








5.4 discussion

Figure 5.4: A: Illustrative gaze behavior during presentation of a visual target that was not detected, corre-
sponding to a biCond stimulus. The colored points represent gaze position during a two-second
window centered around the visual target onset. Target onset thus occurs at time t = 1s, and its
spatial position is marked with a red point and associated red dashed lines. The blue-shaded area
represents a region of ten degrees of visual angle [27] centered around the target. Gaze positions
at the interval during which the target is present is marked with gray points and an associated
black dashed line. Note that, despite gaze being very close to the target location during its onset,
there is no detection. B: 1D visualization of gaze position (only x coordinate) over time during the
same trial presented in A. Gaze samples corresponding to fixations are shown as yellow points,
other gaze samples as blue points, the temporal interval during which the target is present is
marked in gray, and the target position in x is marked by a dashed red horizontal line.

visual and the auditory modalities of the stimuli (in biCond) were always presented in a temporally
congruent and spatially incongruent manner. As to what is the underlying cause of the visual
performance degradation effect, there are several possibilities, including oculomotor, neural and
attentional effects. Our analysis of gaze behavior suggests that this phenomenon does not seem to
be related to oculomotor effects. One possible explanation is that the auditory stimuli (a salient
exogenous cue presented slightly before the visual target) is causing an involuntary shift of
attention [359, 360]. This attentional shift, either spatial [203] or modal [362], might in turn result
in the degradation of visual performance or crossmodal deactivation of the visual input [247].
Note that in Hidaka and Ide’s work [135] crossmodal attentional effects could not fully explain
their findings, since the degradation effect was still present when the auditory stimuli were shown
after the visual target. The authors concluded that the effect occurred based on neural interactions
among auditory and visual modalities. One of the key differences in our experiment is that the
auditory part of biCond stimuli is always shown 100ms before the visual target onset, which may
cause auditory stimuli to compete with the processing of visual stimuli [158]. Further studies
are necessary in order to determine what is the exact cause behind the observed effect for both
experimental conditions.

Besides increasing knowledge about the human visual system, leveraging visual performance
degradation can also entail a direct benefit for several applications [375, 19, 12, 32]. In particular, VR
technology still faces challenging limitations that could be addressed with a deeper understanding
of multimodal human perception. For instance, visual suppression has been used in conjunction
with the change blindness phenomenon [351] to introduce changes in the virtual world that go
unnoticed by the users, allowing them to avoid obstacles in the physical world [369, 35]. In general,
a better understanding of the interplay of the different sensory modalities will lead to improved
user experiences [131]. Apart from novel applications, we hope that our work can also motivate
additional experiments to further study the scope of the visual performance degradation effect.
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5.4 discussion

We have shown how it affects both detection and recognition of a flashing visual target. Does it
also affect the perceived motion of a dynamic visual target? Can we integrate inhibitory effects
from different sensory modalities? It would also be interesting to analyze other sound properties:
can we make the sound barely (if at all) noticeable while still degrading visual performance?
Modeling and extending the parameter space of sounds that degrade visual perception might also
give us some additional insights on the underlying perceptual mechanisms at work.
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6
E�ects of Auditory Stimuli on Material

Perception

In this chapter we study how a correctly synchronized multimodal cue can increase perceived
realism and change how materials are perceived in immersive environments. First, we make sure
that crossmodal effects (interactions between two or more different sensory modalities) are correctly
perceived in VR. We do so with a series of experiments replicating in VR a well-known crossmodal
audiovisual effect. Then, in a context of material perception in virtual environments, we show how
the use of crossmodal audiovisual cues can increase perceived realism and disambiguate material
perception even when visual quality is degraded. This work has been published in Multimedia
Tools and Applications.

S. Malpica*, A. Serrano*, M. Allue, M. Bedia, & B. Masia
Crossmodal perception in virtual reality

Multimedia Tools and Applications 2020, 79(5)
∗ Joint first authors

6.1 introduction

During the last years, we are witnessing a reappearance of virtual reality (VR). New applications are
developed every day, going far beyond entertainment and gaming, and including advertising [368],
virtual tourism [123], prototyping [335], medicine [181], scientific visualization [171], or education
[336], to name a few. There are still important stumbling blocks that hinder the development of
more applications and reduce the visual quality of the results; examples include limited spatial
resolution, chromatic aberrations, tracking issues, limited processing capability leading to lag,
subsequent motion sickness, or content generation [397]. A relevant area which has received quite
some interest but remains full of unanswered questions and open problems is how our perception
is modified or altered when immersed in a virtual environment. Knowledge of human perception
in virtual environments can help overcome the aforementioned current limitations. In the past,
perception has been leveraged in many computer graphics-related areas such as rendering [287],
material modeling and acquisition [350], or display [225]; a good review of applied perception in
graphics can be found in the course by McNamara and colleagues [237].

In this work, within the much-studied area of perception in virtual environments, we chose
to look into the less explored area of crossmodal perception in HMDs, that is, the interaction of
different senses when perceiving a virtual environment through a headset. HMDs are different
from traditional displays in that they provide a more realistic and immersive experience, as well as
introducing additional degrees of freedom (the user now controls the camera), spatialized sound,
increased field of view, and more visual cues (e.g., motion parallax). Specifically, we looked at the
influence of sound on visual perception in a virtual reality scenario.

Crossmodal perception, and in particular the interaction between visual and auditory stimuli,
has been studied before in real scenes and on conventional displays. The crossmodal effect between
these two sensory inputs has been assessed and documented in different works [327, 346, 341],
which state, among other conclusions, that the presence of sound can alter the visual perception.

This work is an extension of our previous work [7], where we replicated a well-known cross-
modal perception experiment [327]. We found that crossmodal interaction was indeed present in
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6.2 crossmodal interaction

VR, and that its effects persisted even in the presence of more complex stimuli. These experiments
are described in Section 6.2. We further extend this initial work by, once we have asserted the
presence of a visual-auditory crossmodal effect, analyzing the effects of sound in the visual
perception of materials, in order to find practical applications for VR. This new experiment is
described in Section 6.3 and constitutes the main contribution of the present work. Generating
content for VR headsets requires rendering complex scenes in real time, at high resolution and,
ideally, at least 60 fps, which comes at a large computational cost, specially if the aim is to obtain
a realistic appearance. Different works have investigated how visual perception is affected in
VR, partly with the aim of reducing this rendering cost [31, 270]; conversely, other works have
analyzed the effect of sound in material perception, but not in an immersive environment [36, 221].
In this work we have taken the first steps towards analyzing the influence of a visual-auditory
effect on material perception in VR (Section 6.3), providing insights that can be used in the future
to reduce computational costs, or improve the quality when rendering complex appearances. In
particular, the research questions we investigate in this work are the following:

• Manifestation of the crossmodal effect in VR environments with increasing complexity.

• Influence of crossmodal interactions in material perception in immersible VR environments.

6.2 crossmodal interaction

We have first performed two experiments in order to determine how much an immersive en-
vironment interferes with the crossmodal interaction between the visual and auditive systems.
Our experiments are based in the work of Sekuler et al. [327], where they explore the perceptual
consequences of sound altering visual motion perception. In their experiments, they showed two
identical disks that moved steadily towards each other, coincided, and then continued in the same
direction. This scenario is consistent with two different interpretations: either the two spheres did
not collide and continued in their original directions (they streamed), or they collided and bounced,
changing their traveling direction. The goal of the experiment is to analyze whether a sound at the
moment of the impact can affect the interpretation of the scenario.

We build upon Sekuler et al.’s work, and extend their experiment to virtual reality, aiming to
explore the consequences on crossmodal interactions of introducing the user inside a more realistic
and complex environment presented with a head mounted display (HMD).

6.2.1 Experiment 1

Goal. We first reproduce the experiment described in Sekuler et al.’s work both in a regular screen
and in a HMD (Oculus Rift DK2). The goal of this experiment was to test whether the effect of
sound altering visual motion perception as reported in the experiments carried out by Sekuler et
al. is also observed when reproduced in a virtual environment with an HMD.

Stimuli. The visual stimuli were rendered with Unity. They consisted of two spheres with
radius 0.5 degrees, placed over a white plane. The material of the spheres was brown and very
diffuse to avoid introducing additional visual cues. The two spheres were initially separated by a
distance of 4.2 degrees, and moved towards each other at a constant speed of 6 degrees per second.
After they coincided, they continued moving without changing their original direction. We show
in Figure 6.1 the initial layout of the scene. In this scenario we presented three different visual
conditions: the spheres moved continuously, paused one frame at the point of their coincidence, or
paused two frames at the point of their coincidence. The original experiment [327] reported frames
in a regular analog screen whose typical framerate is 25 frames per second. Since the framerate
of our screen and the HMD (Oculus Rift) were very different, we adjusted the pause to last 1/25
seconds. Therefore, throughout this work the terminology is as follows: one frame is equivalent to
1/25 seconds, and two frames are equivalent to 2/25 seconds.

These three visual conditions were presented together with one of the four following auditory
conditions: no sound, accompanied by a brief click sound (frequency of 2000 Hz, duration of 3
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6.2 crossmodal interaction

Figure 6.1: Initial layout of the scene for Experiment 1.

milliseconds) triggered 150 milliseconds before or after the coincidence, or accompanied by a brief
click sound at the point of coincidence.

Participants. Thirteen participants took part in the experiment (three female, ten male), with
ages ranging from 18 to 28 years. All the participants volunteered to perform our experiments, and
they were not aware of the purpose of each experiment. They were requested to fill a questionnaire
about visual health, and we conducted a stereoscopic vision test to discard those participants with
defective depth perception. They all had normal or corrected-to-normal vision.

Procedure. During the experiment we presented a total of twelve different conditions to each
participant, three visual (continuous movement, pause one or two frames at the coincidence) and
four auditory (no sound, sound at, before, or after the coincidence). Each of these conditions was
presented ten times, making a total of 120 trials that appeared in a random order. We performed
two blocks of the same experiment ordered randomly: one displayed on a regular screen (Acer
AL2216W TFT 22"), and the other one displayed on an HMD (Oculus Rift DK2).

Before the HMD block, the lenses of the Oculus Rift DK2 were adjusted to the participant eyes.
We additionally introduced a training session before this block, where we showed two spheres at
different depths and the participant had to choose which one was closer. We presented ten trials
of the training with spheres at random depths. With this training the user gets used to the device,
setup, and answering procedure.

We guided the participants through the test by showing several slides with descriptions of each
phase of the experiment. After each trial, a slide was displayed with the question "Did the spheres
bounce or stream?", and a visual aid indicating the participant to answer with a mouse click (right
or left).

Analysis and results. We use repeated measures ANOVA to test the influence of each of
the conditions independently in the observed responses. For every participant, we take into
account the answer (bounce or stream) in each of the ten trials. We need the repeated measures
scheme because we measure the same independent variables (e.g., frames paused) under different
conditions performed by the same subjects. We fix a significance value (p-value) of 0.05 in all the
tests, and in those cases in which results from Mauchly’s test of sphericity indicate that variances
and covariances are not uniform, we report the results with the corresponding correction applied
to the degrees of freedom (Greenhouse Geisser correction [66]). Prior to the analysis, we perform
outlier rejection as detailed in the Appendix. We have three factors or variables of influence: (i)
the overall influence of the display (2D scene presented on a screen, or 3D environment presented
on an HMD); (ii) the influence of the sound when the spheres collide; and (iii) the influence of
the length of the pause at the point of coincidence between the spheres. Results are presented in
Table 6.1.
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Table 6.1: Results (F-test and significance) of the analysis of the data with repeated measures ANOVA for
Experiment 1. We test the influence of three factors in the perceived percentages of bounce
responses.

F Sig.

Sound vs percent. bounce 83.664 0.000

Pause vs percent. bounce 63.528 0.000

Display vs percent. bounce 13.176 0.000

Figure 6.2: Aggregated percentages of bounce responses and corresponding error bars (standard error of the
mean) for the Experiment 1. From left to right: Percentages for two display conditions (screen or
HMD), percentages for four auditory conditions (no sound, sound at, before, or after the moment
of coincidence of the spheres), and percentages for three visual conditions (continuous movement,
pause one, or two frames at the point of coincidence of the spheres).

We can conclude that all three factors have a significant effect in the percentage of bounce
responses, since all the p-values are below 0.05. We show in Figure 6.2 the mean percentages of
bounce responses for the tested factors (error bars represent the standard error of the mean). We
observe that the percentage of bounce responses decreases when using the HMD display. However,
the main findings of Sekuler et al.’s work hold: a sound at the moment of coincidence, and a
pause of two frames at the point of coincidence promote the perception of bouncing. We believe
that the decrease in perceived bouncing in the tests with the HMD comes from the increase in the
amount of visual cues due to the stereoscopic view. Sound promotes perception of bouncing when
compared with the absence of sound; however, it has significantly less effect when reproduced
after the point of coincidence. Still, there is a high tolerance for asynchrony between the sound and
the visual input: even when the sound is delayed, the percentage of bounce responses increases.
Also, as reported previously by Sekuler and others [327, 30, 326], the overall percentage of bounce
responses increases with the duration of the pause.

6.2.2 Experiment 2

Goal. The goal of this experiment was to test whether a more complex scene could influence
the crossmodal effect of sound altering visual motion perception. In order to do this, we increase
the realism of the scene in three different ways (we term them three blocks) while keeping the
proportions between distances and speed of the spheres of the original experiment.

Stimuli. The visual stimuli were rendered once again with Unity. We designed a new scene
where the spheres are placed on a white table, inside a furnished room, and with a more realistic
illumination. With respect to the first experiment we also increased the size of the spheres to
1 degree of radius, and the distance between them to 8.4 degrees, to make them more visible. A
screenshot of the initial layout of the scene for the first block of the experiment is shown in
Figure 6.3, left. For the second block of the experiment, starting from the scene in the first block,

94



6.2 crossmodal interaction

Figure 6.3: Initial layout of the scene for the three different blocks in Experiment 2. Left: increased radius of
the spheres (block 1), middle: increased radius of the spheres and additional visual cues (block 2),
and right: increased radius of the spheres and rotated plane of the collision (block 3)

Table 6.2: Results (F-test and significance) of the analysis of the data with repeated measures ANOVA for
Experiment 2. We test the influence of three factors in the perceived percentages of bounces.

F Sig.

Sound vs percent. bounce 124.137 0.000

Pause vs percent. bounce 845.386 0.000

Scene vs percent. bounce 0.022 0.979

we additionally introduced two more visual cues to the spheres. First, we increased the glossiness
of the material of the spheres, and second, we slightly lifted the spheres over the table in order to
have more visible shadows (see Figure 6.3 middle). Finally, for the third block of the experiment,
starting from the scene in the first block, we also rotated the plane of the collision between the
spheres. We show a screenshot of the initial layout for this block in Figure 6.3 right.

Participants. Twenty seven participants took part in the experiment (two female, twenty-
five male) with ages ranging from 19 to 32 years. As in the previous experiment, participants
volunteered and took a questionnaire about visual health, and a stereoscopic depth test to assure
that they all had correct depth vision. They all had normal or corrected-to-normal vision.

Procedure. During the experiment we presented a total of six different conditions, two visual
(continuous movement, pause two frames at the coincidence), and three auditory (no sound,
click sound at, or after the coincidence). Based on the results of the first experiment we removed
the visual condition with a pause of one frame because the percentage of bouncing perceived
was similar to the one perceived with the pause of two frames, and the auditory condition
corresponding to the sound before the coincidence, also because of its similarity with the sound
after the coincidence. Each of these conditions was presented ten times, making a total of 60 trials
that appeared in a random order. All the blocks of the experiment were presented in the HMD,
and each participant performed three randomly ordered blocks that corresponded to the three
scenes described in the Stimuli section, totaling 180 trials per subject. Before starting the test, the
participants performed the same training described in Experiment 1. Finally, in this experiment
the slides with instructions about the test were shown on a frame on the back of the room striving
to preserve as much as possible the realism of the environment.

Analysis and results. Again, we wanted to test three factors: the influence of each of the three
scenes (three blocks), the influence of the sound when the spheres collide, and the influence of the
pause at the point of coincidence between the spheres. Similarly to Experiment 1, we perform a
repeated measures ANOVA; results are presented in Table 6.2. In Figure 6.4 we show the mean
percentages of bounce responses for the tested factors, and the associated error bars representing
the standard error of the mean. The analysis with the ANOVA reveals that, as before, there is a
significant effect of the sound, and the pause in the perceived percentage of bounces. However, the
p-value for the test with different scenes is very high, therefore we cannot draw any significant
conclusion about the relationship between the three different scenes and the observed percentage
of bouncing. When comparing Experiments 1 and 2 we can see that even when increasing the
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Figure 6.4: Aggregated percentages and error bars (standard error of the mean) for the Experiment 2. From
left to right: Percentages for the three different scenes or blocks (increase in the size of the spheres,
additional visual cues in the spheres, or rotated plane of the movement); percentages for three
auditory conditions (no sound, sound at, or after the moment of coincidence of the spheres); and
percentages for two visual conditions (continuous movement, or pause two frames at the point of
coincidence of the spheres).

level of realism of the scene, the crossmodal effect of the sound altering the perceived motion still
holds, although there is a general shift downwards of the percentage of bounce responses which
can be observed by comparing the corresponding percentages of Figures 6.2 and 6.4. This shift
downwards is possibly due to the presence of additional cues; however the high p-value of the
scene factor, further indicates that there is no significant difference on the effect on crossmodal
interaction between the three scenes (blocks) tested (i.e., no cue has proven to be significantly
stronger or weaker in the detection of bouncing).

6.3 crossmodal material perception

Once we’ve proven that crossmodal interactions hold in VR we aim to analyze whether these
interactions influence material perception. We have performed an experiment in order to determine
how much the perception of material appearance is affected in virtual environments when a
crossmodal interaction (visual and auditory stimuli) is presented in comparison with unimodal
stimuli (only visual stimuli).

Goal. Our goal is twofold: we want to increase once more the stimuli complexity (not just a
single sound with equal spheres, but different sounds paired with different visual stimuli), as
well as determine if the presence of sound could help improve the immersion experience in VR
environments, or even reduce its rendering costs.

Stimuli. We use Unity to render a set of spheres of different materials, including a phenolic
sphere, metallic sphere, plastic sphere and fabric-like sphere. All the spheres are rendered with
low and high visual resolution. The visual stimuli were rendered with the default material model
(GGX). In the visual-only stimuli, they consisted on a sphere placed in front of the camera. In
the audiovisual stimuli, the same sphere was presented, but this time with a wooden drumstick
hitting it periodically from behind. Figure 6.5 shows an example of an audiovisual stimulus. The
auditory stimuli were recorded mono sounds from the MIT hit sounds dataset [267], that were
synchronized to play when the drumstick hits the sphere (in the MIT hit sounds database, it is
also a wooden drumstick that is used to produce the sounds). We virtually placed sound sources
in the 3D scene, effectively spatializing the mono sound regarding the participant and the sphere’s
relative position. Note that this is different from using stereo sound tracks, since participants
actually perceive a 3D audio effect (i.e., they perceive effects such as head-shadowing). The same
sound was always presented for the same material, regardless of its rendering quality. We used
four different materials for the sphere. The materials were modeled in Unity and chosen to cover
a range of material categories, which are chosen based on the types of materials present in the
MERL database. In particular, we have: metal, fabric, plastic, and a phenolic material, (a specular
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Figure 6.5: Left: The panel with the attributes that the participants had to rate. With the controller’s joystick
they could set the rating value and move between the attributes and the "next" button. Right:
Presentation of a stimulus in the scene, showing both a sample sphere and the wooden drumstick.

Figure 6.6: Each column shows one of the four possible materials used in the experiment. From left to right:
Phenolic, metal, plastic, and fabric. Each row shows the material on high resolution (top) and low
resolution (bottom).

material typically used as coating and to which we associated a ceramic-like sound). Each of the
materials was presented twice: one with Unity’s light-probe default rendering illumination quality
(high resolution, 128 samples) and another with a reduced quality (low resolution, 32 samples).
Figure 6.6 shows these eight combinations. The illumination in all cases was the environment
map St. Peters, from the Light Probe Image Gallery [72], since real-world illumination, and that
environment map in particular, facilitates material discrimination tasks [98].

Participants. The participants wore isolating headphones (Vic Firth SIH1) during the experi-
ment and they provided answers to the rating questions with an Xbox controller. Thirteen new
participants took part in the experiment (two female, eleven male), with ages ranging from 19

to 29 years. They all had normal or corrected-to-normal vision. Similarly to the two previous
experiments, all participants took part in a questionnaire and a stereoscopic depth test.

Procedure. We use an HMD to determine if the presence of a collision sound can alter the
perceived appearance of a material in a virtual environment. We presented different materials
and asked the participants to rate a set of perceptual attributes. This attributes included low-level
perceptual traits (soft/hard, glossy/matte, and rough/smooth), and high-level descriptors of appearance
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Table 6.3: Conditions in our experiment.

Low res. High res.

Visual only C0 C1

Audiovisual C2 C3

(realistic, metallic-like, plastic-like, fabric-like, and ceramic-like). We chose these attributes because they
are discriminatory [332], and they have also been used previously for assessing the interactions of
sound and visual stimuli [221]. During the experiment we presented a total of 24 different stimuli
to the participants (4 (materials) × 2 (quality levels) × 2 (modalities) + 3 (control materials) × 2

(modalities) + 2 (training stimuli)). Each of the stimuli was shown once. First, a brief explanation
of the procedure and the attributes to be used was made. Then, the participants underwent a
training with two different stimuli to make sure they understood what they were being asked
to do and to learn how the controller worked. This training helped the user to get used to the
device, setup, and answering procedure. The experiment was divided in two different blocks, with
a total of four conditions (see Table 6.3): visual-only stimuli ({C0, C1} for the low and high quality
rendering, respectively) and audiovisual stimuli ({C2, C3} corresponding to the low and high
quality rendering, respectively).

The order of these two blocks was randomized: half the participants started with visual-only
stimuli and the other half with audiovisual stimuli. Each of the blocks had 11 different stimuli
(the four materials were presented in low and high quality, and there were 2 control materials).
The presentation order of the stimuli within a block was also randomized, although ensuring that
two qualities of the same material did not appear successively. To the left of the stimuli, a panel
with the questions of the experiment was presented (Figure 6.5, left). Each stimulus, together with
the questions, was displayed for 60 seconds. At the end of the 60 seconds, only the questions
panel remained. A counter showing the remaining time before the stimulus disappeared was also
displayed to make the user aware of the remaining time. Each question pertained to an attribute
and a 7-point scale was used to provide the rating answer.

If the participant had rated all the attributes before the 60 seconds had passed, she could move
forward to the next stimulus. Between each pair of stimuli, a gray screen with a red cube appeared
so that the participants could take a rest if needed before continuing the experiment. The next
stimulus appeared when the participants aligned a visual target with the red cube; in this way we
also ensured that they were all looking at the same point of the scene when each stimulus is first
presented.

Analysis and results. For the analysis we first performed outlier rejection by using our control
materials: subjects were discarded when they did not provide a reasonable answer to the attribute
glossiness in our control materials (see Figure 6.7). We discarded two subjects with this procedure,
leaving a total of eleven users to analyze. We tested our data for normality using the Shaphiro-Wilk
test, which is well suited for small samples. The ratings for all our attributes did not present a
normal distribution (p < 0.05), we therefore turned to non-parametric methods to carry out the
analysis of our four conditions. For each material and for each attribute we perform pairwise
comparisons between the four conditions ({C0, C1, C2, C3}) by using the Wilcoxon Signed-Rank test.
This test is a nonparametric equivalent to the dependent t-test, and can be used to investigate
changes in ratings when subjects are presented with several conditions. Following Kerr and
Pellacini [163] we consider significant p-values below 0.1, which indicates a 90% confidence that
the means of the two different conditions differ. Our main insights are summarized in Table 6.4,
and described in detail in the following.

Influence of resolution. The resolution of the light-probe plays an important role in the
perceived glossiness of the material, as can be seen in Figure 6.8. This resolution affects the specular
reflections (see Figure 6.6), therefore it is particularly noticeable in very specular materials, i.e.,
there is a significant difference between the high and low resolution stimuli for the metallic material
while for the fabric material this difference is barely noticeable. We found a significant interaction
in the metallic material between the resolution and the perceived glossiness (p = 0.041 for {C0, C1}).
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Figure 6.7: Control materials used to discard outliers. We discarded a subject if her rating for the attribute
glossiness was above 2 for a very diffuse material (left), or below 6 for a very specular material
(right), on a 7-point scale.

Table 6.4: Summary of the results (significance) of the analysis of the data with Wilcoxon Signed-Rank tests for
Experiment 3. We compare the mean value of the attribute assigned to the material for the specified
conditions.

Mat. Att. Cond. Sig.

Influence

of resolution
Metallic Glossy C0 < C1 0.041

Influence

of sound

Metallic Plastic C0 > C2 0.041

Metallic Metallic C0 < C2 0.048

Phenolic Plastic
C0 > C2 0.027

C1 > C3 0.017

Phenolic Ceramic
C0 < C2 0.027

C1 < C3 0.017

The same trend can be observed for the conditions {C2, C3}. For the other three materials,
interestingly, we observe no significant difference in the perception of glossiness regardless of
resolution. These findings could be useful to save rendering costs by adjusting the resolution of
light-probes according to the material, since the resolution of the light-probe has little effect in the
perception of diffuse materials.

Influence of sound. We have found several interactions describing a significant effect of the
presence of sound in the ratings for the high-level attributes. For the metallic material the ratings
for the plastic attribute are significantly lower when the stimuli is presented together with sound
(p = 0.041 for {C0, C2}). Conversely, the ratings for the metallic attribute are significantly higher
(p = 0.048 for {C0, C2}). This effect is significant when we compare the low resolution conditions
{C0, C2}, but not when we compare the high resolution conditions {C1, C3}. We believe this can
be due to the high resolution visual stimuli better conveying the visual traits of the material; this
undermines the effect of the auditory stimuli, since the user recognizes the material well enough
just with the visual stimuli. This suggests that the effect of sound in material identification tasks
may be more relevant when the visual stimuli has a low quality. For the phenolic material the mean
of the plastic attribute significantly decreases when the user is presented with the multimodal
stimuli. In this case, the effect is noticeable both for the low resolution (p = 0.027 for {C0, C2}) and
high resolution (p = 0.017 for {C1, C3}) conditions. For this same material, the mean of the ceramic
attribute increases (p = 0.078 for {C0, C2} and p = 0.077 for {C1, C3}), which indicates that the
sound effectively helps the users identifying the material. We did not find significant interactions
for the fabric and the plastic materials, however, a similar trend can be seen in Figure 6.9: for every
material there is an increase in the mean rating of its corresponding attribute (bars outlined in
orange in Figure 6.9) when the user is presented with the audiovisual stimuli. These findings agree
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Figure 6.8: Mean ratings for the glossy attribute when the user is presented with the low resolution (yellow)
and the high resolution visual stimuli (orange) for our four materials analyzed. Error bars show
±1 SEM. There is a trend indicating that the perceived glossiness increases in the high resolution
stimuli.

with those of Giordano and McAdams [113], which supported that impact sounds were good
descriptors for material identification tasks, and they suggest that the sound also benefits material
discrimination tasks in VR, particularly when such materials are not easily recognizable only by
its visual traits. Our findings indicate that a high resolution is required for material identification
when its representation consists on visual stimuli only, however if additional auditory stimuli are
introduced, the resolution could be lowered while keeping the perceived appearance, thus saving
rendering costs.

6.4 conclusions

In this work, we have performed an exploration of crossmodal perception in virtual reality
scenarios. We have studied the influence of auditory signals in the perception of visual motion. To
do so, we first replicated an existing experiment which demonstrated the existence of a crossmodal
interaction between both senses with simple stimuli on a 2D conventional display. We were able to
successfully replicate it, obtaining the same trends in the results, and then extended it to virtual
reality with a HMD. We found that the same trends hold on a HMD (i.e., the factors explored
had the same influence on the crossmodal effect), but that there is a reduction in the crossmodal
effect. This reduction essentially means that there is a shift in the results towards a better accuracy
of subjects in performing the tasks assigned in the HMD setup. This can be due to the presence
of additional cues, in particular depth cues including binocular disparity and possibly motion
parallax. A similar conclusion can be drawn in our second experiment: We repeated the first
experiment (only on the HMD), with new subjects, and with more complex stimuli (we had three
different variations of the initial stimulus) to see whether the effect would still hold with more
realistic scenery. We observed a further reduction of the crossmodal effect (subjects were better
at detecting the correct behavior of the stimuli), which we hypothesize is due to the presence of
additional cues, in this case pictorial cues (shading, perspective, texture).

We then move on to the particular case of material appearance perception, with the aim of laying
the foundation for future practical applications. When analyzing crossmodal effects in a VR setup,
we have observed that findings previously reported for conventional displays hold: the presence
of sound improves material recognition. We have also included two different rendering qualities
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Figure 6.9: Mean ratings for the high-level attributes when the user is presented with the visual only stimuli
(blue) and the audiovisual stimuli (green) for our four materials. Error bars show ±1 SEM. For
every material, there is an increase in the mean rating of its corresponding attribute (marked by
an orange outline) when the visual stimuli is accompanied by sound.

for the material, and observed two main findings: First, that the influence of the rendering quality
on the perception of low-level attributes such as glossiness varies between material categories.
Second, that the effect of sound in the recognition of materials is more relevant for the low
quality-rendering case than for the high quality one.

In summary, regarding the research questions posed in Section 6.1, we can conclude that:

• The crossmodal effect holds in VR environments, even when increasing the complexity of
scenes.

• Crossmodal interactions influence the perception of material traits in VR environments.
More research is necessary to be able to quantify this effect and further understand it.

As in all studies of similar nature, some of our findings may not generalize to conditions outside
our study. We have focused on simple sounds and scenes with a controlled increase of complexity.
This allows us to isolate the effects of each condition, and perform a systematic analysis. We
believe these are just a few steps in the exploration of crossmodal perception in virtual reality. In
the future, we would like to expand these experiments by including other potentially influencing
factors or effects, and by further increasing the complexity of the stimuli. An interesting avenue for
future research would be to use different sound types and qualities in addition to the rendering
qualities. In the area of material perception, we hope this work serves as the foundation for future
explorations. Here we have employed representative materials of four main categories, future
works should further delve into the problem, analyzing a larger variety of materials, especially
among specular ones where there is more to be gained from exploitation of this crossmodal
interaction. This could result in the development of quantitative prediction models to enable
further practical applications of crossmodal perception in VR environments.
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7
Conclusion and Future Work

In this thesis we have used VR as a tool to better understand cognitive processes, establishing
behavioral guidelines (improving the knowledge of how humans behave in immersive environ-
ments and helping practitioners to create better experiences) or modeling user behavior. This
knowledge is key to improve user experience. Through this thesis we have focused on visual
perception and its interaction with other modalities considering embodiment as a key component
to understand human behavior. We have learned how to use behavioral data, both subjective and
objective in order to build useful information on a variety of topics, from appearance similarity
metrics to audiovisual suppressive effects in immersive environments. Thanks to the use of VR
we can better control the sensory information that users receive and safely research in a complex,
natural and reproducible environment. In the future we may see VR systems integrated with
wearable biosensors, which would allow us to collect additional quantitative data in complex
virtual environments.

Visual perception of realistic stimuli. In this part we have presented two different lines of
work. The first one is devoted to appearance similarity metrics. We have learned how to integrate
human perception information with a deep learning model. We have been able to gather enough
data for the model to learn a similar enough behavior thanks to our rendered dataset and the
large-scale, crowdsourced user studies. The applications we propose suggest the potential of
this combination in a variety of fields. This work has exciting potential avenues for future work.
For example, we have only gathered human judgements based on static images, with a single
geometry and illumination. These factors have been further explored by other subsequent works
[331, 178] yielding more robust models with a better generalization capability. For future work, the
model could also be trained with real data instead of synthetic data only to allow for richer, more
realistic learning and the latent space of the network could be studied for a better understanding
of how perceptual appearance similarity is derived from visual input.

In the second line of work of this part, we have focused on the interplay between visual and
time perception in immersive environments. We have studied how the manipulation of low-level
visual factors affect perceived time, finding that larger visual changes compress perceived time in
intervals of up to three minutes. A possible explanation for this effect lies in the attentional gate
model, which suggests that attention has to be divided between visual and temporal perception.
When there are more (or larger) visual changes, our attention is focused on the visual domain.
The limited remaining attention that can be devoted to the temporal domain in such situations
results in a perceived shortening of the experienced time interval. It is possible that how attention
is divided between modalities also has an effect on the findings described in the second part of
this thesis, being an important factor in contexts of high cognitive load.

As for future avenues of work, we would like to further explore this relationship by means
of additional user studies to validate and consolidate our findings. Besides, there are works
that show how a perceived shortening of time can be useful in several applications like medical
treatment [318]. We believe that our findings could be used as guidelines to modify the visual
aspect of VR applications in order to trigger different temporal alterations: for example, a more
vivid contrast palette may help increase the shortening of perceived time while using VR; faster
cuts in 360 movies could increase the perceived pacing of the story, etc. Before directly using our
findings in these applications, a thorough study of the effects of confounding factors (including
other high-level cognitive processes like cognitive load, emotional valence, arousal, boredom and
tiredness, etc.) in the observed behavior should be carried out. Finally, since time perception is
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affected by subjective experience (with age affecting how we perceive time) we would like to
repeat our studies with a more diverse set of participants.

Multimodal perception in immersive environments. In this part we have focused on how
different modalities can affect user experience in virtual reality. We first provide a thorough,
up-to-date overview of the uses of multimodality in immersive environments. We focus on the
main improvements that multimodality has shown so far: an increase of realism, contributions on
guiding attention, increasing user performance, improving navigation in virtual environments,
etc. In applications ranging from medicine to education, training and entertainment the inclusion
of different modalities is key for a complete and improved user experience. Our survey reveals
several gaps in multimodality research which make up for promising future research. The research
on the interplay between three or more modalities is scarce. This kind of research is a challenge for
several reasons: the space to explore grows exponentially with each modality added, the interplay
between different modalities is complex and difficult to measure directly, the environment has
to be carefully designed to avoid the sensory overload of the users which would hinder the
experience and the existing hardware for multimodal feedback should be improved. However,
we believe that a sound and scalable user study methodology similar to that shown through
this work, together with a parametric derivation of models and metrics correlated with human
cognitive processes can push forward the understanding of multimodal perception in immersive
environments.

Then we show how visual and auditory cues presented in a temporally congruent, spatially
incongruent manner can significantly degrade visual performance when compared to a baseline
visual-only condition. We devise a user study to explore and record this effect in which we move
on from tight laboratory conditions to a realistic, complex virtual environment in which users can
freely move. This elicits higher cognitive loads, as well as a more natural behavior. In the future,
we would like to implement a redirected walking algorithm which applies crossmodal suppressive
effects orthogonally to unimodal suppressive effects [369] which could potentially lead to better
virtual to real compression maps. Further studies are needed to identify the underlying cause of
the suppressive effect.

Finally, we delve into the importance of temporal synchronization between sensory modalities.
In particular, we study how auditory and visual cues need to be correctly synchronized in order
to be perceived as a single, multimodal event. In the context of material appearance perception,
participants can better identify materials in a virtual environment if accompanied by sound.
Moreover, the realism of the stimuli is judged as better in the presence of sound even if the visual
quality is degraded. Backtracking to appearance similarity distance metrics, it would be really
interesting to study how perceived similarity of different materials is affected by an immersive
environment.

Personal conclusions. I started my thesis after graduating from a computer engineering degree
and a biomedical engineering Master, following my own personal interests: I was fascinated
by how the human brain works. During this thesis we have tried to bring the knowledge of
cognitive sciences to computer science, with the firm belief that this union can only enhance the
scope of what we can achieve with new technologies. Throughout this thesis we have worked
on a variety of seemingly different topics. However, always inspired by the same motivation and
with the invaluable guidance of my supervisors and colleagues we have been able to establish a
common methodological approach to extract behavioral data (regardless of the specific topic to
work on) and turn it into useful information and models. Not only have I improved and polished
my technical skills, I have also grown over the years a series of soft skills that now I believe
are essential for any researcher. I have had the amazing luck of working in interdisciplinary,
international teams learning how to integrate diverse ideas and knowledge into coherent works. I
will always cherish the time I spent in my research internships, where I could meet researchers of
every possible background, each of them working on different projects. It helped me get out of
my comfort zone and grow as a person. Supervising other students has also made me improve:
having a better understanding of the high-level picture, being organized, identifying potential
bottlenecks and planning in advance. I started to better integrate these skills into my workflow
when I saw how in need my students were of them. Through the last few years I have also learned
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to fail. Not all of our projects have been successful and that is ok. Not all of our publications have
been accepted in the first submission but they did improve with each rejection. I also know now
that sometimes we have to prioritize: the moment or the circumstances may not be the best, or the
idea may simply not be good enough. All in all, I have spent the last years of my life learning
about topics I am excited about, meeting amazing people, growing as a person and doing all the
things I love in my work. I did not know what to expect when I started this thesis, but could not
be happier to have chosen this path. I only hope that what the future holds for me will be just as
good.
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Conclusiones y trabajo futuro

En esta tesis hemos utilizado la VR como herramienta para comprender mejor los procesos
cognitivos, creando guías con información de alto nivel (mejorando el conocimiento de cómo
se comportan los seres humanos en entornos inmersivos y ayudando a los profesionales a crear
mejores experiencias) o modelando el comportamiento cuando es posible. Este conocimiento es
clave para mejorar la experiencia del usuario. En esta tesis nos hemos centrado en la percepción
visual y su interacción con otras modalidades considerando la propriocepción como un com-
ponente clave para entender el comportamiento humano. Hemos aprendido a utilizar datos de
comportamiento tanto subjetivos como objetivos para construir información útil, desde métricas
de similitud de apariencia hasta efectos de supresión audiovisual en entornos inmersivos. Gracias
al uso de la VR podemos controlar mejor la información sensorial que reciben los usuarios e
investigar con seguridad en un entorno complejo, natural y reproducible. En el futuro podríamos
ver sistemas de VR integrados con biosensores, lo que nos permitiría recoger datos cuantitativos
adicionales en entornos virtuales complejos.

Percepción visual de estímulos realistas. En esta parte hemos presentado dos líneas de trabajo
diferentes. La primera está dedicada a las métricas de similitud de apariencia. Hemos aprendido a
integrar la información de la percepción humana con un modelo de deep learning. Hemos sido
capaces de recopilar suficientes datos para que el modelo aprenda un comportamiento similar
al humano gracias a nuestro conjunto de datos renderizados y a los estudios de usuarios a gran
escala. Las aplicaciones que proponemos sugieren el potencial de esta combinación en diversos
campos. Este trabajo tiene interesantes posibilidades para el futuro. Por ejemplo, sólo hemos
recogido juicios humanos basados en imágenes estáticas, con una única geometría e iluminación.
Estos factores han sido explorados más a fondo por otros trabajos posteriores [331, 178] dando
lugar a modelos más robustos con una mejor capacidad de generalización. En el futuro el modelo
también podría ser entrenado con datos reales en lugar de sólo con datos sintéticos para permitir
un aprendizaje más rico y realista, y el espacio latente de la red podría ser estudiado para una
mejor comprensión de cómo la similitud de apariencia perceptual se deriva de la entrada visual.

En la segunda línea de trabajo de esta parte, nos hemos centrado en la interacción entre la
percepción visual y del tiempo en entornos inmersivos. Hemos estudiado cómo la manipulación
de factores visuales de bajo nivel afecta a la percepción del tiempo, descubriendo que los cambios
visuales más grandes comprimen el tiempo percibido en intervalos de hasta tres minutos. Una
posible explicación de este efecto reside en el modelo de la puerta atencional, que sugiere que la
atención tiene que dividirse entre la percepción visual y la temporal. Cuando hay más cambios
visuales (o cambios mayores), nuestra atención se centra en el ámbito visual. La limitada atención
restante que puede dedicarse al dominio temporal en tales situaciones da lugar a un acortamiento
percibido del intervalo de tiempo experimentado. En cuanto a futuras vías de trabajo, nos
gustaría seguir explorando esta relación mediante estudios adicionales con usuarios para validar y
consolidar nuestros hallazgos. Además, hay trabajos que muestran cómo la compresión percibida
del tiempo puede ser útil en varias aplicaciones como el tratamiento médico [318]. Creemos que
nuestros hallazgos podrían servir como guía para modificar el aspecto visual de las aplicaciones
de VR con el fin de desencadenar diferentes alteraciones temporales: por ejemplo, una paleta de
contrastes más viva podría ayudar acortar más el tiempo percibido mientras se utiliza la VR; unos
cortes más rápidos en las películas de 360 podrían aumentar el ritmo percibido de la historia,
etc. Antes de utilizar directamente nuestros hallazgos en estas aplicaciones, debería realizarse un
estudio exhaustivo de los efectos de los factores de confusión (incluidos otros procesos cognitivos
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de alto nivel como la carga cognitiva, la valencia emocional, el nivel de emoción, el aburrimiento
y el cansancio, etc.) en el comportamiento observado. Por último, dado que la percepción del
tiempo se ve afectada por la experiencia subjetiva (y la edad afecta a la forma en que percibimos
el tiempo), nos gustaría repetir nuestros estudios con un conjunto más diverso de participantes.

Percepción multimodal en entornos inmersivos. En esta parte nos hemos centrado en cómo
las diferentes modalidades pueden afectar a la experiencia del usuario en la realidad virtual. En
primer lugar, ofrecemos una visión general y actualizada de los usos de la multimodalidad en los
entornos inmersivos. Nos centramos en las principales mejoras que la multimodalidad ha mostrado
hasta el momento: aumento del realismo, contribución a la orientación de la atención, aumento
del rendimiento del usuario, mejora de la navegación en entornos virtuales, etc. En aplicaciones
que van desde la medicina hasta la educación, pasando por la formación y el entretenimiento,
la inclusión de diferentes modalidades es clave para una experiencia de usuario completa y
mejorada. Nuestro estudio del estado del arte revela varias lagunas en la investigación sobre la
multimodalidad que constituyen una prometedora investigación futura. La investigación sobre
la interacción entre tres o más modalidades es escasa. Este tipo de investigación supone un reto
por varias razones: el espacio a explorar crece exponencialmente con cada modalidad añadida,
la interacción entre las diferentes modalidades es compleja y difícil de medir directamente, el
entorno tiene que diseñarse cuidadosamente para evitar la sobrecarga sensorial de los usuarios (lo
que empeoraría la experiencia), y el hardware existente para la información sensorial multimodal
debería mejorarse. Sin embargo, creemos que una metodología de estudio de usuarios sólida y
escalable, similar a la mostrada en esta tesis, junto con una derivación paramétrica de modelos y
métricas correlacionadas con los procesos cognitivos humanos, puede impulsar la comprensión de
la percepción multimodal en entornos inmersivos.

A continuación, mostramos cómo las señales visuales y auditivas presentadas de forma tem-
poralmente congruente y espacialmente incongruente pueden degradar significativamente el
rendimiento visual en comparación con una condición de base sólo visual. Diseñamos un estudio
con usuarios para explorar y registrar este efecto, en el que pasamos de condiciones estrictas
de laboratorio a un entorno virtual realista y complejo en el que los usuarios pueden moverse
libremente. Esto provoca una mayor carga cognitiva, así como un comportamiento más natural.
En el futuro, nos gustaría implementar un algoritmo de marcha redirigida (redirected walking) que
aplique los efectos de supresión que hemos encontrado ortogonalmente a los efectos de supresión
unimodal [369], lo que podría potencialmente conducir a mejores mapas de compresión virtual a
real. Además, se necesitan más estudios para identificar la causa subyacente del efecto supresivo.

Por último, se profundiza en la importancia de la sincronización temporal entre las modalidades
sensoriales. En concreto, se estudia cómo las señales auditivas y visuales deben estar correcta-
mente sincronizadas para ser percibidas como un único evento multimodal. En el contexto de la
percepción del aspecto de los materiales, los participantes pueden identificar mejor los materiales
en un entorno virtual si van acompañados de un sonido correctamente sincronizado. Además,
el realismo de los estímulos se juzga mejor en presencia del sonido aunque la calidad visual se
vea degradada. Volviendo a las métricas de distancia de similitud de apariencia, sería realmente
interesante estudiar cómo la similitud percibida de los diferentes materiales se ve afectada por un
entorno inmersivo.

Conclusiones personales. Empecé mi tesis después de graduarme en un grado de ingeniería
informática y un máster de ingeniería biomédica, siguiendo mis propios intereses personales:
me fascinaba el funcionamiento del cerebro humano. A lo largo de esta tesis hemos tratado de
acercar los conocimientos de las ciencias cognitivas a la informática, con la firme convicción de
que esta unión no puede sino potenciar el alcance de lo que podemos conseguir con las nuevas
tecnologías. A lo largo de esta tesis hemos trabajado en una variedad de temas aparentemente
diferentes. Sin embargo, siempre inspirados por la misma motivación y con la inestimable guía
de mis supervisores y compañeros, hemos sido capaces de establecer un enfoque metodológico
común para extraer datos de comportamiento (independientemente del tema específico a trabajar)
y convertirlos en información y modelos útiles. No sólo he mejorado y pulido mis habilidades
técnicas, sino que también he cultivado a lo largo de los años una serie de habilidades transversales
que ahora creo que son esenciales para cualquier investigador. He tenido la increíble suerte de tra-
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bajar en equipos interdisciplinarios e internacionales aprendiendo a integrar ideas y conocimientos
diversos en trabajos comunes. Siempre apreciaré el tiempo que pasé en mis prácticas de investi-
gación, donde pude conocer a investigadores de distintas procedencias trabajando en proyectos
variados. Encontrarme en ese entorno me ayudó a salir de mi zona de confort y a crecer como
persona. Supervisar a otros estudiantes también me ha hecho mejorar: comprender mejor la vista
a alto nivel de un proyecto, ser organizado, identificar con antelación posibles cuellos de botella y
planificar de forma acorde. Empecé a integrar mejor estas habilidades en mi trabajo cuando vi
que mis alumnos las necesitaban. En los últimos años también he aprendido a fracasar. No todos
nuestros proyectos han tenido éxito, lo que no tiene nada de malo. No todas nuestras publicaciones
han sido aceptadas a la primera pero han mejorado con cada rechazo. Ahora también sé que a
veces hay que priorizar: puede que el momento o las circunstancias no sean los mejores, o que la
idea simplemente no sea lo suficientemente buena. En definitiva, he pasado los últimos años de mi
vida aprendiendo sobre temas que me entusiasman, conociendo a gente increíble, creciendo como
persona y haciendo cosas que me gustan en mi trabajo. No sabía qué esperar cuando empecé esta
tesis, pero no podría estar más contenta de haber elegido este camino. Sólo espero que lo que me
depare el futuro sea igual de bueno.
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