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ABSTRACT

Using conventional sound design, the audio signal in virtual reality applications is often rendered as a static
stereophonic signal. It is accompanied by a visual signal that allows for interactive behavior such as looking
around. In the current test, the influence of spatial offset between the audio and visual signals is investigated using
reaction time measurements in a word recognition task. The audio-visual offset is introduced by a video presented
at horizontal offset angles between ±21◦, accompanied with a static central audio. Measurements are compared to
reaction times from a test where both audio and visual signal are presented with the same angle. Results show
that audio-visual offsets between 10◦ and 20◦ cause significant differences in reaction time compared to spatially
matched presentation.

1 Introduction

In current practice, audio signals in virtual reality (VR)
applications are often reduced to static stereo head-
phone mixes due to limitations during signal capture,
processing, and reproduction arising from the conven-
tional audio work flow. This method introduces varying
spatial offsets between audio and visual cues depending
on the gaze behavior of the user. Research on the Ven-
triloquism effect has shown that spatially misaligned
audio and visual signals are still perceived as merged
at offsets ranging from 5◦ to 20◦ depending on the au-
ditory training of participants, the test signal, and the
study setting as shown in Table 1. A further depen-

dency on audio features of the signal (especially the
perceived center frequency), and the size of the image
was also reported by Stenzel and Jackson [7].

Throughout these studies, results were gathered by ask-
ing participants to assess and report on their subjective,
conscious perception. This type of direct evaluation
method may lead to biased results [8]. Responses may
be influenced the emotional state of participants, or
by participants making the assumption that they are
benefiting the experimenter or themselves by striving
to be highly critical [9, 10]. Furthermore, participants’
awareness of the stimulus under test is not representa-
tive to common viewing habits in which participants
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Table 1: Summary of papers on the limit of ventriloquism in audio-visual application settings. The ‘Tr’ column
details listener training (T = trained, U = untrained, X = unknown). The columns ’type of test’ lists
the applied methods (PF = psychometric function, PSE = point of subjective equality, 50% point). The
‘results’ column shows the maximum angle of accepted AV offset.

Study Stimulus Setup Type of test Results Tr

Melchior
2006 [1]

Pink noise (A) with 3D object
(V)

WFS, VR device 5-point impairment scale
with hidden anchor

4◦–8◦ X

Bertelson
1998 [? ]

2kHz pulses (A) with LED light
flashes (V)

Phase panning between
two loudspeakers, cen-
tral LED

Staircase paradigm, JND ∼5◦ X

Melchior
2003 [2]

Synchronous speech (AV) WFS, 2D projection 5-point impairment scale
with hidden anchor

5◦–7◦ T

Komiyama
1989 [3]

Synchronous speech (AV),
Synchronous singing voice (AV)

Loudspeakers at every
5◦, HDTV

Absolute 5-point impair-
ment scale

11◦

20◦
T,
U

Stenzel
2017 [4]

Synchr. speech (AV) Loudspeakers at every
5◦, video projection

PF on coherent location,
PSE

10◦

19◦
T,
U

André
2014 [5]

Synchr. Speech (AV) WFS, 3D projection PF on coherent location,
PSE

18◦ U

Godfroy
2003 [6]

Burst of pink noise (A), white
flashing circle (V)

Loudspeakers, 2D pro-
jection

PF on fusion of sound
and vision

∼6◦ U

mainly pay attention to the story. This feature aware-
ness leads to changes in the brain response, sharpening
percepts and cell responses [11]. Different settings
and different expectations of participants thus lead to
different degrees of expected and accepted coherence,
explaining the great range of results. When studying
the impact of changes of an audio-visual signal more
subconscious means to measure distraction would be
preferable. This minimizes the biases of setting and
listening style, as listeners’ attention is not drawn to
specific audio attributes making this approach more
like real-world media consumption and ecologically
valid.

One of the least invasive and easy to implement meth-
ods is reaction time measurement. They have been used
to determine short lived interferences, such as small
degradations in an audio signal [12]. In the context of
audio-visual spatial perception, two work mechanisms
have been uncovered through reaction time measure-
ments.

The first mechanism, the Simon effect, describes prim-
ing of responses when stimulus and response side cor-
respond (e. g. on the left of the screen and responding
with the left button), leading to faster reaction time,

compared to non-corresponding responses [13]. This
effect has also been measured for central visual signals
with offset audio signals. Difference in reaction times
(RTs) between corresponding and non-corresponding
responses for realistic stimuli [14] were in the range
of 12 ms to 20 ms for artificial stimuli [15, 16]. In an
experimental setup with mismatching spatial positions
between audio and visual signals, the Simon effect can
indicate the influence of the offset on motor responses.

The second effect describes changes in spatial atten-
tion invoked by an offset between audio and visual
signal. Research on spatial attention, for examples, has
shown that responses are faster in visual detection tasks
when the visual signal is validly-cued with an audio
signal compared to invalidly-cued ones [17]. Further-
more, eye movements are affected by offsets between
simultaneously presented audio and visual signals. Eye
movements are faster towards a visual target when it
is spatially paired with an audio signal compared to
spatially misaligned presentation of both stimuli [18].
This phenomenon is therefore linked to effects on inte-
gration and fusion mechanism within the brain and is
referred to as Ventriloquism throughout this paper for
ease of understanding. Both effects—the Simon effect
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and the Ventriloquism effect—make reaction time mea-
surements a valid method for the evaluation of spatial
offset in media applications.

A first study on the effect of the size of audio-visual
spatial offset on reaction times using a word recogni-
tion task, was conducted by Stenzel et al. [19]. In
this study, visual signals were presented centrally and
audio signals were presented at offsets between ±5◦

and ±30◦. Reported changes in reaction times were
small but significant when participants were grouped,
with main changes occurring between 0◦ and 5◦ offsets.
However, the test design is not representative for com-
mon audio-visual presentation in a VR environment.
Instead, the opposite case is encountered regularly: the
visual signal usually changes in position whereas a
static audio signal is presented. For this reason, the
current paper employs the same test methodology as
used by Stenzel et al. [19] to investigate the effect of
a static audio presentation with offset video signals on
reaction times in a word recognition task. This study
paradigm is rarely used in perceptual studies, empha-
sizing the importance of further research. A second
reference test was conducted, with spatially-coherent
signals presented at all positions.

2 Methods

A forced-choice word recognition task was designed
in which participants had to identify, as quickly as
possible, which of two displayed words was spoken in
the presented video. A word was selected by pressing
one of two buttons; participants were instructed to use
the index finger of their left hand for the left button
and the index finger of the right hand for the right
button. Two tests were performed: in the first test both
audio and visual signals were coherently presented
(labeled Aligned-test); in the second test the audio was
only presented from the central loudspeaker whilst the
visual signals were presented at the different positions
(labeled Offset-test). The word pair and the offset angle
changed randomly with every run. The experiments
were conducted to evaluate the effect of audio-visual
spatial offset on reaction times compared to spatially
coherent presentation.

2.1 Stimuli

The stimuli consisted of realistic speech stimuli to
evoke natural listening conditions. For this reason, the

keywords for the recognition task were embedded in
the carrier phrase “Say [keyword] again”. The keyword
consisted of a mono-syllabic word with the pattern
[consonant]–[vowel]–[consonant] and only differed in
the first consonant. This stimulus definition ensured a
similar reaction time across keywords. Ten keyword
pairs were defined, and the initial consonants chosen to
exclude difficult-to-distinguish audio-only sound. They
additionally came from different viseme groups. The
following keywords were chosen and are referred to
as keyword during statistical analysis: “FinV2–SinV4”,
“PenV1–DenV4”, “CogV4–LogV5”, “FoodV2–RudeV5”,
“BeefV1–ReefV5”, “ManV1–ThanV3”, “FanV2–CanV4”,
“GongV4–WrongV5”, “PongV1–SongV4”, and “BusV1–
FussV2”. Videos of the keyword phrases were recorded
in a green screen studio with a shotgun microphone
pointed at the actor. Two female student actors partici-
pated in the recordings. All videos were 2.0 s long, and
the keyword was presented at 1.0 s. The videos were
recorded in HD 1920x1080p, with the codec DNxHD
and MXF wrapper. Audio was recorded at 48 kHz,
24 bit. The edited videos were loudness normalized to
−23 LUFS and converted to the ProRes 422 codec. To
further increase visual attention and to cover distract-
ing noise sources such as the projector, decorrelated
pink noise at +10 dB signal-to-noise ratio was played
from five loudspeakers at the positions specified in ITU
BS.775 [20] (left, right, center, left surround, right sur-
round) throughout the test. This level was determined
in a pretest to provide approximately equal unimodal
(i. e. with audio-only or video-only presentation) error
rates.

2.2 Setup

The listening tests were conducted in a small, acous-
tically treated room with an average reverb time of
0.2 s, complying with ITU P.800 in the frequency range
between 300 Hz and 8 kHz [21]. Nine loudspeak-
ers were mounted on a spherical structure at approx-
imately ear height at angular offsets of 0.0◦, ±5.1◦,
±10.3◦, ±15.4◦, and ±20.6◦. All loudspeakers were
level aligned. The image was projected onto a curved,
acoustically transparent screen, which covered an area
from −90◦ to +90◦, covering all loudspeakers likewise.
The picture covered an area from ±30◦ left to right at
an aspect ratio of 16:9 HD. The curvature was corrected
with the software Immersive Display PRO by Fly Elise.
The visual signals were presented within this framing at
0.0◦, ±2.5◦, ±5.1◦, ±10.3◦, ±15.4◦, and ±20.6◦in the
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 I

II                                       III

30.9°

(a) Test setup showing the screen (I), loud-
speakers, video projection (II), the area
covered by the face (III), and letters for
the localization test.

(b) Test procedure along the timescale, the length is given per section in seconds. The red cross marks
the presentation of the keyword followed by the time frame in which participants responded.

Fig. 1: Display of the test setup (a) and the procedure (b).

horizontal plane, and at a height aligning the mouths
of the actors with the central point of the loudspeakers.
These visual positions are referred to as video position
during statistical analysis. The time synchronization
of audio and video was enforced by adjusting the au-
dio signal delay using a dedicated lipsynch test signal.
The test procedure, and the level and delay alignment
was implemented in Cycling ’74 MaxMSP 6. Partici-
pants were seated on a fixed chair equidistant from all
loudspeakers.

2.3 Test procedure

A forced-choice work recognition test was designed.
Each participant took part in a training session, fol-
lowed randomly by the Aligned-test or the Offset-test.
Participants returned on another day on which they
went through a short training session and the second
test. The first training session consisted of 60 trials, the
training session on the second day consisted of 20 trials
with randomly chosen keywords and positions. The
Aligned-test comprised of 400 trials—20 keywords ×
9+1 video positions due to double sampling of 0◦× 2
repetitions—resulting in 40 data points per tested video
position and participant. The Offset-test followed the
same statistical design with eleven positions sampled

leading to a total of 480 trials. Presented keyword and
the displayed position of the video were chosen ran-
domly across trials. Participants were advised to take a
break after half of the trials in each test.

The test procedure is shown in Figure 1b, It starts by
displaying the keyword pair for 0.5 s. Next, the video
stimulus plays with the presentation of the keyword
at 1.0 s (the keyword pair stays visible during video
presentation), and the participant responds. For cor-
rect answers, the reaction time and a motivating phrase
are displayed together with a feedback video encourag-
ing participants to maintain their response speed. For
incorrect answers, a feedback phrase and video are dis-
played. The next keyword pair is then displayed after
an interval of one second.

Twenty-one participants took part in the test (six fe-
male, fifteen male, aged 20 to 64). They all reported
normal or corrected-to-normal vision and no hearing
problems. Written informed consent was obtained from
all participants prior to the study. This study has gone
through the University of Surrey ethical assessment pro-
cesses in line with the University’s Ethics Handbook
for Teaching and Research.
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3 Results

Reaction time data for two tests was collected. The first
test was conducted with matching audio-visual position
throughout (labeled Aligned-test). In the second test,
audio was presented centrally and video signals were
presented at offsets (labeled Offset-test). Data from
both tests was first post-screened for outliers by remov-
ing RTs greater than 1500 ms, accounting for less then
1% of data from each test. The word error rate was an-
alyzed and compared between the two tests, followed
by the comparison of reaction time data between the
two tests.

3.1 Word error rate analysis

The error rate was calculated per participant and video
position, participant and pooled video position, and par-
ticipant and corresponding versus non-corresponding
responses per video position (summarized as correspon-
dence) to analyze possible effects of the Simon effect.
correspondence relates the video position’s (face an-
gle’s) side to the response hand (left,right): same side
of video position and response hand is a corresponding
response, opposite side of video position and response
hand is non-corresponding response. In the Aligned-
test 8.7% of responses were incorrect, and 9.2% in the
Offset-test. A repeated measures ANOVA was con-
ducted to model the main effects and interactions of
the within-participant variables video position and test
setting on reaction times. Neither video position, test
setting, or their interaction had significant effects on
the error rate in the analysis of the pooled and unpooled
position data

In the analysis of the Simon effect, response correspon-
dence had a significant effect on the error rate at the
10.3◦ position (FCorr.10.3◦(1)= 4.19, pCorr.10.3◦ = 0.05),
and the test setting had a significant effect on the error
rate at 15.4◦ (FTest15.4◦(1) = 6.59, pTest15.4◦ = 0.02).
The corresponding statistics are given in the accompa-
nying dataset (see Sec. 6).

3.2 Reaction time analysis

The analysis of reaction time data was conducted with
correct responses only. A generalized linear mixed
effects model (GLME) was applied throughout as reac-
tion time data is strongly skewed. This statistical tool
can be used for non-normal data distributions and offers
a range of distributions that can be modeled. The use
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Fig. 2: The size of the Simon effect is displayed per
test setting. Positive values indicate faster RTs
for responses corresponding to the video po-
sition, and negative values indicate faster RTs
for responses that do not correspond with the
visual position, or, in the Offset-test, responses
that relatively correspond to the position of the
audio signal. Significance: ∗ p <= 0.05.

Table 2: Differences in size of Simon effect (SEdi f )
between Aligned-test and Offset-test, and ac-
cording t-statistics. bold indicates signifi-
cance at p = 0.05

5.1◦ 10.3◦ 15.4◦ 20.6◦

p 0.88 0.87 0.34 0.03
tStat 0.15 −0.16 0.96 −2.12

SEdi f (ms) 1.1 −1.2 7.2 −14.7

of GLMEs for reaction time data has been described
by Lo and Andrews [22] in the context of word recog-
nition. The current analysis follows their suggestions,
using a gamma function to describe the data distribu-
tion, and an identity link function for the interaction
of parameters. Keyword and participant were mod-
eled as random effects; trial, response hand, and test
setting∗video position as fixed effects. Reaction times
are analyzed in two separate steps according to the two
effects outlined in Section 1: The Simon effect and
effects of Ventriloquism.

3.3 Simon effect

For analysis of the Simon effect, data from correspond-
ing and non-corresponding responses was compared
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at each offset, therefore defining the independent vari-
ables trial, response hand, and test setting∗response
correspondence. Trial had a significant effect on
the reaction time data across all offsets (F5.1◦(1) =
243.33, p5.1◦ < 0.01, F10.3◦(1) = 161.38, p10.3◦ <
0.01, F15.4◦(1) = 182.79, p15.4◦ < 0.01, F20.6◦(1) =
278.22, p20.6◦ < 0.01). Response hand also had a sig-
nificant effect on reaction times at all offset angles ex-
cept at 15.4◦ (F5.1◦(1)= 6.40, p5.1◦ = 0.01, F10.3◦(1)=
12.67, p10.3◦ < 0.01, F15.4◦(1) = 1.24, p15.4◦ = 0.26,
F20.6◦(1) = 7.81, p20.6◦ < 0.01). The test setting had a
significant effect of reaction times at 10.3◦ (F10.3◦(1) =
5.82, p = 0.02); and the response correspondence had
no significant effect on reaction times, but the interac-
tion between the Simon effect and test was significant
at 20.6◦ (F20.6◦(1) = 4.48, p20.6◦ = 0.03).

The difference in reaction time between corresponding
and non-corresponding responses, also called the size
of the Simon effect, is shown in Figure 2 per video
position and test setting. The corresponding values
and t-Statistics for the interaction of response corre-
spondence and test setting are given in Table 2. A
positive Simon effect size indicates faster RTs for re-
sponses corresponding with the visual position. Nega-
tive differences in the Aligned-test mean that the non-
corresponding responses are faster, and in the Offset-
test that responses non-corresponding with the visual
signal, but corresponding with the central audio signal
are faster. In the Offset-test, responses correspond-
ing with the visual position were faster at 2.5◦ and
15.4◦ video position; at 5.1◦, 10.3◦ and 20.6◦ responses
corresponding with the audio position were faster, how-
ever, across all offsets, only responses at 20.6◦ dif-
fered significantly between corresponding and non-
corresponding condition. In contrast, in the Aligned-
test non-corresponding responses were slightly but not
significantly faster at some positions.

3.4 Ventriloquism

The effect of Ventriloquism was tested by pooling re-
action times across left and right video position as
no significant differences between left and right side
were measured. Again, a GLME was performed with
parameters set as outlined above. Overall, reaction
times in the Offset-test were significantly faster than
in the Aligned-test, with RTdi f = 9.8 ms, F(1) = 9.71,
p < 0.01. Response hand and trial had a significant
effect on the reaction time distribution (F(1) = 26.59,

Table 3: Differences in reaction times (RTdi f ) between
Aligned-test and Offset-test condition, and
according t-statistics at the tested video po-
sitions for all participants and the two identi-
fied participant groups. bold indicates signifi-
cance at p = 0.05

All participants 5.1◦ 10.3◦ 15.4◦ 20.6◦

p 0.32 0.71 0.17 0.43
tStat 0.99 −0.37 1.37 0.78

RTdi f (ms) 5.1 −1.9 7.1 4.1
Group1 5.1◦ 10.3◦ 15.4◦ 20.6◦

p 0.39 0.05 0.69 0.36
tStat 0.87 −1.98 −0.40 −0.91

RTdi f (ms) 5.6 −12.8 −2.6 −5.8
Group2 5.1◦ 10.3◦ 15.4◦ 20.6◦

p 0.67 0.06 <0.01 0.02
tStat 0.42 1.91 2.78 2.34

RTdi f (ms) 3.6 16.4 23.9 20.2

p < 0.01; F(1)> 1000, p < 0.01). The interaction of
video position and test setting did not have a significant
effect on reaction times, with the greatest difference
in RT between the two test settings at 15.4◦. As in
the case for the Simon effect, changes in RT across
video position in the Offset-test were overall greater
and less predictable than in the Aligned-test (see Fig.
3a). This difference in RT variation can be seen in a
within test setting GLME analysis. In this analysis the
effect of video position within each test was assessed
by comparing data from 0◦ to that at other positions:
in the Aligned-test, there was no significant difference
between RTs at any video position compared to RT at
0◦. This is an expected result as both audio and visual
signal are presented in the same position and therefore
attention should not be disrupted from the stimulus. In
contrast, in the Offset-test RT is significantly differ-
ent between 0◦ and 5.1◦ (p = 0.02), and 0◦ and 15.4◦

(p < 0.01), leading to a marginally significant effect of
video position on reaction times (Fposition∗test(5)= 1.97,
p = 0.08).

3.5 Grouped analysis of the Ventriloquism effect

As outlined in the previous publication [19] with static
video signals and audio at offsets, reaction time distri-
butions and changes with offsets may differ strongly
between participants. Therefore, reaction time data

AES Conference on Audio for Virtual and Augmented Reality, Redmond, WA, USA, 2018 August 20 – 22
Page 6 of 10



Stenzel, Jackson, and Francombe Reaction times for spatial offsets

0 
  

2.
5 

5.
1 

10
.3

15
.4

20
.6

Abs horiz. video position(°)

-20.0

-15.0

-10.0

-5.0

0.0

5.0

10.0

15.0

20.0

25.0

D
if
fe

re
n

c
e

 i
n

 R
T

 c
o

m
p

a
re

d
 t

o
 0

° 
(m

s
)

Aligned-test

Offset-test

(a) All participants

0 
  

2.
5 

5.
1 

10
.3

15
.4

20
.6

Abs horiz. video position(°)

-20.0

-15.0

-10.0

-5.0

0.0

5.0

10.0

15.0

20.0

25.0

D
if
fe

re
n

c
e

 i
n

 R
T

 c
o

m
p

a
re

d
 t

o
 0

° 
(m

s
)

(b) Participant group 1
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(c) Participant group 2

Fig. 3: Variance in reaction times compared to reaction times at 0◦ for all participants (a), and the two identified
participant groups(b,c). The blue lines indicate the distribution of RTs for the Aligned-test and red lines
indicate the distribution for the Offset-test.Significance: ∗ p <= 0.05, ∗∗ p < 0.01).

were analyzed separately for participants showing op-
posing patterns in their reaction time distributions. Par-
ticipants were pooled into two groups depending on
whether their reaction times decreased or increased
with increasing video position in the Aligned-test.

In the first group (Fig. 3b), fourteen participants showed
an increase in reaction times with increasing horizon-
tal video position in the Aligned-test. Video posi-
tion had a significant effect on reaction times in this
group (F(4) = 2.85, p = 0.02), with significant differ-
ences between 0◦ and 10.3◦ to 20.6◦ (p10.3◦ < 0.01,
p15.4◦ = 0.02, p20.6◦ = 0.05) in the pairwise compari-
son. Analyzing reaction times for the same group of
people in the Offset-test showed that video position had
no significant effect on reaction times within this test
(F(5) = 1.54, p = 0.17). When comparing reaction
times between the two test settings for this participant
group, there was no significant difference in RT be-
tween the two test settings (F(1) = 0.01, p > 0.1) but
the interaction of video position ∗ test setting showed
a marginally significant effect on RT (F(4) = 2.20,
p = 0.07). The pairwise comparison showed signifi-
cant differences between the reaction time distributions
at 10.3◦ video position, with RTs being on average
15 ms faster in the Offset-test (p = 0.05). Even though
there is only a significant difference in RTs between
the two test settings at 10.3◦, significant differences
between 0◦ and other video positions only were only
observed in the Aligned-test, but not in the Offset-test.

In the second group (Fig. 3c), seven participants
showed decreasing reaction times with increasing hori-
zontal video position in the Aligned-test, even though
reaction times did not change significantly with video
position (F(4) = 1.46, p > 0.10). An analysis of the
reaction time data in the Offset-test for this group also
showed no significant differences in reaction times be-
tween video positions (F(5) = 1.32, p = 0.25), but
significance was reached in a pairwise comparison be-
tween 0◦ and 15.4◦. The GLME model comparing RTs
from both test settings showed that the fixed parame-
ters test setting and the interaction video position∗test
setting had a significant effect on reaction times (
FTest(1) = 25.57, pTest < 0.01; FInteration(4) = 2.97,
pInteraction = 0.02). Reaction times were on average
30 ms faster in the Offset-test, and differences between
the test settings reached significance from 15.4◦ on-
wards. Table 3 and Figure 3c shows the increasing
difference in reaction times between the test settings
with video position compared to 0◦. However, not the
difference in absolute reaction times between the two
test settings is displayed.

Across the grouped analysis, reaction times between
the two test settings differed in two conditions: the
average RT in the Offset-test was slower for the second
participants group, and significant differences between
the two tests linked to the video position were observed
at 10.3◦ in the first group, and at 15.4◦ and 20.6◦ in the
second participant group.
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4 Discussion

Data from two reaction time tests were compared. In
the Aligned-test the audio and video signals were spa-
tially aligned and presented at a range of horizontal
positions; in the Offset-test audio was presented cen-
trally with visual signals presented at the range of offset
horizontal positions. Two underlying effects were ex-
amined: the Simon effect, and the Ventriloquism effect
as shown in shifts in spatial attention.

The Simon effect, uncovering effects of spatial posi-
tion onto motor responses, was significantly different
between both test settings at 20.6◦ (see Figure 2). At
this video position, responses in the Offset-test were
significantly primed towards the central audio signal
with a difference in response times of 14 ms. This
size of the Simon effect is within the range given in
literature for Simon effects induced by audio signals
in situations of static central video presentation [14],
or when participants concentrated on the visual signal
only and the unmonitored audio signal was presented at
a misaligned position [15]. It indicates that participants’
main focus was on the visual signal and the spatially
disparate audio signal interfered. At other visual posi-
tions, both non-significant priming towards the central
audio signal and non-significant priming towards the
visual signal were measured with no clear observable
pattern.

In the Aligned-test, responses were slightly but not sig-
nificantly primed towards the center and not towards
the audio-visual position of the stimulus. This non-
significant effect was unexpected as a decrease in RT
for responses corresponding with the spatial position of
the bimodal stimulus was suggested in literature. Proc-
tor et al. [13], and Wiegand and Wascher [23], for exam-
ple, report sizes of Simon effects in the range of 20 ms
to 40 ms for responses corresponding with the position
of the visual signal compared to non-corresponding
ones for unimodal signals presented to the left or right
side of the center. These experiments on the Simon
effect were conducted with participants’ attention fo-
cused on a central fixation cross. The response stim-
uli were therefore always perceived as off-center. In
contrast, participants in the current experiments were
encouraged to redirect their attention towards the visual
signals as face and written keyword pairs were always
presented spatially aligned at the tested horizontal po-
sitions. This ecologically valid test design likely led

to a re-orientation of the perceived straight-ahead. Re-
search on the spatial re-orientation by Cui et al. [24],
for example, has shown that changes in the eye-position
of up to 20.6◦ lead to shifts in perceived straight-ahead.

The significant difference in the size of the Simon ef-
fect at 20.6◦ between the two test settings match the
interpretation of a fully shifted straight-ahead position
in both tests, with the central audio interfering in the
Offset-test. At smaller offsets no clear interpretation
of the difference in Simon effect between the two test
settings is possible: the size of the Simon effect of the
Offset-test only roughly follows the course of the size
of Simon effect from the Aligned-test without reaching
significant differences.

In the analysis of the Ventriloquism effect using data
pooled across left and right offset, divergence between
the two test settings was evident in that reaction time
in the Offset-test was significantly faster than in the
Aligned-test. The assumption that the faster reaction
times may be due to training, with twelve out of the
twenty-one participants taking the Aligned-test first,
was not supported in an additional analysis. An ex-
planation may be found in the unimodal and bimodal
reaction times reported by Stenzel et al. [19]: reac-
tion times to the bimodal signal were slightly slower
than to the audio-only signal but further research is
necessary to reveal the exact links between these two
observations.

Furthermore, video position had a marginally signif-
icant effect on the reaction time distribution in the
Offset-test only (see Fig.3a), but not in the Aligned-test.
However, interaction between test setting and video po-
sition was not significant.

A grouped analysis was conducted to discern individu-
ally different patterns. It further emphasized the greater
variances in the Offset-test as observed in the overall
analysis above. In the second participant group it led
to a significant interaction of test setting and video po-
sition with RTs varying significantly between both test
settings from 10.3◦ onwards. In the first group, only
RTs at 10.3◦ varied significantly between both test set-
tings. Across the analysis of effects of audio-visual
offsets on spatial integration, only the results from the
second participant group give significantly of slower
reactions in the case of spatial mismatch between audio
and visual signals as expected.

Overall, the current results showed significant differ-
ences between the two test settings from 10.3◦ onwards.
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In contrast, previous reaction time measurements by
Stenzel et al. [19] showed that reaction times are af-
fected by audio-visual offsets as small as 5.1◦. How-
ever, deviations between both test settings were dis-
cernible at 2.5◦ for the Simon effect and for the second
participant group, pointing towards individually dif-
ferent mechanisms of coping with disrupted bimodal
spatial integration.

From the present results, we cannot define the angle
at which a spatial mismatch starts to significantly dis-
rupt the spatial integration, nor can any conclusion be
drawn towards the extent to which an offset affects
the sense of immersion, the perceived realism, or user
fatigue. Many factors interfere with the reaction time
measurements, including head and eye movement and
the re-orientation of spatial attention.

5 Summary

Reaction time measurements in word recognition tasks
were conducted to evaluate the influence of spatial off-
sets on audio-visual perception. Reaction time measure-
ments were chosen as they have previously been shown
to vary with deliberate and reflexive spatial attention
and with stimulus correspondence with spatial stimulus
presentation. Two tests were conducted, comparing
reaction times in situations of matching audio-visual
stimuli at horizontal positions between ±20.6◦ (the
Aligned-test) with those when only the visual signal
was presented at the defined positions whilst audio
was presented centrally (the Offset-test). Results show
greater variance in the Offset-test, and significant dif-
ferences between both tests were obtained at offsets
between 10.3◦ and 20.6◦ across the tested conditions.
As a result, no offset can be defined at which the spatial
offset changes reaction times to an extent that is reli-
ably measurable in a word recognition task. The greater
variance in the test with spatial offset, however, starts to
show from 2.5◦ and might indicate a slight interference
in spatial integration. The results show that bimodal
spatial perception is highly complex and dynamic—
even in simplified experimental stimuli compared, for
example, to complex audio-visual scenes presented in
VR environments.

Reaction time measurements are beneficial for collect-
ing unbiased measurements of the perceived experi-
ence. However, on their own, they are not sufficient for
describing the audio-visual experience. Further work
could investigate the relationship between reaction time

and high-level attributes of audio-visual perception,
particularly those related to experience in VR environ-
ments such as immersion, presence, or plausibility.

This work, along with previous experiments, has high-
lighted pronounced inter-participant differences in
audio-visual perception. It is possible that further in-
vestigation into participant profiling could be beneficial
for optimizing VR experiences for individuals.
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