
In unimodal trials, participants localized either a visual or auditory target.
Response time, accuracy, and variability of localizations were computed.
Response Time
Response time, measured in msec, is defined as how long participants took to
make a two-dimensional localization. It is the time between when the sound or light was
flashed and when participants moved the joystick to the perceived origin of the stimulus
and pressed a button on the joystick to make their response. Response time did not differ
between visual localization (M = 3202.97, SD = 268.06) and auditory localization (M =
3278.45, SD = 424.17), F(1, 6) = .14, p = .72, in the first unimodal session. However, the
difference in response time between visual (M = 2036.36, SD = 469.51) and auditory
localization (M = 2511.65, SD = 866.97) in the second unimodal session approached
significance, F(1, 6) = 5.62, p = .06, η2 = .48 (see Figure 3).
Notably, participants were faster at responding to visual targets in unimodal
session two than in session one, F(1, 6) = 27.96, p = .002, η2 = .82, and while the same
was true for auditory target response, F(1, 6) = 6.69, p = .04, η2 = .53, this effect was
smaller. This constitutes a practice effect for response time from the first to the second
unimodal sessions, which seems to be larger for visual localization compared to auditory
localization.
Accuracy
Accuracy was measured by the amount of error (in cm in depth localization and in
degrees of visual angle in azimuth localization) between participants’ localization of a
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Figure 3. Response Time: Response time, measured in msec and plotted on the yaxis, is the time between the appearance of the movable probe on the screen and the
when the participant clicked the joystick to make their localization. Sensory
conditions are plotted on the x-axis. Error bars are standard deviations.
visual or auditory target and the target’s actual location in each trial. For the depth
dimension, visual localization in the first unimodal session (M = 5.87, SD = 3.99) was
more accurate than auditory localization (M = 21.91, SD = 9.28), F(1, 6) = 18.43, p
= .005, η2 = .75. This finding was also true for visual (M = 6.00, SD = 4.22) and auditory
localization (M = 10.2, SD = 5.03) in depth in the second unimodal session, F(1, 6) =
17.81, p = .006, η2 = .75. Like much of the literature on visual localization in azimuth,
accuracy for visual localization (M = 0.87, SD = 0.47, session one; M = 0.90, SD = 0.55,
session two) was better than auditory localization (M = 9.51, SD = 5.71, session one; M =
4.84, SD = 2.12, session two), for session one, F(1, 6) = 15.91, p = .007, η2 = .73, and
session two, F(1, 6) = 38.88, p = .001, η2 = .87 (see Figure 4). The accuracy of all
participants followed this pattern in both depth and azimuth.
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Additionally, there was a practice effect from the first to second unimodal session,
but only in the auditory modality. Auditory depth localization in session two was more
accurate than auditory depth localization in session one, F(1, 6) = 13.42, p = .01, η2 = .69.
This practice effect did not quite reach significance for auditory localizations made in
azimuth, F(1, 6) = 5.43, p = .06, η2 = .48. Due to the effect of practice on auditory
localizations, results of both unimodal sessions will be used for all further analyses and
comparisons involving the unimodal localizations.

Unisensory Accuracy
Average Error (cm or degrees)

35
30
25
20
15
10
5
0
1 Visual 1 Auditory 2 Visual 2 Auditory 1 Visual 1 Auditory 2 Visual 2 Auditory
Depth

Sensory Condition

Azimuth

Figure 4. Unisensory Accuracy: Error, in cm or degrees and plotted on the y-axis, is
the amount that participants’ localizations of targets deviated from the actual
location of the targets. Sensory conditions for unimodal session one and unimodal
session two are plotted in depth and azimuth on the x-axis. Error bars are standard
deviations.
Variability
Variability, measured as the standard deviation of accuracy, was smaller for
visual depth localization in the first unimodal session (M = 5.84, SD = 3.20) than auditory
depth localization (M = 14.38, SD = 4.03), F(1, 6) = 21.04, p = .004, η2 = .78. This
finding was also true for visual (M = 5.49, SD = 3.88) and auditory localization (M = 8.41,
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SD = 8.41) in depth in the second unimodal session, F(1, 6) = 14.60, p = .009, η2 = .71.
Like many other studies done in azimuth localizations, the variability of visual
localization (M = 1.65, SD = 1.83, session one; M = 1.40, SD = 1.34, session two) was
smaller than that of auditory localization (M = 12.15, SD = 7.11, session one; M = 5.47,
SD = 4.23, session two) for unimodal session one, F(1, 6) = 18.51, p = .005, η2 = .76, and
session two, F(1, 6) = 12.88, p = .01, η2 = .68 (see Figure 5). The variability of all
participants’ localizations followed this pattern in depth and azimuth. Additionally, the
variability decreased from unimodal session one to unimodal session two, but only for
auditory localizations in depth, F(1, 6) = 19.55, p = .004, η2 = .77, and in azimuth, F(1, 6)
= 6.94, p = .04, η2 = .54.
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Figure 5. Unisensory Variability: Variability is the standard deviation of the error
scores and plotted on the y-axis. Sensory conditions for unimodal session one and
unimodal session two are plotted in depth and azimuth on the x-axis. Error bars are
standard deviations.
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Cross-modal Trials
In cross-modal stimulus conditions, participants always localized the auditory
target in the presence of a distracting (irrelevant) visual signal originating from either the
same or a different location as the auditory target. Response time, accuracy, variability,
and visual bias of localizations were computed. The relationship between multisensory
visual bias and visual localization accuracy, as well as the relationship between
multisensory visual bias and the ratio of auditory to visual localization variance in
unimodal trials, were also examined.
Response Time
Participants did not differ in response time on trials they perceived as being
unified (M = 2218.01, SD = 658.26) versus nonunified (M = 2372.01, SD = 883.54), F(1,
6) = .91, p = .38, η2 = .13. However, participants were faster at making responses in
cross-modal conditions than in auditory only or visual only conditions, but only for
unimodal session one. In this session, participants were slower to respond to auditoryonly information than in cross-modal trials they perceived as being unified, F(1, 6) =
40.58, p = .001, η2 = .87, and those they perceived as being nonunified, F(1, 6) = 10.97, p
= .02, η2 = .65. In unimodal session one, participants were also slower to respond to
visual-only trials than to cross-modal trials, but only to ones they perceived as unified,
F(1, 6) = 11.38, p = .02, η2 = .66 (see Figure 3). However, it seems that participants are
equally fast at responding to unimodal trials as cross-modal trials by session two, after
completion of the eight cross-modal sessions, suggesting there is a practice effect in
regards to response time. This concurs with the unimodal finding that visual and auditory
stimuli were responded to more quickly from the first to second unimodal session.
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Accuracy
Participants made more accurate auditory localizations in the presence of
distracting visual stimuli in azimuth on all trials that they perceived as being unified (M =
2.98, SD = 1.17) than on ones they perceived as being nonunified (M = 5.03, SD = 1.47),
F(1, 6) = 14.75, p = .009, η2 = .71. This was also true for all participants’ auditory
localizations in depth that were perceived as unified (M = 8.39, SD = 5.39) versus those
that were perceived as nonunified (M = 9.65, SD = 4.90), F(1, 6) = 8.94, p = .02, η2 = .60.
Cross-modal trials were either spatially coincident or noncoincident and could be
perceived as unifed or nonunified. This created four conditions that were entered into a
repeated measures analysis of variance, separately for azimuth and for depth. The overall
analysis revealed there was a difference among the accuracy of the four multimodal
conditions in azimuth, F(3, 18) = 15.61, p = .01, η2 = .92, and in depth, F(3, 18) = 11.54,
p = .02, η2 = .90. A within-subjects contrast revealed that localizations made in the
spatially coincident and perceived unified condition (M = 1.35, SD = 1.40) were more
accurate than all other conditions in azimuth, F(1, 6) = 46.73, p < .001, η2 = .89, and the
same was true for localizations made in coincident and perceived unified trials (M = 6.98,
SD = 5.80) in depth, F(1, 6) = 25.47, p = .002, η2 = .81 (see Figures 6 & 7). Unexpectedly,
participants’ accuracy of azimuth localizations made in coincident and perceived unified
trials were not different than their accuracy of visual-only trials in unimodal session one
or session two. This finding was the same for the depth dimension.
Variability
Variability was lower for auditory localizations of perceived unified (M = 4.44,
SD = 1.19) than perceived nonunified stimuli (M = 5.14, SD = 1.24) in azimuth,
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Figure 6. Multisensory Azimuth Accuracy: Error, in degrees and plotted on the yaxis, is the amount that participants’ auditory localizations deviated from the actual
location of the auditory targets. Sensory conditions including overall perceived
unified and nonunified, as well as the four conditions in azimuth, are plotted on the
x-axis. Error bars are standard deviations.
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Figure 7. Multisensory Depth Accuracy: Error, in cm and plotted on the y-axis, is
the amount that participants’ auditory localizations deviated from the actual
location of the auditory targets. Sensory conditions including overall perceived
unified and nonunified, as well as the four conditions in azimuth, are plotted on the
x-axis. Error bars are standard deviations.
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F(1, 6) = 6.49, p = .04, η2 = .52, but not between perceived unified (M = 7.60, SD =
3.37) and perceived nonunified stimuli (M = 8.13, SD = 2.99) in depth, F(1, 6) = 3.39, p
= .12, η2 = .36. Again, an overall analysis of the four cross-modal conditions revealed a
difference among variability in azimuth, F(3, 18) = 20.21, p = .007, η2 = .94, but not in
depth, F(3, 18) = 5.03, p = .08, η2 = .79.
Similar to accuracy, a within-subjects contrast revealed that localizations made in
the spatially coincident and perceived unified condition (M = 1.77, SD = 1.87) were less
variable than all other conditions in azimuth, F(1, 6) = 54.21, p < .001, η2 = .90. And,
despite the overall analysis not quite reaching statistical significance, the contrast
revealed that localizations made in coincident and perceived unified trials in depth (M =
6.98, SD = 5.80) were the least variable compared to those of all other conditions, F(1, 6)
= 10.67, p < .001, η2 = .64 (see Figures 8 & 9). Additionally, while it was hypothesized
that variability would be lower for localizations made on coincident and perceived
unified trials than for the best unimodal condition in azimuth and depth, this did not turn
out to be the case. This was likely because the variability for both visual and
coincident/unified localizations were both small.
Visual Bias
Bias was computed using the following formula:
Bias = [C – N] /Actual Disparity x 100
Where C is the localization in coincident trials, N the localization in noncoincident trials,
and actual disparity is the physical disparity between the light and sound. Bias was
computed for depth by holding azimuth constant, meaning, for example, that if an
auditory signal was located at position 1, the bias in depth towards a visual signal coming
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Figure 8. Multisensory Azimuth Variability: Variability was the standard deviation
of the azimuth error scores and is plotted on the y-axis. Sensory conditions
including overall perceived unified and nonunified, as well as the four conditions in
azimuth, are plotted on the x-axis. Error bars are standard deviations.
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Figure 9. Multisensory Depth Variability: Variability was the standard deviation of
the depth error scores and is plotted on the y-axis. Sensory conditions including
overall perceived unified and nonunified, as well as the four conditions in depth, are
plotted on the x-axis. Error bars are standard deviations.
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from position 4 and position 7 were computed, as position 1, 4, and 7 are all located 8.78°
from midline. The same was true for bias in azimuth; depth was held constant such that if
an auditory signal was originating from position 1, bias in azimuth to visual signals
located at position 2 and position 3 were computed, as positions 1, 2, and 3, were all
located approximately 83 cm from the participant.
It was expected that participants would bias their auditory localization toward the
visual stimuli in trials that they perceived as being unified, regardless of whether the two
signals were actually coincident or noncoincident. This effect, which is robust in the
literature and found in a previous study by Bowen (2009), was demonstrated in azimuth,
where bias in perceived unified trials (M = 84.14%, SD = 22.99) was greater than bias in
perceived nonunified trials (M = 1.40%, SD = 19.99), F(1, 6) = 72.21, p < .001, η2 = .92.
Bias in perceived unified trials did not differ from 100%, F(1, 6) = 3.33, p = .12, η2 = .36,
and in perceived nonunified trials, from 0% bias, F(1, 6) = .03, p = .86, η2 = .01.
There was also a large amount of bias in depth in perceived unified trials (M =
72.19%, SD = 33.44) compared to perceived nonunified trials (M = -3.52%, SD = 6.69),
F(1, 6) = 28.32, p = .002, η2 = .83. Unexpectedly, bias in depth was large in perceived
unified trials, not quite differing from 100% bias, F(1, 6) = 4.84, p = .07, η2 = .45, but
this was approaching significance. Bias in perceived nonunified trials did not differ from
0% bias, F(1, 6) = 1.95, p = .21, η2 = .25. Additionally, bias in unified trials did not differ
statistically between depth and azimuth, F(1, 6) = 4.22, p = .09, η2 = .41, but this was
nearing significance.
Overall bias was broken down into bias of increasing disparity to evaluate
whether bias on perceived unified trials differs as disparity between the visual and
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auditory target increases. There were two disparities in azimuth, 8.78° and 17.56°, and
two disparities in depth, 14 cm and 28 cm. Bias at the smallest disparity in depth (M =
78.04%, SD = 35.63) decreased as the space between the two signals doubled (M =
39.58%, SD = 37.16), F(1,6) = 6.08, p = .05, η2 = .45. The effect between the small
disparity (M = 86.84%, SD = 21.86) and large disparity (M = 69.61%, SD = 35.45) did
not quite reach significance in azimuth, F(1,6) = 4.53, p = .08, η2 = .43 (see Figures 10 &
11).
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Figure 10. Bias In Azimuth: Bias is plotted on the y-axis and disparity between the
visual and auditory target is plotted on the x-axis. Error bars are standard
deviations.
Of final interest was how visual accuracy and the ratio of unimodal auditory to
visual variance of participants’ localizations were related to bias on perceived unified
trials. Unfortunately, across participants, bias on unified trials did not positively correlate
with the ratio of auditory to visual variance for either unimodal session in azimuth or
depth, at anything less than p = .38. However, visual error in the first unimodal session
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Figure 11. Bias In Depth: Bias is plotted on the y-axis and disparity between the
visual and auditory target is plotted on the x-axis. Error bars are standard
deviations.
did negatively predict bias on unified trials in both azimuth, r = -.78, n = 7, p = .04, and
depth, r = -.86, n = 7, p = .01. This effect disappeared when examining the relation
between the visual error from the second unimodal session and bias in azimuth, r = -.45,
n = 7, p = .32, and depth, r = -.61, n = 7, p = .14 (see Figures 12 & 13).
After scanning the visual localization data from the first to the second unimodal
session, it was evident that some participants’ error increased while others decreased. It
seems that one explanation for the increase in visual localization error may be due to
carlessness from quick responding in the second unimodal session. Therefore, I
correlated visual accuracy in unimodal trials with response time. I predicted that
unimodal visual accuracy in session two should be negatively correlated with response
time. However, these correlations were not significant. Visual accuracy in unimodal
session two was not negatively related to unimodal session two response time in azimuth
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Correlation: Error & Bias In Azimuth

Average Visual Error (degrees)

2
1.8
1.6
1.4
1.2
1
0.8
0.6
0.4
0.2
0
0

20

40

60

80

100

120

Percent Bias

Figure 12. Correlation: Error & Bias In Azimuth: Average azimuth visual error
from unimodal session one in degrees is plotted on the y-axis and bias in azimuth is
plotted on the y-axis.
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Figure 13. Correlation: Error & Bias In Depth: Average depth visual error from
unimodal session one in cm is plotted on the y-axis and bias in depth is plotted on
the y-axis.
at r = -.59, n = 7, p = .16, and in depth at r = -.67, n = 7, p = .10. However, these relations
were larger than the correlation between unimodal session one visual accuracy and
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unimodal session one response time in azimuth, r = -.25, n = 7, p = .59, and in depth at r
= -.42, n = 7, p = .35. Additionally, the visual average response time for the two unimodal
sessions (M = 2619.66, SD = 246.94) was significantly and negatively correlated with the
average response time for the average of the accuracy scores of the two unimodal
sessions in azimuth (M = .89, SD = .42), r = -.77, n = 7, p = .05, and in depth (M = 5.93
SD = 3.94), r = -.87, n = 7, p = .01. This suggests that overall, response time is negatively
correlated to the unimodal sessions, but only for visual localizations (see Figures 14 &
15), and this is more true for the second unimodal session, after practice has taken place.
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Figure 14. Correlation: Visual RT & Azimuth Unisensory Error: Average azimuth
visual error from both unimodal sessions in degrees is plotted on the y-axis and
average response time to visual signals from both unimodal sessions in msec is
plotted on the x-axis.
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Figure15. Correlation: Visual RT & Depth Unisensory Error: Average depth visual
error from both unimodal sessions in cm is plotted on the y-axis and average
response time to visual signals from both unimodal sessions in msec is plotted on the
x-axis.
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DISCUSSION
The current experiment has expanded upon the field of multisensory integration
as many goals in the current study were accomplished. While prior studies have shown
that the discriminability of visual and, particularly, auditory signals in depth is poor
(Brungart, Durlach, & Rabinowitz, 1999; Mershon & Bowers, 1979; Viguier, Clement, &
Trotter, 2001; Zahorik, 2002a), the current experimental setup uniquely allowed for the
examination of visual bias in depth. Another gain from the design of this project was
knowledge of how to create visual and auditory signals that are distinguishable not only
in azimuth, but also in depth. Finally, the negative relationship between visual unisensory
error and bias on perceived unified trials in the current study presents an insight into
understanding a potential mechanism behind visual bias. A summary and explanation of
the findings as well as the limitations and future directions of this research project
follows.
Unisensory Localization
Participants completed two unimodal sessions, one at the start of the experimental
trials and a second after the eight multimodal sessions. This provides an evaluation of the
possible existence of a practice effect in terms of localization performance and what this
may mean for visual bias. Response time, which was not expected to differ between
visual and auditory localizations, did differ at unimodal session two. Visual responses
were almost significantly faster than auditory responses by session two, and this may
have been driven by the finding that localization response time to visual targets decreased
significantly from the first to second session. Interestingly, only auditory localization
became more accurate and less variable from session one to session two, and this was
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most evident for depth localization. This practice effect may be due to auditory
localization, particularly in depth, having the most room for improvement throughout the
duration of the experiment. Even in the azimuth dimension, auditory localization was not
without a high degree of error; mean error of auditory localizations in azimuth during
unimodal session one was around the actual disparity between azimuth targets (i.e.,
around 9°). Because visual signals were already localized with a large degree of accuracy,
participants did not become “better” at responding to them, but they did become faster,
from session one to session two.
Due to the practice effect found from unimodal session one to session two, it was
of interest to examine the frequency of the visual and auditory localization responses
made at each location in azimuth in depth. The thought was that participants may be
learning the existence of the nine separate locations from unimodal session one to session
two and may begin to localize in categories; when participants miss one of the locations,
they may localize at another location that they have learned, rather than localizing near
the actual location. If this were true, then one would expect that localization responses
would not follow a normal distribution at each location by unimodal session two. For
unimodal session one in azimuth, participants localized with the highest frequency
around the actual location and their localization responses clustered around the actual
location, following a normal distribution. This was true for auditory responses as well as
visual responses. However, in the first unimodal session in depth, the localization
frequency did not always seem to be normally distributed around each of the nine
locations, but this was only true for auditory localizations. In particular, individuals
seemed to pull auditory signals closer to them than they actually were (i.e., around 20
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cm), especially when the sounds were coming from the front depth arc closest to the
participant. The visual localizations in depth were normally distributed, much like the
localizations made in azimuth.
By unimodal session two, response localizations did appear to become less
normally distributed, but only for auditory localizations. From unimodal session one to
session two, auditory localizations in azimuth had a tendency to be displaced to other
locations in azimuth, particularly towards the center, at 0° when the sound originated
from approximately -8° to the left or 8° to the right. Auditory localization in depth did not
follow a normal distribution in unimodal session one, and this did not seem to change
much by session two, other than participants did not seem to pull the auditory signal as
close to them as was shown in session one. The visual localizations remained fairly
normally distributed from session one to session two. These findings seem to indicate that
participants are learning the locations of the lights and sounds through practice. In doing
so, even though participants become more accurate, they had a tendency to categorize
their auditory localizations such that, when they did not hit one location, they tended to
hit another location.
An explanation for these findings may be suggestive of a number of perceptual
phenomena. It seems to argue most for the fallibility of auditory localization, particularly
in depth. Participants are so poor at determining the exact location of auditory signals that
they must rely on something other then their perception to make localizations, such as the
memory of where signals, likely visual ones, have originated from in previous crossmodal sessions. In the depth dimension, participants seemed very sloppy in their auditory
localizations in session one, and while their localizations became more accurate by
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session two, they began categorizing their responses. This is further supported by the fact
that participants’ localizations of auditory signals in the azimuth dimension became more
flat and less normally distributed from session one to session two, indicating that
participants are relying upon these learned positions. In line with this explanation is that
the practice effect is due to a learning mechanism, i.e., reinforcement. On cross-modal
trials that participants perceive as being unified, they are mostly localizing the auditory
stimulus at the position of the visual stimulus. Because the two stimuli are occurring
together, either in actuality or in the participants’ perception, the participants are being
reinforced by localizing the signal with what they likely feel is a high degree of accuracy
(i.e., around the visual signal).
One of the most important findings of the current study was the degree of
accuracy and variability of the visual signals in the depth dimension. Unlike a previous
study (Bowen, 2009), visual localization accuracy and variability was significantly
superior to the accuracy of auditory localization in depth, and all participants seemed to
follow this pattern. This finding verified that the measures that were taken to increase the
saliency of the visual signals were successful. Specifically, by creating multiple fixation
planes, using signals with blurred, rather than sharp, edges, and by increasing the
duration of the signal to 1000 ms, visual signals were able to be localized with a good
deal of accuracy in depth. Additionally, using a longer duration auditory signal and a
speaker that equally represented all frequencies likely aided in auditory localization in
depth as well. While these measures were likely necessary to produce visual bias in depth,
it is also interesting in and of itself to find a fair degree of localization accuracy with low
variability in the depth dimension. Prior studies have shown how poor localization

43

performance is in this dimension (Brungart, Durlach, & Rabinowitz, 1999; Mershon &
Bowers, 1979; Viguier, Clement, & Trotter, 2001; Zahorik, 2002a), and the current study
demonstrates several ways to lower the discrimination threshold for signals in depth,
particularly in the visual modality.
Multisensory Localization
Response time followed an expected pattern; participants were faster at
responding to cross-modal trials than to unimodal session one trials, and this was true for
both perceived unified and nonunified trials in comparison to auditory signals and for
unified trials in comparison to visual signals. This finding dovetails nicely with the
finding from the unimodal response time evaluation; unimodal stimuli, particularly visual
ones, elicited responses with shorter reaction times from session one to session two.
Participants did not make faster localization responses on perceived unified versus
nonunified trials, indicating that any time participants are presented with two signals,
regardless of the spatial coincidence of the signals, they are able to make localization
responses more quickly than if they are given only one signal. However, this finding
seems to disappear with localization practice.
Localization performance in azimuth and depth was more accurate for perceived
unified trials than for perceived nonunified trials, and this effect seems to be driven by
localizations made on trials that are both perceived as unified and actually spatially
coincident. A contrast test comparing the perceived unified and coincident condition to
the three remaining multimodal conditions revealed this to be the case; participants made
the most accurate localizations in azimuth and depth on trials they perceived to be unified
and that were indeed coincident. The variability of the error scores of the participants
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followed a similar pattern; participants were less variable in their localizations of
perceived unified versus nonunified trials, but this was only true for the azimuth
dimension. Again, an overall analysis revealed that localization variability in all four
conditions of the cross-modal sessions was different in azimuth, but this did not quite
reach significance in depth. However, in both depth and azimuth, variability of the
perceived unified and coincident trial was lower than the variability of all other
conditions. These findings, particularly the evaluation of performance error, suggest that
participants’ localization of auditory signals in the presence of visual distracters follow a
similar pattern in both azimuth and depth. This is further evidence that localization
accuracy on unimodal trials, particularly visual trials, may be important for the perceptual
process of visual bias to take effect.
Of particular importance in the evaluation of the unisensory accuracy and
variability was its comparison to multisensory accuracy and variability. According to a
prediction by the MLE model, bimodal variance is typically smaller than the variance of
the best unisensory response. For this reason, it was predicted that the error and
variability of the localizations made on trials perceived as unified and spatially coincident
would be lower than those in visual trials. However, this turned out not to be the case.
Moreover, the mean accuracy and variability of the cross-modal and unimodal conditions
were not in the expected direction. The fact that visual-only accuracy was so tight, with
the mean error of the two sessions at approximately 6 cm in depth and approximately
0.9° in azimuth, could have accounted for this finding. Perhaps the saliency of the visual
signal was increased to such a large extent that, during multimodal sessions, there was
not an opportunity for the auditory stimulus to influence localization performance.
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However, without using measures to increase the saliency of the visual and auditory
signals, visual bias may not have occurred in the depth dimension.
Visual Bias
Visual bias was examined in terms of perceived unification. In order to evaluate
the results by comparing bias on perceived unified to nonunified trials, it was of interest
to examine the frequency histograms of unification judgments among the differing
disparities in azimuth and depth, as well as among participants. In both azimuth and
depth, participants seemed to be more likely to indicate “nonunified” when the targets
were spatially distal rather than proximal, i.e., when targets were 17° versus 8° apart in
azimuth or 14 cm versus 28 cm apart in depth. When the disparity was small, i.e., 8° or
14 cm apart, it seemed as if participants seemed to be indicating “unified” and
“nonunified” fairly equally, or perhaps “unified” slightly more than “nonunified.”
Interestingly, there seemed to be a consistent pattern among unification judgments in
azimuth in that when the sound was coming from the left of the light, and when the
distance between the signals was 8°, participants seemed more likely to indicate “unified”.
However, I have no explanation for this unique perceptual finding.
Additionally, as expected, participants seemed more likely to indicate unified
when the light and sound were actually spatially coincident and nonunified when they
were not spatially coincident, according to the frequency histograms. By examining the
frequency of responses of unification judgments on a participant level, it seemed that
participants were, overall, more likely to respond “unified” than “nonunified” or to
indicate each relatively equally. This falls in-line with the finding that, overall, the
frequency of “unified” responses seems higher than “nonunified”.
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One of the main goals of the current study was to enable participants to
discriminate between signals in depth in order to be able to respond to stimuli at three
different depths. Indeed, bias of auditory targets toward visual stimuli at different depth
disparities reached about 72% on perceived unified trials and was slightly negative (e.g., 3%) on perceived nonunified trials. Interestingly, bias on perceived unified trials did not
differ significantly from 100%, i.e., perfect bias, and perceived nonunified bias did not
differ from no bias, or 0% bias. A similar pattern was found in azimuth, with bias on
perceived unified at 84% and nonunified at 1%, which replicates many findings on visual
localization in azimuth (Bertelson & Aschersleben, 1998; Bertelson & Radeau, 1981;
Bowen, 2009; Hairston et al., 2003; Wallace et al., 2004; Warren, 1979; Warren, Welch,
and McCarthy, 1981). However, it did not replicate the finding by Wallace et al. (2004)
that participants negatively bias on trials they perceive as nonunified. Because visual bias
was so high, and did not differ from 100% bias on perceived unified trials, these findings
may be a result of visual capture or domination. When participants indicate unity, it may
be that they are localizing the light and not localizing the auditory signal in the presence
of the light. Additionally, it is unknown why visual bias was so high in the depth
dimension. It may be that visual accuracy in both dimensions is so incredibly precise that
it dominates the auditory signal, however, it is not necessary for the visual error to be as
small as it is in azimuth for visual capture to occur. Overall, visual bias can be extended
from the azimuth dimension to the depth dimension, demonstrating a unique finding in
this study in comparison to the previous literature on multisensory depth localization.
Another facet of the current study was to examine the difference between bias
when the auditory and visual signals were spatially proximal or distal. Previous studies
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have found that visual bias is prominent when signals are proximal. However, beyond an
upper threshold disparity, participants no longer unify them, and, thus, do not bias. Given
the current experimental setup, only two disparities were present in azimuth, 8.78° and
17.56°, and depth, 14 cm and 28 cm. A comparison between bias at 8.78° and at 17.56°
on perceived unified trials in azimuth did not reveal a significant reduction in bias, but
did approach significance. However, participants did bias more on trials when the signals
were 14 cm versus 28 cm apart in depth. If participants were given greater stimulus
disparities, these differences, both of which were small, would be expected to increase.
A final goal of the current study was to provide evidence of the MLE model’s
predictions regarding visual bias. MLE suggests that individuals rely on, or weight, the
visual and auditory signals in multimodal localizations to a predetermined extent based
on the variance of the unimodal localizations, which is what was found by Alais & Burr,
2004, Battaglia, Jacobs, and Aslin (2003), and, using haptic signals as opposed to
auditory signals, by Ernst and Banks (2002). Therefore, one conclusion based on these
assumptions is that the ratio of auditory to visual variance in unimodal localizations may
be related to visual bias on perceived unified trials. The larger the ratio, i.e., the more
variance in the auditory localizations as compared to the visual localizations, the more
participants would rely on the visual signals, causing more bias. However, there was not
a strong relationship between the ratio of auditory to visual variance and bias on unified
trials in either azimuth or depth. It seems it was not the precision of the unimodal
responses that led to the weight participants gave to the auditory and visual signals on
perceived unified trials, or at least there was no reliable relationship among all
participants to this effect.
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Another assumption regarding visual bias is that the accuracy of visual responses
is what causes participants to perceive unification between the visual and auditory signals,
and thus bias to the visual stimuli. Indeed, visual bias was negatively related to visual
error in both azimuth and depth from the first unimodal session, but not from the second
unimodal session. Visual localization overall was not shown to be different from
unimodal sesson one to session two, so the finding that bias did not correlate with visual
localization on session two must have been related to the pattern of visual localization on
an individual level from session one to two. A scan of the visual localization data from
the first to second unimodal sessions in azimuth and depth revealed that some
participants’ accuracy scores increased while others decreased. Therefore, it seemed that
at least accuracy in the first unimodal session may be predictive of visual bias. In order to
examine whether the lack of correlation between visual bias and visual accuracy in the
second unimodal session was possibly due to fast response time, and, thus, sloppy
responding, I examined the relationship between visual accuracy and response time.
Response time for unimodal session two was more highly and negatively correlated to
visual accuracy in that session than response time from session one was related to visual
accuracy in session one, but the correlations were not significant. However, average
response time and unimodal visual accuracy across both unimodal sessions was
significantly and negatively correlated, suggesting a trade-off between response time and
accuracy.
Overall, it is possible that the increased saliency in both the depth and azimuth
dimensions enhanced the discriminability of the unimodal stimuli, which caused
participants to bias to visual signals in depth. Qualification for this conjecture is the
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finding that unimodal visual accuracy was predictive of visual bias. Additionally, because
visual bias on perceived unified trials did not statistically differ from 100% bias, it seems
that the visual signal was strong enough (i.e., able to be accurately localized) to dominate
the auditory target. Perhaps when visual accuracy exceeds a certain amount, such as the
accuracy of localization in cross-modal trials that are both spatially coincident and
perceived as unified, localization does not follow a distribution that would be predicted
by unimodal variance, such as the MLE model would predict. Perhaps the distribution of
localization responses in the current data can be better explained by using a Bayesian
model, which could take into account unimodal variance but also account for the prior
information that the visual system is, regardless of all things being equal, inherently
relied upon to a greater degree than the auditory system. Strong visual accuracy may have
caused the visual system to be perceptually favored in such a way that it no longer
matters whether the auditory to visual variance is low or high because the participants are
not giving any weight to the auditory signal in multimodal trials, and, thus, demonstrating
visual capture.
Conclusions, Limitations, & Future Directions
In conclusion, the unimodal accuracy of the visual signal correlates with the
amount of visual bias in perceived unified trials. Because visual error and variability was
significantly smaller than that for the auditory modality, participants are placing a greater
reliance on the visual signal when making their multimodal localizations, despite being
told to localize only the auditory signal. Increasing the saliency of the visual and auditory
signals enabled the current experimental design to replicate visual bias findings in
azimuth, as well as produce the finding in depth. Not only was this effect demonstrated in
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depth, a unique finding in itself, but it was large enough to be statistically equal to 100%
bias.
The two hypotheses stemming from MLE predictions, that localization on
perceived unified and coincident trials would be superior to visual-only localization and
that the higher the auditory to visual variance was, the more participants would bias on
perceived unified trials, were not supported. This may be due to a general bias of the
visual system; participants may rely heavily on the visual signal due to the small error
with which it is localized in unimodal trials. In other words, the data may better fit a
distribution of responses predicted by a Bayesian theory, which could allow for the
incorporation of prior knowledge of statistical information as well as unimodal
localization performance.
The exceedingly accurate localization of visual signals, particularly in azimuth,
implies that the results of the current study should be interpreted with caution. Because
visual bias depends on a number of factors, including spatial and temporal proximity, the
perception of unification, as well as the ability for signals from both sensory modalities to
influence each other, the data in the current study seem to follow a pattern suggested by
visual capture. The increased saliency of the visual signal may suggest that participants
are not integrating sensory information from multiple modalities, but instead are
disregarding the auditory stimulus and only localizing the visual stimulus on perceived
unified trials. As such, it is possible to view the increased saliency of the visual signals in
azimuth to be somewhat of a limitation in the current study. Perhaps by degrading the
visual stimulus in a future study by shortening the stimuli duration, or using a modulated
auditory stimulus to increase its saliency, would allow for multisensory integration rather
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than visual dominance. Additionally, if the practice effect is not entirely due to
reinforcement gained on perceived unified multisensory localizations, then giving
participants many unimodal practice sessions to increase their auditory localization
accuracy before beginning cross-modal sessions may solve the problem posed by this
limitation. On a related note, another limitation of the current study was the fact that,
while participants were always instructed to remain fixated on the noius points, there was
no way to ensure that participants did not move their eyes to the signals during their
presentation. If participants did move their eyes to the stronger stimulus during
presentation, i.e., the visual signal, this could explain why participants did not integrate
the visual and auditory stimuli and only seemed to localize the visual signal.
A possible problem with the current study was the existence of a participant who
was an outlier among all of the data sets. Because only 7 individuals participated in the
current study, the analyses for this thesis were conducted with all participants. However,
response time, accuracy, variability, and visual bias were reanalyzed after removing the
outlying subject’s data. Analyses of the response time, accuracy, and variability of the
unimodal and cross-modal trials followed the same pattern after the outlier was removed
from the data set. However, while visual bias results remained similar, the difference
between bias in perceived unified trials in depth between the small (i.e., 14 cm) disparity
and large (28 cm) disparity only approached significance, F(1,5) = 5.52, p = .07, and was
no longer seemed to be following a trend in azimuth, F(1,5) = 2.95, p = .15. More
importantly, the ratio of auditory to visual variance in the second unimodal data set, while
not significantly related to bias in depth in the original data set, approached significance
in the new data set, r = .77, n = 6, p = .07. Also, unfortunately, visual error in the first

52

unimodal session no longer negatively predicted bias on perceived unified trials in
azimuth, r = .02, n = 6, p = .98, or in depth, r = -.59, n = 6, p = .22. Additionally, the
correlation between visual-only accuracy and response time followed a similar pattern,
but response time across the two unimodal sessions no longer significantly predicted the
error of the average visual accuracy across the two unimodal sessions in azimuth, r = -.63,
n = 6, p = .18, as it still did in depth, r = -.98, n = 6, p < .001.
The results after the removal of the outlying participant’s data suggest that one
should be careful when interpreting the original correlation between visual-only accuracy
and bias on perceived unified trials. The large drop in the correlation between the two in
azimuth when the outlying subject was removed suggests that this finding may not
demonstrate a potential mechanism for visual bias, but may have been driven by the
outlying subject. In order to demonstrate that visual bias is, or is not, predicted by visualonly accuracy, more subjects are needed to allow for a wider representation of the
population from which we were sampling. Additionally, the correlation between visual
error and bias in depth, as well as between the ratio of auditory to visual variance and
bias in depth both approached significance after removal of the outlier. This indicates that
perhaps when the visual signal is not overwhelming (as it appears to be in azimuth),
visual bias may follow a pattern of integration suggested by the MLE model in that they
may be weighting the signals in the cross-modal trials based on their unimodal variance
and accuracy. This could be better examined in a future experiment that does not involve
such a strong and overwhelming visual stimulus.
One possible direction for future examination of visual bias in azimuth and depth
would be to replicate the current study in a larger experimental chamber in order to allow
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for more signal disparity than the 8° to 17° in azimuth and the 14 to 28 cm in depth. In
this way, other aspects of visual bias in azimuth could be examined in, and possibly
extended to, depth. If the disparity between the visual and auditory signals were large,
perhaps individuals would demonstrate a higher reliance on the auditory and visual
variances when determining the influence that each signal has on multimodal response
localization in perceived unified conditions. Because the visual signal is so strong,
participants may not be weighting it to the extent that the auditory to visual variance
would predict, according to the MLE model. Additionally, increasing the distance
between the visual and auditory signal may allow participants to demonstrate negative
visual bias, i.e., the pulling of the auditory signal in the opposite direction of the visual
signal. Supposedly, if participants perceive the auditory and visual signal as too far apart,
and, thus, as nonunified, they may pull the auditory target even further from the visual
signal than it already is, as was found in azimuth by Wallace et al. (2004).
An additional future direction could be to ask participants to make not only
auditory localizations in the presence of visual distracters, but to also make visual
localizations in the presence of auditory distracters. If participants are biasing
approximately 80% of the target disparity in azimuth and approximately 70% of the
disparity in depth on perceived unified trials, then it would be interesting to see how the
auditory signal may be influencing the localization as well. For instance, participants are
always first presented with a multimodal auditory and a visual stimulus, separated by
some distance, but they are asked on half of the trials to localize the auditory stimulus,
and on the other half to localize the visual stimulus. Of the trials perceived as unified, if
participants bias towards the visual signal when localizing the auditory signal 80% of the
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distance, then they should bias toward the auditory signal when localizing the visual
signal 20% of the distance in the opposite direction. A similar experimental design was
set up by Warren (1979) and was studied only in azimuth. While Warren (1979) did not
demonstrate this sum to 100% bias on trials perceived as unified by the participants, the
strong saliency of the visual and auditory stimuli in our experimental design may make
the procedure worth re-examining in azimuth and examining for the first time in depth.
Overall, this thesis has shown that when participants perceptually fuse two stimuli
that are spatially disparate, they will bias about 80% of the disparity towards visual
stimuli in azimuth and at about 70% in depth. This study is unique in that it directly
measures and results in visual bias in the depth dimension. Additionally, by increasing
the saliency of visual and auditory signals, individuals were able to discriminate between
differing visual and auditory signals in depth. Finally, findings from this study have lead
to the conclusion that visual accuracy in unimodal trials may be predictive of visual bias
in perceived unified multimodal trials, such that the smaller the amount of error visual
stimuli are localized with, the more participants will bias auditory targets toward visual
signals in both azimuth and depth. This bias seems to begin decreasing as signal
disparities increase, particularly in depth, although this finding is not very strong, likely
due to the confines of the experimental parameters under which the current study took
place.
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