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Abstract

areas such as education and training [187, 29], rehabilitation and
neuroscience [206, 161], or virtual cinematography [170].

Virtual reality has the potential to change the way we create
and consume content in our everyday life. Entertainment, training,
design and manufacturing, communication, or advertising are all
applications that already benefit from this new medium reaching
consumer level. VR is inherently different from traditional media: it offers a more immersive experience, and has the ability to
elicit a sense of presence through the place and plausibility illusions. It also gives the user unprecedented capabilities to explore
their environment, in contrast with traditional media. In VR, like
in the real world, users integrate the multimodal sensory information they receive to create a unified perception of the virtual world.
Therefore, the sensory cues that are available in a virtual environment can be leveraged to enhance the final experience. This may
include increasing realism, or the sense of presence; predicting
or guiding the attention of the user through the experience; or
increasing their performance if the experience involves the completion of certain tasks. In this state-of-the-art report, we survey
the body of work addressing multimodality in virtual reality, its
role and benefits in the final user experience. The works here reviewed thus encompass several fields of research, including computer graphics, human computer interaction, or psychology and
perception. Additionally, we give an overview of different applications that leverage multimodal input in areas such as medicine,
training and education, or entertainment; we include works in
which the integration of multiple sensory information yields significant improvements, demonstrating how multimodality can play
a fundamental role in the way VR systems are designed, and VR
experiences created and consumed.

Although visual stimuli tend to be the predominant source of
information for humans [183, 21, 201], additional sensory information helps increase our understanding of the world. Our brain
integrates different sources of sensory feedback including both external stimuli (visual, auditory, or haptic information) and internal
stimuli (vestibular or proprioceptive cues), thus creating a coherent, stable perception of objects, events, and oneself. The unified
experience of the world as we perceive it therefore emerges from
all these multimodal cues [142, 171]. These different sources of
information must be correctly synchronized to be perceived as belonging together [123, 138]. Synchronization sensitivity varies depending on the context, task and individual [43]. In general, different modalities will be perceived as coming from a single event or
object as long as their temporal incongruency is shorter than their
corresponding window of integration [101, 131, 14].

1

Introduction

Virtual Reality (VR) is inherently different from traditional
media, introducing additional degrees of freedom, a wider field
of view, more sophisticated sound spatialization, or even giving
users’ control of the camera. VR immersive setups (like headmounted displays or CAVE-like systems) thus have the potential to
change the way in which content is consumed, increasing realism,
immersion, and engagement. This has opened many application
* Equal

contribution.

When exploring virtual environments the presence of stimuli
from multiple sources and senses may also enhance the viewing
experience [112]. Many works have described techniques to integrate some of these stimuli to produce more engaging VR experiences, or to analyze the rich interplay of the different senses.
For instance, leveraging the window of integration mentioned
above may alleviate hardware limitations and lag time, producing
the illusion of real-time performance; this is particularly useful
when different modalities are reproduced at different refreshingrates [30]. Moreover, VR is also inherently well suited to systematically study the integration process of multimodal stimuli [8],
and analyze the complex interactions that occur when combining
different stimuli [101] (see Figure 1).
In this paper we provide an in-depth overview of multimodality in VR. Sensory modalities include information from the five
senses: visual for sight, auditory for hearing, olfactory for smell,
gustatory for taste, haptic and thermal for touch. Apart from the
five senses, we also consider proprioception, which can be defined
as the sense of self-movement and body position, and has been defined as the sixth sense by many researchers [34, 175, 196]. We
synthesize the existing body of knowledge with special focus on
the interaction between sensory modalities focusing on visual, auditory, haptic and proprioceptive feedbcak; in addition, we offer an
extensive overview of existing VR applications that directly take
multimodality into account.

stated before, in this survey our main focus lies in the visual, auditory, haptic and proprioceptive modalities. This is simply because
there is a lack of evidence on how other modalities can be integrated in VR and what their effects are on overall user experience.
Another important topic to consider is the window of integration.
Having to synchronize different modalities means there is a need
for real-time, high fidelity computation. Hardware processing limitations might imply a constrain in what multimodal techniques
can be used. In the same line, not all VR headsets are equally
prepared to support multimodality. Although most of them can
give audiovisual feedback, proprioception and haptic feedback are
sometimes limited. For example, most of smartphone-based VR
headsets don’t even have controllers, which is the most common
device for haptic feedback. Other basic VR systems are not able
to track translations either (only head rotations), which means incomplete proprioceptive feedback.

Figure 1. VR can be used to systematically analyze the interactions of multimodal information. In this example, the influence of
auditory signals in the perception of visual motion is studied [101].

1.1

Proprioception
1.4

Proprioception arises from static (position) and dynamic (motion) information [21]. It plays a key role in the concept of self, and
has been more traditionally defined as "awareness of the spatial
and mechanical status of the musculoskeletal framework" [197].
Proprioceptive information comes mainly from mechanosensory
neurons next to muscles, tendons and joints, although other senses
can induce proprioceptive sensations as well. A well-known example are visual cues inducing the phantom limb illusion [143].
Proprioception plays an important role in VR as well. On the
one hand, it helps provide the subjective sensation of being there
[181, 157, 165]. On the other hand, proprioception is tied to cybersickness, since simulator sickness is strongly related to the consistency between visual, vestibular, and proprioceptive information;
significant conflicts between them could potentially lead to discomfort [89, 111].
1.2

In this survey we provide an in-depth review of the most significant works devoted to explore the role and effects of multimodality in the virtual reality pipeline. We gather knowledge about how
multiple sensory information, and their interaction, affects the perception, the creation, and the interaction with the virtual experience.
The structure of this work can be seen in Figure 2. Since our
focus is not on any specific part of the VR pipeline, but rather on
the VR experience for the user, we have identified the three main
areas of the VR experience in which multimodality plays a key
role. First, Section 2 is devoted to the realism of the VR experience, which is tied to immersion and the sense of presence that
the user experiences. Second, Section 3 looks into how multimodality can affect the attentive process of the user in the virtual
environment, determining how they explore the environment and
what drives their attention within it. Third, Section 4 delves into
works that demonstrate how multimodality can help the user in
completing certain tasks, essentially improving user performance
in the virtual environment.
Additionally, there are a number of works devoted to analyzing multimodal perceptual illusions, and to what extent they can
be experienced in VR environments. These, which we compile
in Section 5, can be leveraged by future techniques for their use to
improve any of the aforementioned areas of the VR experience. Finally, we devote Section 6 to reviewing application areas that have
benefited from the use of multimodal virtual experiences, and conclude (Section 7) with a discussion of the potential of multimodality in VR, and interesting avenues of future research.

Related surveys

Several surveys exist focusing on particular applications of VR,
such as communication [155], medicine [150, 93], education [49],
or guidance for cinematic VR [152]. Others have studied the influence of individual senses in isolation, including sight [148],
sound [167], or touch [91], or concern themselves with cognitive
aspects, such as attention or presence [58, 79]. Other surveys study
multimodality in traditional media, including cognition [184], interaction [72], human-computer interfaces [42, 55], or fusion and
integration techniques [7].
Closer to this survey, other works have studied how multimodality in VR has been proven to have a positive impact in most
of the experiences [112].
However, and different from these works, in this state-of-theart report, we focus on the integration of multimodal information,
and compile the large body of works studying the effects and benefits of integrating multiple sensory information in VR.
1.3

Scope and organization
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The effects of multimodality in perceived realism

Perceived realism enhances realistic responses in immersive
virtual environments [180]. However, it is important to note that
perceived realism is tied to the overall perception of the experience, and therefore it is not only related to the visual realism of
the depiction of the environment. There are two key orthogonal
components that can lead to users’ responding in a realistic manner
which are not necessarily related to the visual realism of the scene:
the place illusion and the plausibility illusion [179]. The former,

Multimodal challenges

One of the main challenges when considering full multimodal
VR are the gaps of empirical knowledge that exist in this field. As
2

Figure 2. Structure of this state-of-the-art report. We divide it into the main areas of the VR experience in which multimodality can play a key
role: user immersion, presence, and realism of the experience (Section 2); user attention when exploring the virtual environment (Section 3); user
performance when completing tasks (Section 4); and multimodal perceptual illusions that can be leveraged in VR (Section 5). Finally, we review
different applications where multimodality has been shown to improve the end goal (Section 6), and finalize with a discussion on the need for
multimodality, and open avenues of research (Section 7).

also called "presence", defines the sensation of "being there", and
is dependent on sensorimotor information, whilst the latter refers
to the illusion that the scenario that is apparently happening is actually taking place, and is determined by the ability of the system
to produce events that relate to the user, i.e., the overall credibility
of the scenario being depicted in comparison with the user’s expectations. Slater argued that participants respond realistically to
an immersive VR environment when these two factors are present.
This has been also observed in telepresence systems, which highly
benefit from sensorially-rich mediated environments [186]. During this section, we will focus on how multimodality affects these
two factors, and how it can be used to increase the realism in virtual experiences.

Figure 3. Including correct and coherent auditory information to
the environment has been proved to increase realism and immersion. Left: A system that automatically generates ambisonic information that creates a smoother acoustic information for the
scene [116]. Right: A framework to include auditory information
into 360º panoramas depending on the elements that conform the
scene [66]. In both cases, their validation experiments yield users’
preference when auditory information is included, and an overall
increase in the perceived realism and immersion in the virtual experience.

Perception of the environment
The perceived realism of virtual environments is a key concern
when designing virtual experiences, therefore many works have
been devoted to investigate how multimodality and crossmodality
can indeed help achieve sensorially-rich experiences. While multimodality refers to the binding of different inputs from multiple
sensory modalities, crossmodality involves interactions between
different sensory modalities that influence the perception of one
another [85, 185]. Chalmers et al. [25] discussed how crossmodal
effects in human multisensory perception can be exploited to selectively deliver high-fidelity virtual environments, for instance,
rendering with higher visual quality those items related to the current auditory information of the scene. It has been proved that
integrating visual and auditory information enables a better understanding of the environment, and yields a more comfortable
experience [68]. Various works have been thus devoted to this:
Morgado et al. [116] presented a system that generates ambisonic
audio for 360º panoramas, so that auditory information is represented in a spherical, smoother way (see Figure 3, left). Analogously, Huang et al. [66] proposed a system that automatically
adds spatialized sounds to create more realistic environments (see
Figure 3, right), validating by means of user studies the overall
preference of this solution in terms of realism. However, special
attention has to be paid in this line: Akhtar and Falk [1] surveyed
current audiovisual quality assessment, which is necessary to be
taken into account, since some sound information may increase
the annoyance of the environment and decrease the quality of the
virtual experience [156]. Stimuli should be not only realistic but
also coherent to the environment.

ally touching an object with that of touching it physically at the
same time [60], yielding a significant preference in realism when
object was physically touched too; obtaining similar results with
taste and olfactory cues [62]: They found a preference on smelling
and physically biting a chocolate bar in contrast to only virtually
biting it. Another modality that plays an important role in realism
by contributing to the feeling of being there (place illusion) is proprioception: Although some works have demonstrated that some
manipulations in virtual movement directions and distances can be
unnoticeably performed, users tend to expect their virtual movements to match their real ones, to maintain a coherent experience.
In this line, Mast and Oman [107] studied so-called visual reorientation illusions: When the environment is rotated in any axis,
users’ can perceive that the expected vertical axis does not match
with the virtual one, and conflicts between visual and vestibular
cues may arise. Although the effect of this illusion is stronger for
elder users [63], an incoherent spatial estimation in VR can potentially diminish the perceived realism.
Perception of the self
Virtual experiences are designed for humans, and in many occasions, users are provided with a virtual representation of themselves. This is a very effective way of establishing their presence in
the virtual environment, hence contributing to place illusion [179].
This representation does not need to be visually realistic, but it has

Other modalities can also enhance environment realism by contributing to plausibility. Hoffman compared the realism of virtu3

to be coherent enough with the users’ actions to maintain the consistency of the experience. Multimodality can have an impact on
this, since correctly integrating multiple sensory information can
produce a more accurate representation of the real world, which
affects the perception of the self. In this section, we review different works that have leveraged multimodality in the virtual pipeline
to achieve self-consciousness and embodiment, and therefore to
create realistic representations of the users.
Having the feeling of being in control of oneself is possibly
one of the main characteristics that VR offers [179]. Place illusion
is possible without being in control; however, being able to control a virtual body highly increases the feeling of presence [165].
The sense of embodiment gathers the feeling of owning, controlling, and being inside a body. As Kilteni et al. [77] reported, this
depends on various subcomponents, namely sense of self-location
(a determinate volume in space where one feels to be located),
sense of agency (having the subjective experience of action, control, intention, motor selection and the conscious experience of
will), and sense of body ownership (having one’s self-attribution
of a body, implying that the body is the source of the experienced
sensations). All these concepts (such as presence or embodiment)
are intrinsic characteristics that VR can achieve, and they yield the
self-consciousness feeling that makes VR so different from other
media.

Figure 4. Left: Synchronizing different modalities increases the
feeling of presence, and can even create a distortion of the perception of the self. Normand et al. [130] presented a study where
a body distortion illusion is achieved by synchronous visual-tactile
and visual-motor correlations. Right: Some works have studied
different physical and behavioral factors than directly affect embodiment [122].

The sense of moving (which depends of agency and body ownership as previously mentioned) is also necessary for the selfconsciousness. Kruijff et al. [82] presented a work showing
that adding walking related auditory, visual, and vibrotactile cues
could all enhance participants’ sensation of self-motion and presence. Various works have been presented in this line, investigating
the integration of tendon vibrations to give standing users the impression of walking physically [81], or proposing and evaluating
a virtual walking system for sitting observers using only passive
sensations such as optic flow and foot vibrations [108]. As in the
case of the latter, sometimes movement is not possible, and it has
to be externally generated, creating the well-known self-motion
illusion, to which body sometimes generates postural responses.
Meyer et al. [113] explored what factors modulate these responses
in virtual environments, with visual, auditory, and haptic reference
points.
Many other modalities can play an important role in users’ selfconsciousness. Gallace et al. [50] focused on the problems associated with the stimulation of the senses of touch, smell, and taste,
as well as the cognitive limitations in the human sensory perception bandwidth when users have to divide their attention between
multiple sensory modalities simultaneously. Other multimodality limitations have also been studied: A recent work has shown
that, although multimodality increases presence, users feel more
confident in traditional virtual systems [74], and different environments or situations can also lead to diminishing presence and
comfort [205]. Similar insights have been derived in terms of immersion and affective content, which have been proven to have
an impact on presence [11]. Ultimately, achieving user’s selfconsciousness depends on finding the right balance between different multimodal cues, and the users’ comfort and confidence.

Multimodality has been largely studied as an enhancement of
those sensations. Blanke et al. [15] discussed the relevance of a
series of principles to achieve a correct sensation of bodily selfconsciousness, requiring body-centered perception (hand, face,
and trunk), and integrating proprioceptive, vestibular, and visual
bodily inputs, along with spatio-temporal multisensory information. Sakhardande et al. [158] presented a systematic study to compare the effect of tactile, visual, visuomotor, and olfactory stimuli
on body association in VR, with the latter having the strongest effect on body association. The main factors to build embodiment
and body-ownership in VR have been widely studied [106, 182],
and so have been the negative effects that can happen when designing realistic experiences [122]. Similar insights were proposed by
Pozeg et al. [140], which demonstrated the importance of firstperson visuo-spatial viewpoints for the integration of visuo-tactile
stimuli, in this case for the sense of leg ownership.
Place illusion (or presence) is also tied to the integration of
multiple modalities, and many works have demonstrated how
presence is increased when multiple sensory information is combined. [160] as opposed to unimodal (i.e., only visual) systems [74]. Different soundscapes increased the sense of presence
in VR [166], and as Liao et al. [94] studied, combining visual and
auditory zeitgebers, which act like syncrhonizers, enhances presence, and even influences time perception. Normand et al. [130],
studied the effects of other modalities, showing that it is possible
to induce a body distortion illusion by synchronous visual-tactile
and visual-motor correlations (see Figure 4). The level of presence
achieved depends on the different combinations of sensory feedback, and multi-sensory systems have been proved to be superior
to traditional audio-visual virtual systems in terms of the sense of
presence and user preference [74]. Similar conclusions have been
obtained by Hecht et al. [58], who reported that multimodality
led to a faster start of the cognitive process, which ultimately contributed to an enhanced sense of presence.

3

The effects of multimodality in users’ attention

When users are exploring or interacting with a virtual environment, different elements or events can draw their attention.
Visual attention influences the processing of visual information,
since it induces gaze to be directed to the regions which are considered more interesting or relevant (salient regions). The saliency
of different regions results from a combination of top-down atten4

Figure 5. Saliency maps show the likelihood of users directing their
attention to each part of the scene. Most of the current literature
has been devoted to estimate saliency in unimodal, visual stimuli.
This image shows the recent visual saliency estimation method proposed by Martin et al. [104] (Left: Input panorama. Right: Estimated saliency). It has been shown that each sensory modality has
the potential of influencing users’ attentional behavior, therefore,
there is a need for further exploration of multimodal saliency in
VR.

Figure 6. Examples of visual guidance methods in VR, adapted
from Rothe et al.’s review on users’ guidance for cinematic content [152]. Three visual guidance techniques are presented in this
image: Arrows pointing regions of interest, picture-in-picture techniques that show information of rear regions, and vertical and horizontal position of a point of interest marked with red bars. Most of
those techniques are intrusive, hence they may break the immersion
and realism. With the addition of multimodal cues, the visual and
cognitive loads can be alleviated, while the experience would stay
realistic.

tional modulation mechanisms and the multisensory information
these regions provide (bottom-up features), creating an integrated
saliency map of the environment [194]. As discussed in the previous section, VR setups may produce more realistic responses
and interactions, which can be different from traditional media
due to the differences in perceived realism and interaction methods. Therefore, some works have been devoted to understanding
saliency and users’ attention in VR, offering some key insights
about head-gaze coordination and users’ exploratory behavior in
VR. For example, Sitzmann et al. [178] detected the equator bias
when users are freely exploring omnistereo panoramas: They observed a bias towards gazing at the central latitude of the scene,
which often corresponds to the horizon plane.
For the case of saliency, research has been largely evolving,
both inside and outside the VR field [207]. Users are more likely to
turn their attention and interact with those regions of the scene that
have more sensory information. Therefore, knowing a priori which
parts of the scene will be more salient may help anticipating how
are users going to behave. So far, most of the works on saliency in
VR have been developed from an unimodal perspective [13, 27,
92, 212, 208, 115, 104]: They all leverage visual information (i.e.,
users’ head position and gaze orientation) to create probabilistic
maps indicating the chances of a user looking at each part of the
virtual scene (see Figure 5). Following this line, various works
have presented systems able to predict users’ gaze, depending on
the environment and also on user’s previous behavior [209, 208,
65].
On the other hand, multimodality in saliency estimation has
been only tackled in traditional approaches: The integration of
visual and auditory information in videos has been widely explored [38, 75, 39, 120, 41, 114], although in all of those cases,
audiovisual correlation was assumed: Elements that were moving were the source of the sonic cues. Evangelopoulos et al. [44]
even proposed the addition of text information in form of subtitles,
which can transform saliency to a top-down process, since the interpretation of the subtitles, as a more complex cognitive task, can
distract viewer’s attention from other parts of the scene.
Multimodality in saliency prediction for VR still remains in
early phases, and only very few works have been devoted to it.
Chao et al. [26] proposed the first work that studies user behavior (including visual attention corresponding to sound source locations, viewing navigation congruence between observers, and

fixations distribution) in virtual environments containing both visual and auditory cues (including both monaural and ambisonic
sounds). However, there are still many open avenues for future
research: Visual saliency and gaze prediction in VR is still in an
early phase, and the effects of auditory cues in saliency in virtual
scenarios remain to be further explored. Auditory cues in VR may
produce more complex effects and interactions than in traditional
scenarios, since sound sources are not always in the user’s field
of view, and there might be several competing audiovisual cues.
Additionally, investigating how other senses interact and predominate in saliency and attention can be useful for many applications,
specially for content creation.
Although there is still much to learn about how multimodal
cues compete and alter users’ behavior, it is well known that multimodality itself has consequences on how users behave [15, 195,
26]. One of the main difficulties when designing and creating content for VR lies on the fact that users’ typically have control over
the camera, and therefore each user may end up paying attention
to different content and creating a different experience [170, 103].
Therefore, it is usually not easy to make assumptions about users’
behavior and attention. To facilitate the creation of experiences,
and maximize the likeliness of a user behaving as creators would
expect, multimodality can be exploited, so that cues from different modalities can induce specific behaviors and even guide users’
attention.
For the case of attention, understanding and guiding users attention in VR has been a hot topic during the last years. Various
works have explored the use of visual guiding mechanisms, such
as the study of the effectiveness of central arrows and peripheral
flickers to guide attention in panoramic videos [164], or the comparison of different visual guiding mechanisms to guide attention
in 360º environments [204]. Lin et al. [96] proposed a picture-inpicture method that includes insets of regions of interest that are
not in the current FoV, so users are aware of everything around
them. Many works exist in this scope, exploiting how users can
voluntarily direct their attention to this kind of cues. Inducing
5

cially in scenarios that can be expensive or dangerous in the real
life. Although in many cases task performance highly depends on
the users’ skills and experience, there are many scenarios where
multimodality can play an important role in this aspect: By integrating multiple sensory information we can mimic better the real
world, and this can enhance the way users’ interact with the virtual environment. In addition, multimodality can help completing
some tasks in a shorter period, or with a higher accuracy.

the users to direct their attention to a specific part of the scene
has also been explored, for example, using focus assistance techniques [95], such as indicating the direction of the relevant part,
or automatically directing the world so that users’ did not miss
that part of the experience. Following this line, Gugenheimer et
al. [54] presented a motorized swivel chair to rotate users until
they were focusing on the relevant part of the scene, while Nielsen
et al. [124] forced virtual body orientation to guide users attention to the most relevant region. Other techniques directly let the
viewer press a button to immediately reorient the scene to the part
containing the relevant information [133]. It is worth mentioning
that this kind of techniques have to be taken into consideration
with caution, since they can cause dizziness or discomfort due to
visual-vestibular conflicts. We refer the reader to Rothe et al.’s
work [152] for a complete survey about guidance in VR (see Figure 6).
However, guidance techniques are not necessarily constrained
to visual manipulations. Multimodality can be also exploited to
guide, focus and redirect attention in VR, in many cases achieving
more subtle, less intrusive methods. This is important to maintain
the users experience, as intrusive methods can alter the sense of
presence, immersion, or suspension of disbelief (the temporary acceptance as believable of events or places that would ordinarily be
seen as incredible). As shown in previous sections, sound can help
enhance the virtual experience. Besides, it can also be used to manipulate or guide users attention. Rothe et al. [154] demonstrated
that the attention of the viewer could be effectively directed by
sound and movements, and later [153] investigated and compared
three methods for implicitly guiding attention: Lights, movements,
and sounds, showing that sounds elicit users’ exploratory behavior,
while moving lights can also easily draw attention. Other works
have explored various unobtrusive techniques combining auditory
and visual information, showing that auditory cues indeed reinforce users’ attention being drawn towards specific parts of the
environment [20]. Bala et al. [9] presented a software for adding
sound to panoramic videos, and studied how sound helped people direct their attention. Later, they examined the use of sound
spatialization for orientation purposes [10]. In a similar fashion,
some works have studied how to design sound to affect attention
in VR [159], and how decision making processes are affected by
auditory and visual cues of diegetic (i.e., sounds emanating for
the virtual environment itself) and non-diegetic (i.e., sounds that
do not originate from the virtual environment itself) origins [22].
However, non-diegetic cues need to be analyzed and presented
carefully: The work by Peck et al. [135] showed that a distractor
audio can be successful at fostering users’ head rotations (and thus
redirection); however, users considered this method as unnatural.
It has been also suggested that too many sound sources in a VR
cinematic video can produce clutter, and therefore hinder the identification of relevant sound sources in the movie [152]. All these
multimodal effects, as well as their interactions, are challenging
lines of future research that remain to be further investigated.
4

The effects of multimodality in task performance have been
largely studied in traditional media. Lovelace et al. [97] demonstrated how the presence of a task-irrelevant light enhances the detectability of a brief, low-intensity sound. This behavior also holds
in the inverse direction: Concurrent auditory stimuli could enhance the ability to detect brief visual events [127]. Thus, integrating audiovisual cues may diminish the risk of users losing some
relevant information. In a similar line, Van der Burg et al. [198]
reported that a simple auditory pip drastically decreased detection
time for a synchronized visual stimuli. These effects are not only
present in audiovisual stimuli: Tactile-visual interactions also affect search times for visual stimuli [199]. Furthermore, Maggioni
et al. [100] studied the potential of smell for conveying and recalling information. They compared the effectiveness of visual, olfactory, and their combination in this task, and demonstrated that olfactory cues indeed improved users’ confidence and performance.
Therefore, the integration of multiple cues has been widely proved
to be effective in terms of detectability and efficiency. In the case
of VR, many of those insights hold, and multimodality also has
an important role. As Hecht et al. [58] studied, when there are
multiple senses involved, users start their cognitive process faster,
thus they can pay attention to more cues and details, resulting in a
richer, more complete and coherent experience.
Performance in spatial tasks is greatly benefited from multimodality. Auditory cues are extremely useful in spatial tasks in
virtual environments, and therefore have been widely explored.
The effect of sound beacons in navigation performance when no
visual cues are available has been explored [203], with some works
proving that navigation when no visual information is available is
possible using only auditory cues [53]. Other works have exploited
this, proposing a visualized echolocation method which improved
the space perception in VR thanks to the integration of auditory
and visual information [151], or combining the spatial information contained in echoes to benefit visual tasks requiring spatial
reasoning [51]. Other senses have also been explored aiming for
an enhancement of spatial tasks: Ammi and Katz [5] proposed a
method coupling auditory and haptic information to improve performance in search tasks. They leveraged tempo in both signals to
integrate information an to enhance spatial reasoning.
Direct interaction tasks can be also enhanced by multimodality:
Auditory stimuli has been proved to facilitate touching a virtual
object outside user’s field of view, hence creating a more natural interaction [78]. Egocentric interaction is also likely to happen, and proprioception plays an important role on those cases.
Poupyrev et al. [137] presented a formal study comparing virtual
hand and virtual pointer as interaction metaphors, in object selection and positioning experiments, yielding that indeed both techniques were suitable for different interaction scenarios. In contrast, Tanriverdi and Jacob [193] did find that eye movement-based
interaction was faster than pointing, although recall of spatial in-

Multimodality improves task completion

Understanding how users perform different tasks in VR is key
for developing better interfaces and experiences. Additionally, VR
technologies are becoming a very powerful tool for training, spe6

Figure 8. Spatiotemporal layout of an auditory-triggered effect that
degrades visual perception. Sound cues located outside the field of
view are concurrent with the appearance of a visual target (inside
the field of view), causing the visual target to be missed out by participants even when they are directly fixating on it. Figure adapted
from Malpica et al. [102].

Figure 7. Multimodality illusions can change the way users perceive both themselves and the environment. For instance, Petkova
et al. [136] studied how proprioceptive and haptic cues could lead
to body ownership illusions.

ing illusions [28]. In this subsection we will focus on multimodal
illusions or effects, or how illusions in other senses can affect visual perception. For visual only illusions, we refer the reader to
The Oxford Compendium of Visual Illusions [173].
Multimodal illusions can be useful when user accuracy needs
to be increased. For example, multisensory cues can improve
depth perception when using handheld devices [19, 189]. Using a small number of worn haptic devices, Glyn et al. [90] improved spatial awareness in virtual environments without the need
of creating physical prototypes. Instead of applying contact (haptic feedback) at the exact physical point of the users body that was
touching a virtual object, they used a small, fixed set of haptic devices to convey the same information. Their work was based on
the funnelling illusion [12], in which the perceived point of contact can be manipulated by adjusting relative intensities of adjacent
tactile devices. Visuo-haptic illusions allow not only to better perceive the virtual space, but also to feel certain virtual object properties, like weight, that are not easy to simulate [24]. The rubber
hand illusion is an illusion where users are induced to feel like a
rubber hand is part of their body. In VR, proprioceptive and haptic
cues can lead to a similar feeling induced either for an arm [211]
or for the whole body [136] (see Figure 7). Regarding audiovisual illusions, the well known McGurk effect has been replicated
in VR. The McGurt effect happens when the audio of a syllable
is paired with visual stimuli of a second syllable, raising the perception of a third, different syllable. This illusion has been used
to study how audio spatialization affects speech perception, suggesting that sounds can be located at different positions and still
create a correct speech experience [177, 176]. It was also found
that the spatial mismatch does not affect immersion levels, suggesting that computational resources devoted to audio localization
could be decreased without affecting the overall user experience.
Another interesting audiovisual illusion that appears both in conventional media and VR is the ventriloquist effect, where auditory stimuli coming from a distant source seem to emerge from
an actors’ lips. The best located or dominant modality (usually
vision) captures information from the weak modality, giving raise
to the apparent translation of sound [2]. In this sense, auditory
stimuli are affected by visual cues [162], with visual stimuli influencing the processing of binaural directional cues of sound localization. In a complementary way, auditory perception can also

formation was weaker, hence some trade-off may have to be done
when trying to improve performance by means of multimodality.
5

Multimodal illusions in VR

Multimodality can enhance the way users perceive themselves
and the world, as well as their interactions. The integration of
multiple senses can not only improve the experience, but may also
allow to manipulate it. Manipulating the experience implies that
some cues may be added, removed, or modified, so that users behavior is deviated from what would be expected in an non-edited
scenario.
Multimodality can be leveraged to trick the self perception of
the users, or to alter how they perceive the world around them,
by means of facilitatory or inhibitory (suppressive) effects, which
can have direct implications on how users behave in the virtual environment. Being able to manipulate the experience can be very
useful in certain contexts and applications: It is sometimes necessary to guide the user towards a particular aspect of the virtual
environment without disrupting the experience (e.g., in cinematography and videogames). A forced guidance could lead to reduced
immersion feelings, or even rupture of the suspension of disbelief. In other cases, physical space is constrained, and manipulating user’s movement may allow to reduce the necessary physical
space to complete a task [169]. Manipulating the experience can
even be useful to reduce simulator sickness [64]. Although this
can be done using a single modality, the use of multimodal cues
can improve the effectiveness of those techniques.
Illusion refers to a incorrect perception or interpretation of a
real, external stimulus. It can lead to interpreting reality in several ways. Any healthy person can experiment illusions without
experiencing any pathological condition. However, not every person is affected in the same way by an illusion. Illusions can have
physiological (i.e., an after-image caused by a strong light [71])
or cognitive (i.e., the Rubin vase [134]) components. They have
been widely studied, as understanding illusions gives information
about what the limitations of human senses are, and helps understanding the underlying neural mechanisms that help create the
perception of the outside world. What is more, we can change
users responses to certain tasks, even increasing performance, us7

act as a support for visual perception, orienting users to regions
of interest outside the field of view [84]. Not every audiovisual
illusion has to do with speech. In the sound-induced flash illusion [172], a single flash paired with two brief sounds was perceived as two separate flashes. The reverse illusion also happened
when two flashes were concurrent with a single beep, raising the
perception of a single flash. In addition to illusions, in which new
stimuli are sometimes created, there is also the phenomenon of
perceptual suppression, in which one stimulus is no longer (completely or partially) perceived due to an external circumstance. For
example, visual suppression is often present in the human visual
system. The human brain has evolved to discard visual information when needed to maintain a coherent and stable image of the
surrounding environment. Two good examples of visual suppression are blinks and saccades [17, 188], which avoid the processing
of blurry information without causing perceptual breaks. Perceptual suppression has been demonstrated and used both in conventional media and in VR [188], usually allowing for environmental
changes without the users awareness, which is useful in many applications, such as navigation in VR. It has also been studied how
stimuli of a given modality can alter or suppress information of a
different modality, usually visual. In particular, for traditional media, both auditory [59] or haptic [70] stimuli can suppress visual
stimuli. Functional imaging studies [88] suggest that crossmodal
suppression occurs at neural levels, involving sensory cortices of
different modalities. Crossmodal suppression has not been widely
studied in VR. However, a recent study [102] shows that auditory
stimuli can degrade visual performance in VR using a specific spatiotemporal layout (see Figure 8). We believe that a deeper study
of crossmodal interactions, both facilitatory and inhibitory, could
greatly benefit VR applications, as well as increase our knowledge
on sensory perceptual processing in humans.
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Figure 9. Two representative examples of different applications of
multimodality in medicine. Left: Data visualization and manipulation frameworks [141] are important in medical and surgical
education and training, and multimodality may enhance the realism and immersion, thus achieving better learning transfer. Right:
Multimodal VR is a key tool for phobia treatments, since it is able
to create realistic environments that face users against their fears,
without actually exposing them [174].

in physical tissue properties and physiologic parameters) that virtual environments are achieving.
As we have discussed in previous sections, multimodal feedback (e.g., auditory or haptic) also enhances realism and immersion, becoming a more effective way for training and education.
Lu et al. [98] presented a multimodal, audio-visual, platform for
medical education purposes. One step further, multimodal setups
have been proposed for training surgery and medicine, where the
realism of the feedback (e.g., haptic) significantly improved the
learning effect, for both virtual [67] and augmented [56] reality
interfaces. Prange et al. [141] also exploited virtual environments
and presented a multimodal medical 3D image system where users
could walk freely inside a room and interact with the system by
means of speech, and manipulate patients information with gestures (see Figure 9).
These research developments have not been constrained to
medical training and simulation areas: Psychological research has
also experienced an unprecedented growth, as Wilson and Soranzo [206] reviewed, emphasizing both the advantages and challenges of VR in this area. Similarly, Bohil et al. [16] studied the
latest advances in VR technology and its applications in neuroscience research. In particular, many applications have emerged in
areas like rehabilitative medicine and psychiatry, where significant
progress has been made thanks to the multimodal aspect of VR.
Psychiatric therapies can also benefit from multimodality, since
different aspects of behavioral syndromes can be extensively analyzed in virtual environments: Given the suitability of VR to
manipulate rules and tasks execution, it has proven to be a fitting paradigm to treat diseases like OCD [33] or Parkinson’s disease [32]. The case of phobia treatment is probably one of the
most widely spread in virtual environments. The realism multimodality offers over only visual VR experiences enhances these
experiences, and therefore effectiveness of the treatment tends to
increase. In addition, VR allows to expose patients to their fears
in a safe and highly controlled way, minimizing any potential risks
of exposure therapy. Shiban et al. [174] studied the effect of
multiple context exposure on renewal in spider phobia (see Figure 9). The work of Hoffman et al. [61] went a step further: They
explored not only whether VR exposure therapy reduces fear of
spiders, but also proved that giving patients the illusion of physi-

Applications

In this work we have reviewed different aspects of multimodality in VR, as well as crossmodal interactions between the different
sensory modalities: It is not enough to simply concatenate different senses’ stimuli, it is also key to investigate and understand the
interactions between them. Many research areas have leveraged
this knowledge to enhance different VR applications, showing that
multimodality is indeed capable of delivering more realistic and
immersive VR experiences. In this section, we review different
works in fields that are improving thanks to the multimodal use
of VR, namely medicine, training and education, navigation, and
entertainment.
6.1

Medicine

The potential uses of VR for medical applications have been
studied from decades, and research on this field has evolved as
the virtual technologies have done so. Satava et al. [190] presented a review about how VR technologies play an important
role in telemedicine, from remote diagnosis to complex teleinterventions. Other works focused on the use of VR in the areas of
surgical planning, interoperative navigation, and surgical simulations [150, 163]. This has been possible, to a large extent, due to
the increasingly photorealistic representation of the anatomy (both
8

Additional involved senses (other than vision)
Application

Example work

Brief description
Audition

Proprioception

Haptics

Other

Fordell et al. [48]

7

X

X

7

Chronic neglect treatment, with a force feedback interface.

Sano et al. [161]

X

X

X

7

Multimodal sensory feedback to reduce phantom limb.

Viaud et al. [202]

X

7

7

7

Effects of auditory feedback in agoraphobic patients.

Mülberger et al. [119, 118]

X

X

7

7

Multimodality short- and long-term effects on fear of flight.

Hoffman et al. [61]

X

7

X

7

Illusions of touching to reduce fear of spiders.

OCD therapy

Cipresso et al. [33]

7

X

7

7

Different instructions to analyze behavioral syndromes.

Medical data visualization

Prange et al. [141]

X

X

X

7

Visualize and manipulate patients’ medical data in 3D.

Hutchins et al. [67]

X

7

X

7

Medical training simulator with haptic feedback.

Harders et al. [56]

7

7

X

7

Medical training simulator with AR features.

Lu et al. [98]

X

7

7

7

Virtual platform to educate on medicine.

Rehabilitation

Phobia treatment

Surgery training

Medical education

Table 1. Example works of different medical applications where multimodality plays an important role.

In the field of education, VR has been widely studied as a
new paradigm for teaching: designing ad-hoc environments helps
creating adequate scenarios for each learning purpose, thus maximizing the transferred learning. Stojvsic et al. [187] reviewed the
most relevant literature of VR applications in education, and conducted a small study where teachers perceived benefits of introducing immersive technologies, as students were more immersed
and motivated. Childhood education process has been proved to
be enhanced thanks to multimodality, by means of many humancomputer interaction methods [31] or somatic interaction (hand
gestures and body movements) [47, 4]. These works also identify some of the problems and potential use of some multisensory devices in an integrated manner, as well as report a better
learning experience for most of the children participating. Many
frameworks have been studied in this line, demonstrating that using virtual manipulatives (i.e., virtual interaction paradigms) provides multimodal interactions and yields richer perceptual experiences than classical methodologies in the cases of mathematics
learning [132] or chemistry education [3]: A virtual multimodal
laboratory was designed, where the user could perform chemistry
experiments like in the real world, through a 3D interaction interface with also audio-visual feedback, which indeed improved the
learning capabilities of students. Similarly, Tang et al. [192] introduced an immersive multimodal virtual environment supporting
interactions with 3D deformable models through haptic devices,
where not only gestures were replicated but also touching forces
were correctly simulated, hence generating realistic scenarios. It is
worth mentioning that multimodality can also help alleviate sensory impairments, since environments can be designed to maximize the use of the non-affected senses. Following this idea, Yu
and Brewster [210] studied the strengths of a multimodal interface
(i.e., with speech interactions) against traditional tactile diagrams
in conveying information to visually impaired and blind people,
showing the benefits of this approach in terms of the accuracy obtained by users.
With a wider scope, Richard et al. [147, 146] surveyed existing works including haptic or olfactory feedback in the field of
education, and described a simulation VR platform that provides

cally touching the virtual spider increases treatment effectiveness.
Muhlberger et al. [119] studied the effect of VR in the treatment of
fear of flying, exploiting not only visual and acoustic cues, but also
proprioceptive information, since motion simulation may increase
realism and help induce fear. Later, they studied the long-term
effect of the exposure treatment [118], proving its efficacy in the
fear of flight. The effect of auditory feedback has been studied
in other domains, such as the particular case of agoraphobic patients [202], where multimodality increases patients’ immersion
feeling, hence facilitating emotional responses. However, those
techniques should be taken with caution, since large exposures to
VR scenarios may hinder patients’ ability to distinguish between
the real and the virtual world [69], leading to the disorder known
as Chronic Alternate-World Disorder (CAWD).
Rehabilitation has also leveraged all the advances in VR, yielding impressive results. Sano et al. [161] demonstrated that phantom limb pain (which is the sensation of an amputated limb still attached) was reliably reduced when a multimodal sensory feedback
was included in the VR therapy of patients with brachial plexus
avulsion or arm amputation. Fordell et al. [48] presented a treatment method for chronic neglect, where a forced feedback interface gave sensory motor activation to the contra-lesional arm, improving spatial attention and showing that this improvement was
indeed transferred to daily life activities.
A list of some representative applications of multimodality in
medicine can be found in Table 1.
6.2

Education and training

Over the last decades, VR has also been devoted to the enhancement of training and education systems, where many advances have been achieved thanks to the advantages of VR in contrast to traditional methods when acquiring new skills and knowledge. Jensen and Konradsen [73] presented a review were VR was
key for training and education, and showed that in many cases,
better learning transfer can be achieved in this medium compared
to traditional media.
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helped them to complete an assembly task by means of deliberative and reactive behaviors combining synthetic speech, gaze, facial expressions, and gestures.
A list of some representative applications of multimodality in
training and education can be found in Table 2.

haptic, olfactory and auditory feedback, which they tested in various teaching scenarios. Lastly, Taljaard [191] reviewed the literature on multi-sensory technology in a science, technology, engineering, arts and mathematics (STEAM) classroom, and how they
affect student engagement and learning. All those works in turn
concluded that multimodality offered higher user engagement than
unimodal or traditional environments, leading to a better experience and learning transfer.
In the field of training, Checa and Bustillo [29] reviewed the
use of immersive VR serious games in the context of learning and
training. Multimodal VR can benefit the learning process of these
learning-based games [40], since multisensory feedback can enhance many of the cognitive processes involved. Covaci et al. [36]
presented a multisensory educational game to investigate how olfactory stimuli could contribute to users’ learning experience: It
made the experience more enjoyable, but also led to an improvement in users’ performance and overall learning. High cognitive
loads are also required for simulating and training real-life skills.
Gopher [52] highlighted how virtual multimodal training conditions give better results when compared with traditional training
conditions in many domains, including sports, rehabilitation, industry, or surgery; with the latter being the core of Van der Meijden
et al’s work [200], which reviewed the use of haptic feedback for
surgery training, concluding how the addition of this information
yields positive assessments in the majority of the cases and even
reduce surgical errors. Transferring learning from training simulators to real life situations is one of the most relevant parts of the
learning process, and multimodality has been proved to enhance
it [87].
In the manufacturing industry, many processes require specific
skills learning, hence multimodal virtual environments can offer
new ways of training. Some works have studied and reported the
usability of VR for a manufacturing application such as the assembly of component into a final product, where proprioception
and haptic manipulation was required [18], or proposed a virtual
system dedicated to train workers in the use and programming of
milling machines, offering visual, audio and haptic (force) feedbackal [37], also replacing the use of conventional mechanical
milling machines. Since fine motor skills can be transferred to
the performance of manual tasks, other studies have analyzed the
effectiveness of virtual training in the specific case of industry in
contrast to real-life training [139]. At the end, all those works
agree that virtual training could replace real training, since learning is correctly transferred, and some of those processes in real life
are more expensive and time-consuming, depending on the complexity of the task itself.
Other complex tasks can also benefit from multimodal virtual
training. Macdonald et al. [99] focused on the air traffic control
problem, and evaluated the relevant aspects of the auditory modality to improve the detection of sonic warnings, including the best
design patterns to maximize performance, including signals positioning and optimal distances on the interaural axis depending on
the sound amplitudes.
It should be also mentioned that multimodality in the scope
of training is not only constrained to VR head-mounted displays.
CAVE environments have also been a target of these techniques.
As a particular case, Kopp et al. [80] designed a virtual avatar that
increased the users’ engagement in the task and collaboratively

6.3

Navigation

As discussed in previous sections, agency has an effect in
the feeling of realism in a virtual experience: body ownership is
achieved when the user feels that her avatar responses are coherent with her real actions. Many applications are now including
full locomotion to increase agency, hence increasing presence and
immersion too, by allowing the user to freely move in the virtual
space. However, the limited size of physical spaces in which users
consume VR heavily constrains the maximum displacements that
can be executed. Redirected walking techniques (RDW) emerged
in the pursuit of alleviating these limitations: these techniques propose different ways to subtly or overtly manipulate either the user
or the environment during locomotion, in order to allow the exploration of virtual worlds larger than the available physical space.
Nilsson et al. [125] presented an overview of research works in this
field since redirected walking was first practically demonstrated.
Nevertheless, most of these works rely on visual manipulations:
some of them exploit only visual cues or mechanisms, such as saccades [188] or blinks [86] to perform inadvertent manipulations,
whereas others exploit continuous manipulations that remain unnoticed by users [169, 109]. However, those works neglect the
information provided by other cues. As we have presented along
this work, integrating multiple senses can take these kind of techniques a step further.
Serafin et al. [168] described two psychophysical experiments
showing that humans can unknowingly be virtually turned about
20% more or 12% less than their physical rotation by using auditory stimuli: With no visual information available, and with an
alarm sound as the only informative cue, users’ could not reliably
discriminate whether their physical rotations had been smaller or
larger than the virtual ones. Nogalski and Fohl [128] presented
a similar experiment, aiming for detection thresholds for acoustic
redirected walking, in this case by means of wave field synthesis:
By designing a scenario surrounded by speakers, and with no visual information available, they demonstrated that some curvature
gains can be applied when users walk towards, or turn away from
some sound source. Moreover, they work yielded similar rotation
detection thresholds of ±20%, which is additionally in line with
other works proving the ability of acoustic signals to manipulate
users’ movements [45] and the potential benefits of using auditory
stimuli in complex navigational tasks [145]. Nilsson et al. [126] revealed similar detection thresholds for conditions involving moving or static correlated audio-visual stimuli. Additionally, Nogalski and Fohl [129] summarized how users behavior significantly
varies between audio-visual and auditory only stimuli, with the
latter yielding more pronounced and less constant curvatures than
with audio-visual information.
Many other sensory modalities can be used both to manipulate user’s virtual movement and to enhance the navigation feeling.
Hayashi et al. [57] presented a technique that allows to manipulate
the mapping of the user’s physical jumping distance and direction.
10

Additional involved senses (other than vision)
Application

Example work

Brief description
Audition

Proprioception

Haptics

Other

Christopoulos and Gaitatzes [31]

X

X

7

7

Children education on history

Alves et al. [4]

7

X

7

7

Serious games for children education on history

Ali et al. [3]

X

7

7

7

Children education on chemistry

Tang et al. [192]

7

7

X

7

Education on deformable materials

Lu et al. [98]

X

7

7

7

Education on medicine

Richard et al. [147, 146]

X

7

X

Olfactory

Education on physics

Accessibility in education

Yu and Brewster [210]

X

7

X

7

Accessibility for blind people

Serious games

Deng et al. [40]

7

7

X

7

Review on multimodality for serious games

Gopher [52]

X

7

X

7

Review on multimodality for skill training

Boud et al. [18]

7

7

X

7

Skill training for industrial processes

Crison et al. [37]

X

7

X

7

Skill training for industrial processes

MacDonald et al. [99]

X

7

7

7

Skill training for air traffic control

Education

Skill training

Table 2. Example works of different educational and training applications where multimodality plays an important role.

use at consumer level is rapidly increasing. Leisure by means of
VR videogames, cinematography, or narrative experiences is becoming increasingly common, hence creating realistic, engaging
experiences is the main goal for content creators. Designing experiences taking multimodality into account has the potential to
enhance entertainment in VR.

Jumping is an action strongly correlated to proprioception, but it
is usually unfeasible due to the available physical space. Manipulating the virtual distance when jumping can allow users to physically jump even when space is constrained, hence proprioceptive
cues and realism can be maintained in the experience. Campos et
al. [23] also introduced an integration of visual and proprioceptive
cues for travelled distance perception, demonstrating that bodybased cues contributed to walked distance estimation, attributable
to vestibular inputs. Matsumoto et al. [110] presented a combination of redirected walking techniques with visuo-haptic interaction and a path planning algorithm. Exogenous cues can also play
a role in these kind of manipulations. Feng et al. [46] examined
the effects, influence and interactions of multi-sensory cues during non-fatiguing walking, including movement directional wind,
footstep vibrations, and footstep sounds, yielding results that evidenced the improvement on user experience and realism when
these cues were available.
In some cases, motion is not possible at all, hence it is necessary to generate an external, visual motion. This self-motion
illusion is commonly known as vection, and sometimes leads to
some postural responses (pursuing a correct vestibular and proprioceptive integration of information). It has been demonstrated
that auditory cues increase vection strength in comparison with
purely visual cues [76], and that moving sounds enhance circular
vection [149]. Moreover, vection may also depend on the environment itself: Meyer et al. [113] explored which factors actually
modulate those postural responses, and showed that real and virtual foreground objects serve as static visual, auditory and haptic
reference points.
6.4

Videogames allow users to interact with a virtual environment,
controlling characters or avatars which respond depending on their
actions. Traditional videogames have leveraged narrative characteristics to connect with the player, to immerse them in the virtual
world, so that the experience feels more engaging. With the appearance of VR, immersive games are evolving: Higher realism,
and stronger feelings of presence and agency can now be potentially achieved with this technology. However, as this work has
shown in previous sections, all senses should be carefully presented in order to create an integrated experience and achieve an
immersion feeling, going a step further from the traditional audiovisual games.
With this in mind, Nesbitt and Hoskens [121] hypothesized that
integrating information from different senses could assist players
in their performance. They evaluated visual, auditory and haptic information combinations, and although no significant performance improvement was achieved, players reported improved immersion, confidence and satisfaction in the multisensory cases.
Since haptic devices may enhance the experience, some works
have devoted in developing different toolkits to offer these interactions in VR (e.g., vibrotactile interactions [105]), whilst other
works have exploited somatic interactions, including not only haptic but whole proprioceptive cues. Alves et al. [4] studied user experience in games which included hand gestures and body movements, identifying problems and potential uses of these devices in
an integrated manner. Many narrative experiences may require the
user to have the feeling of walking, and it may be one of the hardest
scenarios to get a realistic response, since multiple sensory infor-

Entertainment

Another field that is undergoing an important revolution is entertainment: As VR devices are becoming more affordable, its
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Given this, Serrano et al. [170] studied whether traditional continuity editing rules hold for VR, suggesting that cognitive event
segmentation theories are also useful guides for VR editing, and
that different types of edits are equally well understood in terms
of continuity. Further, Marañes et al. [103] explored the impact
of different cuts on 360◦ movies (see Figure 10), suggesting that
different types of regions of interest (static and dynamic) can elicit
different exploratory behaviors.
To explore how different cues might define how users drive
their attention in cinematic VR, many works have explored how to
use diegetic and non-diegetic cues to guide users. However, most
of them have usually been visually-induced. A few works have investigated implicitly guiding the attention of the viewer by means
of lights, movements, and sounds, integrating auditory and visual
modality [153], while others have proposed multisensory virtual
narrations, adding olfactory and haptic (thermal and wind) stimuli to achieve enhanced sensory engagement [144]. They show
not only that including any singular modality improved the sense
of presence, but also that the combination of multiple modalities
produced even a higher significant enhancement.
A list of some representative applications of multimodality in
entertainment can be found in Table 3.

Figure 10. Representative image of the work of Marañes et
al. [103], where they analyze users’ gaze behavior during visualization of VR cinematic content. One of the key open problems
in VR is the generation of engaging virtual experiences that meet
users’ expectations. To that end, it is necessary to understand
users’ behavior in such virtual experiences.

mation is combined. In this scope, some works investigated the
addition of multisensory walking-related cues in locomotion [82],
showing that adding auditory cues (i.e., footstep sounds), visual
cues (i.e., head-motions from walking), and vibrotactile cues (under participants’ feet) could all enhance participants’ sensation of
self-motion (vection) and presence. Sometimes, full locomotion
is not permitted, however realism can still be achieved: Colley
et al. [35] went a step further in exploiting body proprioception,
presenting a work that proposed using a HMD in skiing and snowboarding training while the user was on a real slope, so that proprioceptive cues were completely realistic, therefore merging virtuality with reality.
As some of those aforementioned works have shown, multisensory cues can trigger different users’ emotional responses in
immersive games. Kruijff et al. [83] reported another work where
they investigated those effects and proposed guidelines that can
be applied to reproduce similar emotional responses. Whether because of emotional responses or because of the complexity of the
games, cognitive loads can be quite high. This is indeed related to
works that previously illustrated how multisensory feedback can
enhance many of the cognitive processes involved [40].
Although many of the current VR videogames exploit audiovisual and somatic cues (which ware in turn the easiest to get, given
the current state of the technology itself), many other works have
tried to work with additional cues. As in previously mentioned
learning processes, some works have explored the use of olfactory cues [36] to investigate how enabling olfaction can contribute
to users’ learning performance, engagement and quality of experience. In a similar manner, gustatory cues have been studied in
several works. Arnold et al. [6] presented a game involving eating
real food to survive, which combined with the capture and reproduction of chewing sounds increased the realism of the experience.
Following this line, Mueller et al. [117] highlighted the potential
technologies and designs to support eating as a form of play, to
achieve an increased engagement.
In particular, cinematographic and narrative experiences in VR
have been emerging during the last years. Guiding users’ attention,
as seen in previous sections, is specially challenging in virtual environments, where users cannot see the whole scenario at once.

7

Conclusions

Virtual reality can dramatically change the way we create and
consume content in many aspects of our everyday life, including
entertainment, training, design and manufacturing, communication, or advertising. In the last years, it has been rapidly growing and evolving as a field, with the thrust of impressive technical innovations in both acquisition and visualization hardware and
software. However, if the new medium is going to succeed, it will
be based on its ability to create compelling user experiences. The
interaction between different sensory modalities has always been
of interest to content creators, but in a VR setting, in which the
user is immersed in an alternative reality, the importance of multimodal sensory input plays a more relevant role: It becomes both a
possible liability, if not handled properly, and a potential strength,
that if adequately leveraged can boost realism, help direct user attention, or improve user performance. Throughout this survey, we
have summarized not only the main lines of research in these areas, but also outlined relevant insights for future directions in each
of them.
While making use of multimodal setups can provide benefits
to the experience, it also increases costs and complexity. From the
point of view of the hardware, however, audiovisual integration is
almost always present in current systems, and this is also the case
for proprioception (except for smartphone-based and related headsets). Most controllers also include some kind of haptic feedback,
although in this case it is quite simple and rudimentary, with ample
room for improvement and sophistication in consumer-level systems. Taste and smell are almost untapped in terms of hardware.
From the point of view of the software, inclusion of multimodal input increases the bandwidth and computational resources needed,
both current stumbling blocks of VR experiences, particularly collaborative ones. Thus, compression techniques and computational
optimizations (both hardware and software-based) are two of the
most active areas of research in VR that would also help an in12

Additional involved senses (other than vision)
Application

Example work

Videogames

Brief description
Audition

Proprioception

Haptics

Other

Nesbitt et al. [121]

X

7

X

7

Multimodality to assist players’ performance

Martinez et al. [105]

7

7

X

7

Vibrotactile toolkit for immersive videogames

Alves et al. [4]

7

X

7

7

Serious games for children education on history

Kruijff et al. [82]

X

X

X

7

Walking simulation for leisure applications

Colley et al. [35]

7

X

7

7

Proprioceptive cues to simulate skiing

Kruijff et al. [83]

X

7

X

Olfactory

Study of emotional responses in virtual experiences

Deng et al. [40]

X

7

X

7

Cognitive load and processes in serious games

Rothe et al.. [154, 153]

X

7

7

7

Attention guidance in narrative experiences

Ranasinghe et al. [144]

X

7

X

Olfactory

Enhancing engagement in narrative experiences

Physical activity simulation

Cognitive and emotional effects

Narrative experiences

Table 3. Example works of different applications in entertainment where multimodality plays an important role.

leveraged for algorithm design, content generation, or even hardware development, essentially contributing to create better virtual
experiences for users, and helping unleash the true potential of this
medium.

creased use of multimodal input. At the same time, works have
shown that multimodal input can help maintain realism and immersion with lower quality visual input, so it can also be an advantage in these areas. Additionally, even if it implies an increase
in cost and complexity, and depending on the final application scenario, these increased costs may still be more than advantageous if
the alternative is setting up a similar, real scenario, in, e.g., emergency or medical training.
The inherent increased complexity also imposes a challenge
for researchers in this area: While we have reviewed a number of
studies analyzing the interaction of two sensory modalities, those
exploring three or more modalities are more rare. The integration
of input from multiple senses has been an open area of research
for over a century in vision science, partly because of the curse of
dimensionality into which one runs when tackling this problem:
The size of the parameter space grows exponentially and soon becomes intractable. Even when the data was available, deriving
models to explain it has been a challenge, and analytical models
often failed short to explain phenomena outside the particular scenario and parameter space explored, partly because of their lack
of generality, partly because the type of data gathered can be very
sensitive to the particular experimental setup. Current data-driven
approaches certainly provide a new tool to address the problem,
and some works have already started to rely on them, as is the case
with audiovisual attention modeling. For this to be a solid path forward, however, we need public, carefully-crafted datasets that can
be used by the community and in benchmarks, and we need reproducible experimental setups. Incidentally, VR is in itself a great
experimental scenario for reproducibility, as opposed to physical,
real-world setups.
Being aware of how the different sensory inputs interact thus
helps researchers and practitioners in the field in two ways: In
a first level, it aids them to create believable, successful experiences with the limited hardware and software resources available
to them. At the next level, they can leverage the way the different
sensory inputs will interact to overcome some of the limitations
imposed by the hardware and software available, and even to improve the design of such hardware and software. As multimodal
interactions become known and well understood, they can then be

References
[1] Z. Akhtar and T. H. Falk. Audio-visual multimedia quality assessment: A comprehensive survey. IEEE Access,
5:21090–21117, 2017.
[2] D. Alais and D. Burr. The ventriloquist effect results
from near-optimal bimodal integration. Current biology,
14(3):257–262, 2004.
[3] N. Ali, S. Ullah, I. Rabbi, and A. Alam. The effect of multimodal virtual chemistry laboratory on students’ learning
improvement. In International Conference on Augmented
and Virtual Reality, pages 65–76. Springer, 2014.
[4] L. M. Alves Fernandes, G. Cruz Matos, D. Azevedo, R. Rodrigues Nunes, H. Paredes, L. Morgado, L. F. Barbosa,
P. Martins, B. Fonseca, P. Cristóvão, et al. Exploring educational immersive videogames: an empirical study with
a 3d multimodal interaction prototype. Behaviour & Information Technology, 35(11):907–918, 2016.
[5] M. Ammi and B. F. Katz.
Intermodal audio-haptic
metaphor: improvement of target search in abstract environments. International journal of human-computer interaction, 30(11):921–933, 2014.
[6] P. Arnold. You better eat to survive! exploring edible interactions in a virtual reality game. In Proceedings of the 2017
CHI Conference Extended Abstracts on Human Factors in
Computing Systems, pages 206–209, 2017.
[7] P. K. Atrey, M. A. Hossain, A. El Saddik, and M. S.
Kankanhalli. Multimodal fusion for multimedia analysis:
a survey. Multimedia systems, 16(6):345–379, 2010.
13

[21] E. Burns, S. Razzaque, A. T. Panter, M. C. Whitton, M. R.
McCallus, and F. P. Brooks. The hand is slower than the
eye: a quantitative exploration of visual dominance over
proprioception. In IEEE Proceedings. VR 2005. Virtual Reality, 2005., pages 3–10, 2005.

[8] H. D. Bailey, A. B. Mullaney, K. D. Gibney, and L. D.
Kwakye. Audiovisual integration varies with target and environment richness in immersive virtual reality. Multisensory Research, 31(7):689 – 713, 2018.
[9] P. Bala, R. Masu, V. Nisi, and N. Nunes. Cue control: Interactive sound spatialization for 360º videos. In International
Conference on Interactive Digital Storytelling, pages 333–
337. Springer, 2018.

[22] A. Çamcı. Exploring the effects of diegetic and non-diegetic
audiovisual cues on decision-making in virtual reality. In
SMC 2019. Proceedings of the 16th Sound and Music Computing Conference, pages 28–31, 2019.

[10] P. Bala, R. Masu, V. Nisi, and N. Nunes. " when the
elephant trumps" a comparative study on spatial audio for
orientation in 360º videos. In Proceedings of the 2019
CHI Conference on Human Factors in Computing Systems,
pages 1–13, 2019.

[23] J. L. Campos, J. S. Butler, and H. H. Bülthoff. Multisensory
integration in the estimation of walked distances. Experimental brain research, 218(4):551–565, 2012.
[24] A. D. Carlon. Virtual Reality’s Utility for Examining the
Multimodal Perception of Heaviness. PhD thesis, California
State University, Fresno, 2018.

[11] R. M. Baños, C. Botella, M. Alcañiz, V. Liaño, B. Guerrero,
and B. Rey. Immersion and emotion: their impact on the
sense of presence. Cyberpsychology & behavior, 7(6):734–
741, 2004.

[25] A. Chalmers, K. Debattista, and B. Ramic-Brkic. Towards
high-fidelity multi-sensory virtual environments. The Visual Computer, 25(12):1101, 2009.

[12] A. Barghout, J. Cha, A. El Saddik, J. Kammerl, and
E. Steinbach. Spatial resolution of vibrotactile perception
on the human forearm when exploiting funneling illusion.
In 2009 IEEE International Workshop on Haptic Audio visual Environments and Games, pages 19–23. IEEE, 2009.

[26] F.-Y. Chao, C. Ozcinar, C. Wang, E. Zerman, L. Zhang,
W. Hamidouche, O. Deforges, and A. Smolic. Audio-visual
perception of omnidirectional video for virtual reality applications. In 2020 IEEE International Conference on Multimedia & Expo Workshops (ICMEW), pages 1–6. IEEE,
2020.

[13] F. Battisti, S. Baldoni, M. Brizzi, and M. Carli. A featurebased approach for saliency estimation of omni-directional
images. Signal Processing: Image Communication, 69:53–
59, 2018.

[27] F.-Y. Chao, L. Zhang, W. Hamidouche, and O. Deforges.
Salgan360: visual saliency prediction on 360 degree images
with generative adversarial networks. In 2018 IEEE International Conference on Multimedia & Expo Workshops
(ICMEW), pages 01–04. IEEE, 2018.

[14] J. Bhat, L. M. Miller, M. A. Pitt, and A. J. Shahin.
Putative mechanisms mediating tolerance for audiovisual
stimulus onset asynchrony. Journal of Neurophysiology,
113(5):1437–1450, 2015.
[15] O. Blanke, M. Slater, and A. Serino. Behavioral, neural,
and computational principles of bodily self-consciousness.
Neuron, 88(1):145–166, 2015.

[28] G. Chauvel, G. Wulf, and F. Maquestiaux. Visual illusions
can facilitate sport skill learning. Psychonomic bulletin &
review, 22(3):717–721, 2015.

[16] C. J. Bohil, B. Alicea, and F. A. Biocca. Virtual reality in
neuroscience research and therapy. Nature reviews neuroscience, 12(12):752–762, 2011.

[29] D. Checa and A. Bustillo. A review of immersive virtual reality serious games to enhance learning and training. Multimedia Tools and Applications, pages 1–27, 2019.

[17] B. Bolte and M. Lappe. Subliminal reorientation and repositioning in immersive virtual environments using saccadic
suppression. IEEE transactions on visualization and computer graphics, 21(4):545–552, 2015.

[30] H. Cheng and S. Liu. Haptic force guided sound synthesis
in multisensory virtual reality (vr) simulation for rigid-fluid
interaction. In 2019 IEEE Conference on Virtual Reality
and 3D User Interfaces (VR), pages 111–119. IEEE, 2019.

[18] A. Boud, C. Baber, and S. Steiner. Virtual reality: A tool
for assembly? Presence: Teleoperators & Virtual Environments, 9(5):486–496, 2000.

[31] D. Christopoulos and A. Gaitatzes. Multimodal interfaces
for educational virtual environments. In 2009 13th Panhellenic Conference on Informatics, pages 197–201. IEEE,
2009.

[19] L. Bouguila, M. Ishii, and M. Sato. Effect of coupling haptics and stereopsis on depth perception in virtual environment. In Proc. of the 1st Workshop on Haptic Human Computer Interaction, pages 54–62, 2000.

[32] P. Cipresso, G. Albani, S. Serino, E. Pedroli, F. Pallavicini,
A. Mauro, and G. Riva. Virtual multiple errands test (vmet):
a virtual reality-based tool to detect early executive functions deficit in parkinson’s disease. Frontiers in behavioral
neuroscience, 8:405, 2014.

[20] A. Brown, A. Sheikh, M. Evans, and Z. Watson. Directing
attention in 360-degree video. In IBC 2016 Conference,
page 29. IBC, 2016.
14

[33] P. Cipresso, F. La Paglia, C. La Cascia, G. Riva, G. Albani,
and D. La Barbera. Break in volition: A virtual reality study
in patients with obsessive-compulsive disorder. Experimental brain research, 229(3):443–449, 2013.

[46] M. Feng, A. Dey, and R. W. Lindeman. The effect of multisensory cues on performance and experience during walking in immersive virtual environments. In 2016 IEEE Virtual Reality (VR), pages 173–174. IEEE, 2016.

[34] J. Cole and B. Montero. Affective proprioception. Janus
Head, 9(2):299–317, 2007.

[47] L. Fernandes, R. R. Nunes, G. Matos, D. Azevedo, D. Pedrosa, L. Morgado, H. Paredes, L. Barbosa, B. Fonseca,
P. Martins, et al. Bringing user experience empirical data
to gesture-control and somatic interaction in virtual reality
videogames: an exploratory study with a multimodal interaction prototype. In SciTecIn15-Conferência Ciências E
Tecnologias Da Interação 2015, 2015.

[35] A. Colley, J. Väyrynen, and J. Häkkilä. Skiing in a blended
virtuality: an in-the-wild experiment. In Proceedings of the
19th International Academic Mindtrek Conference, pages
89–91, 2015.
[36] A. Covaci, G. Ghinea, C.-H. Lin, S.-H. Huang, and J.-L.
Shih. Multisensory games-based learning-lessons learnt
from olfactory enhancement of a digital board game. Multimedia Tools and Applications, 77(16):21245–21263, 2018.

[48] H. Fordell, K. Bodin, A. Eklund, and J. Malm. Rehatt–
scanning training for neglect enhanced by multi-sensory
stimulation in virtual reality. Topics in stroke rehabilitation,
23(3):191–199, 2016.

[37] F. Crison, A. Lecuyer, D. M. d’Huart, J.-M. Burkhardt,
G. Michel, and J.-L. Dautin. Virtual technical trainer:
Learning how to use milling machines with multi-sensory
feedback in virtual reality. In IEEE Proceedings. VR 2005.
Virtual Reality, 2005., pages 139–145. IEEE, 2005.

[49] L. Freina and M. Ott. A literature review on immersive virtual reality in education: state of the art and perspectives. In
The international scientific conference elearning and software for education, volume 1, pages 10–1007, 2015.

[38] B. De Coensel and D. Botteldooren. A model of saliencybased auditory attention to environmental sound. In 20th
International Congress on Acoustics (ICA-2010), pages 1–
8, 2010.

[50] A. Gallace, M. K. Ngo, J. Sulaitis, and C. Spence. Multisensory presence in virtual reality: possibilities & limitations. In Multiple sensorial media advances and applications: New developments in MulSeMedia, pages 1–38. IGI
Global, 2012.

[39] B. De Coensel, D. Botteldooren, B. Berglund, and M. E.
Nilsson. A computational model for auditory saliency of
environmental sound. The Journal of the Acoustical Society
of America, 125(4):2528–2528, 2009.

[51] R. Gao, C. Chen, Z. Al-Halah, C. Schissler, and K. Grauman. Visualechoes: Spatial image representation learning
through echolocation. arXiv preprint arXiv:2005.01616,
2020.

[40] S. Deng, J. A. Kirkby, J. Chang, and J. J. Zhang. Multimodality with eye tracking and haptics: a new horizon for
serious games? International Journal of Serious Games,
1(4):17–34, 2014.

[52] D. Gopher. Skill training in multimodal virtual environments. Work, 41(Supplement 1):2284–2287, 2012.

[41] V. Duangudom and D. V. Anderson. Using auditory
saliency to understand complex auditory scenes. In 2007
15th European Signal Processing Conference, pages 1206–
1210. IEEE, 2007.

[53] M. Groehn, T. Lokki, L. Savioja, and T. Takala. Some
aspects of role of audio in immersive visualization. In
Visual Data Exploration and Analysis VIII, volume 4302,
pages 13–22. International Society for Optics and Photonics, 2001.

[42] B. Dumas, D. Lalanne, and S. Oviatt. Multimodal interfaces: A survey of principles, models and frameworks. In
Human machine interaction, pages 3–26. Springer, 2009.
[43] R. Eg and D. M. Behne. Perceived synchrony for realistic
and dynamic audiovisual events. Frontiers in psychology,
6:736, 2015.

[54] J. Gugenheimer, D. Wolf, G. Haas, S. Krebs, and E. Rukzio.
Swivrchair: A motorized swivel chair to nudge users’ orientation for 360 degree storytelling in virtual reality. In Proceedings of the 2016 CHI Conference on Human Factors in
Computing Systems, pages 1996–2000, 2016.

[44] G. Evangelopoulos, A. Zlatintsi, A. Potamianos, P. Maragos, K. Rapantzikos, G. Skoumas, and Y. Avrithis. Multimodal saliency and fusion for movie summarization based
on aural, visual, and textual attention. IEEE Transactions
on Multimedia, 15(7):1553–1568, 2013.

[55] H. Gürkök and A. Nijholt. Brain–computer interfaces for
multimodal interaction: A survey and principles. International Journal of Human-Computer Interaction, 28(5):292–
307, 2012.

[45] T. Feigl, E. Kõre, C. Mutschler, and M. Philippsen. Acoustical manipulation for redirected walking. In Proceedings of
the 23rd ACM Symposium on Virtual Reality Software and
Technology, pages 1–2, 2017.

[56] M. Harders, G. Bianchi, and B. Knoerlein. Multimodal augmented reality in medicine. In International Conference on
Universal Access in Human-Computer Interaction, pages
652–658. Springer, 2007.
15

[69] A. Ichimura, I. Nakajima, and H. Juzoji. Investigation and
analysis of a reported incident resulting in an actual airline
hijacking due to a fanatical and engrossed vr state. CyberPsychology & Behavior, 4(3):355–363, 2001.

[57] O. Hayashi, K. Fujita, K. Takashima, R. W. Lindernan, and
Y. Kitarnura. Redirected jumping: Imperceptibly manipulating jump motions in virtual reality. In 2019 IEEE Conference on Virtual Reality and 3D User Interfaces (VR), pages
386–394. IEEE, 2019.

[70] M. Ide and S. Hidaka. Tactile stimulation can suppress visual perception. Scientific reports, 3:3453, 2013.

[58] D. Hecht, M. Reiner, and G. Halevy. Multimodal virtual environments: response times, attention, and presence. Presence: Teleoperators and virtual environments, 15(5):515–
523, 2006.

[71] H. Ito. Cortical shape adaptation transforms a circle into a
hexagon: A novel afterimage illusion. Psychological Science, 23(2):126–132, 2012.

[59] S. Hidaka and M. Ide. Sound can suppress visual perception. Scientific reports, 5(1):1–9, 2015.

[72] A. Jaimes and N. Sebe. Multimodal human–computer interaction: A survey. Computer vision and image understanding, 108(1-2):116–134, 2007.

[60] H. G. Hoffman. Physically touching virtual objects using tactile augmentation enhances the realism of virtual environments. In Proceedings. IEEE 1998 Virtual Reality
Annual International Symposium (Cat. No. 98CB36180),
pages 59–63. IEEE, 1998.

[73] L. Jensen and F. Konradsen. A review of the use of virtual reality head-mounted displays in education and training. Education and Information Technologies, 23(4):1515–
1529, 2018.

[61] H. G. Hoffman, A. Garcia-Palacios, A. Carlin, T. A. Furness Iii, and C. Botella-Arbona. Interfaces that heal: coupling real and virtual objects to treat spider phobia. international Journal of Human-Computer interaction, 16(2):283–
300, 2003.

[74] S. Jung, A. L. Wood, S. Hoermann, P. L. Abhayawardhana,
and R. W. Lindeman. The impact of multi-sensory stimuli on confidence levels for perceptual-cognitive tasks in vr.
In 2020 IEEE Conference on Virtual Reality and 3D User
Interfaces (VR), pages 463–472. IEEE, 2020.

[62] H. G. Hoffman, A. Hollander, K. Schroder, S. Rousseau,
and T. Furness. Physically touching and tasting virtual objects enhances the realism of virtual experiences. Virtual
Reality, 3(4):226–234, 1998.

[75] C. Kayser, C. I. Petkov, M. Lippert, and N. K. Logothetis.
Mechanisms for allocating auditory attention: an auditory
saliency map. Current Biology, 15(21):1943–1947, 2005.

[63] I. Howard, H. Jenkin, and G. Hu. Visually-induced reorientation illusions as a function of age. Aviation, space, and
environmental medicine, 71(9 Suppl):A87–91, 2000.

[76] B. Keshavarz, L. J. Hettinger, D. Vena, and J. L. Campos.
Combined effects of auditory and visual cues on the perception of vection. Experimental brain research, 232(3):827–
836, 2014.

[64] P. Hu, Q. Sun, P. Didyk, L.-Y. Wei, and A. E. Kaufman. Reducing simulator sickness with perceptual camera control.
ACM Transactions on Graphics (TOG), 38(6):1–12, 2019.

[77] K. Kilteni, R. Groten, and M. Slater. The sense of embodiment in virtual reality. Presence: Teleoperators and Virtual
Environments, 21(4):373–387, 2012.

[65] Z. Hu, S. Li, C. Zhang, K. Yi, G. Wang, and D. Manocha.
Dgaze: Cnn-based gaze prediction in dynamic scenes.
IEEE transactions on visualization and computer graphics,
26(5):1902–1911, 2020.

[78] Z. Kimura and M. Sato. Auditory stimulation on touching
a virtual object outside a user’s field of view. In 2020 IEEE
Conference on Virtual Reality and 3D User Interfaces Abstracts and Workshops (VRW), pages 589–590. IEEE, 2020.

[66] H. Huang, M. Solah, D. Li, and L.-F. Yu.
Audible panorama: Automatic spatial audio generation for
panorama imagery. In Proceedings of the 2019 CHI conference on human factors in computing systems, pages 1–11,
2019.

[79] T. Koelewijn, A. Bronkhorst, and J. Theeuwes. Attention and the multiple stages of multisensory integration: A review of audiovisual studies. Acta psychologica,
134(3):372–384, 2010.

[67] M. Hutchins, M. Adcock, D. Stevenson, C. Gunn, and
A. Krumpholz. The design of perceptual representations
for practical networked multimodal virtual training environments. In the Proceedings of the 11th International
Conference on Human-Computer Interaction: HCI International’05, 2005.

[80] S. Kopp, B. Jung, N. Lessmann, and I. Wachsmuth. Maxa multimodal assistant in virtual reality construction. KI,
17(4):11, 2003.
[81] K. Kouakoua, C. Duclos, R. Aissaoui, S. Nadeau, and D. R.
Labbe. Rhythmic proprioceptive stimulation improves embodiment in a walking avatar when added to visual stimulation. In 2020 IEEE Conference on Virtual Reality and
3D User Interfaces Abstracts and Workshops (VRW), pages
573–574. IEEE, 2020.

[68] T. Iachini, L. Maffei, F. Ruotolo, V. P. Senese, G. Ruggiero,
M. Masullo, and N. Alekseeva. Multisensory assessment
of acoustic comfort aboard metros: a virtual reality study.
Applied Cognitive Psychology, 26(5):757–767, 2012.
16

[82] E. Kruijff, A. Marquardt, C. Trepkowski, R. W. Lindeman,
A. Hinkenjann, J. Maiero, and B. E. Riecke. On your feet!
enhancing vection in leaning-based interfaces through multisensory stimuli. In Proceedings of the 2016 Symposium
on Spatial User Interaction, pages 149–158, 2016.

[94] H. Liao, N. Xie, H. Li, Y. Li, J. Su, F. Jiang, W. Huang, and
H. T. Shen. Data-driven spatio-temporal analysis via multimodal zeitgebers and cognitive load in vr. In 2020 IEEE
Conference on Virtual Reality and 3D User Interfaces (VR),
pages 473–482. IEEE, 2020.

[83] E. Kruijff, A. Marquardt, C. Trepkowski, J. Schild, and
A. Hinkenjann. Enhancing user engagement in immersive
games through multisensory cues. In 2015 7th International
Conference on Games and Virtual Worlds for Serious Applications (VS-Games), pages 1–8. IEEE, 2015.

[95] Y.-C. Lin, Y.-J. Chang, H.-N. Hu, H.-T. Cheng, C.-W.
Huang, and M. Sun. Tell me where to look: Investigating
ways for assisting focus in 360 video. In Proceedings of
the 2017 CHI Conference on Human Factors in Computing
Systems, pages 2535–2545, 2017.

[84] M. Kytö, K. Kusumoto, and P. Oittinen. The ventriloquist
effect in augmented reality. In 2015 IEEE International
Symposium on Mixed and Augmented Reality, pages 49–53.
IEEE, 2015.

[96] Y.-T. Lin, Y.-C. Liao, S.-Y. Teng, Y.-J. Chung, L. Chan, and
B.-Y. Chen. Outside-in: visualizing out-of-sight regionsof-interest in a 360 video using spatial picture-in-picture
previews. In Proceedings of the 30th Annual ACM Symposium on User Interface Software and Technology, pages
255–265, 2017.

[85] C. Lalanne and J. Lorenceau. Crossmodal integration for
perception and action. Journal of Physiology-Paris, 98(13):265–279, 2004.

[97] C. T. Lovelace, B. E. Stein, and M. T. Wallace. An irrelevant light enhances auditory detection in humans: a psychophysical analysis of multisensory integration in stimulus
detection. Cognitive brain research, 17(2):447–453, 2003.

[86] E. Langbehn, F. Steinicke, M. Lappe, G. F. Welch, and
G. Bruder. In the blink of an eye: leveraging blink-induced
suppression for imperceptible position and orientation redirection in virtual reality. ACM Transactions on Graphics
(TOG), 37(4):1–11, 2018.

[98] J. Lu, L. Li, and G. P. Sun. A multimodal virtual anatomy
e-learning tool for medical education. In International Conference on Technologies for E-Learning and Digital Entertainment, pages 278–287. Springer, 2010.

[87] C. E. Lathan, M. R. Tracey, M. M. Sebrechts, D. M. Clawson, and G. A. Higgins. Using virtual environments as training simulators: Measuring transfer. Handbook of virtual
environments: Design, implementation, and applications,
pages 403–414, 2002.

[99] J. A. MacDonald, J. Balakrishnan, M. D. Orosz, and W. J.
Karplus. Intelligibility of speech in a virtual 3-d environment. Human Factors, 44(2):272–286, 2002.
[100] E. Maggioni, R. Cobden, D. Dmitrenko, and M. Obrist.
Smell-o-message: integration of olfactory notifications into
a messaging application to improve users’ performance. In
Proceedings of the 20th ACM International Conference on
Multimodal Interaction, pages 45–54, 2018.

[88] P. J. Laurienti, J. H. Burdette, M. T. Wallace, Y.-F. Yen,
A. S. Field, and B. E. Stein. Deactivation of sensoryspecific cortex by cross-modal stimuli. Journal of cognitive
neuroscience, 14(3):420–429, 2002.
[89] J. J. LaViola Jr. A discussion of cybersickness in virtual
environments. ACM Sigchi Bulletin, 32(1):47–56, 2000.

[101] S. Malpica, A. Serrano, M. Allue, M. Bedia, and B. Masia.
Crossmodal perception in virtual reality. Multimedia Tools
and Applications, 79(5):3311–3331, 2020.

[90] G. Lawson, T. Roper, and C. Abdullah. Multimodal “sensory illusions” for improving spatial awareness in virtual
environments. In Proceedings of the European Conference
on Cognitive Ergonomics, ECCE ’16, New York, NY, USA,
2016. Association for Computing Machinery.

[102] S. Malpica, A. Serrano, D. Gutierrez, and B. Masia. Auditory stimuli degrade visual performance in virtual reality.
Scientific Reports, 10, 2020.

[91] S. D. Laycock and A. Day. A survey of haptic rendering techniques. In Computer Graphics Forum, volume 26,
pages 50–65. Wiley Online Library, 2007.

[103] C. Marañes, D. Gutierrez, and A. Serrano. Exploring the
impact of 360° movie cuts in users’ attention. In 2020 IEEE
Conference on Virtual Reality and 3D User Interfaces (VR),
pages 73–82. IEEE, 2020.

[92] P. Lebreton and A. Raake. Gbvs360, bms360, prosal: Extending existing saliency prediction models from 2d to omnidirectional images. Signal Processing: Image Communication, 69:69–78, 2018.

[104] D. Martin, A. Serrano, and B. Masia. Panoramic convolutions for 360◦ single-image saliency prediction. In CVPR
Workshop on Computer Vision for Augmented and Virtual
Reality, 2020.

[93] L. Li, F. Yu, D. Shi, J. Shi, Z. Tian, J. Yang, X. Wang, and
Q. Jiang. Application of virtual reality technology in clinical medicine. American journal of translational research,
9(9):3867, 2017.

[105] J. Martínez, A. S. García, M. Oliver, J. P. Molina, and
P. González. Vitaki: a vibrotactile prototyping toolkit for
virtual reality and video games. International Journal of
Human-Computer Interaction, 30(11):855–871, 2014.
17

[118] A. Mühlberger, A. Weik, P. Pauli, and G. Wiedemann. Onesession virtual reality exposure treatment for fear of flying:
1-year follow-up and graduation flight accompaniment effects. Psychotherapy Research, 16(1):26–40, 2006.

[106] A. Maselli and M. Slater. The building blocks of the full
body ownership illusion. Frontiers in human neuroscience,
7:83, 2013.
[107] F. W. Mast and C. M. Oman. Top-down processing and visual reorientation illusions in a virtual reality environment.
Swiss Journal of Psychology/Schweizerische Zeitschrift für
Psychologie/Revue Suisse de Psychologie, 63(3):143, 2004.

[119] A. Muhlberger, G. Wiedemann, and P. Pauli. Efficacy of
a one-session virtual reality exposure treatment for fear of
flying. Psychotherapy Research, 13(3):323–336, 2003.

[108] Y. Matsuda, J. Nakamura, T. Amemiya, Y. Ikei, and M. Kitazaki. Perception of walking self-body avatar enhances
virtual-walking sensation. In 2020 IEEE Conference on
Virtual Reality and 3D User Interfaces Abstracts and Workshops (VRW), pages 733–734. IEEE, 2020.

[120] J. Nakajima, A. Sugimoto, and K. Kawamoto. Incorporating audio signals into constructing a visual saliency map.
In Pacific-Rim Symposium on Image and Video Technology,
pages 468–480. Springer, 2013.

[109] K. Matsumoto, E. Langbehn, T. Narumi, and F. Steinicke.
Detection thresholds for vertical gains in vr and dronebased telepresence systems. In 2020 IEEE Conference on
Virtual Reality and 3D User Interfaces (VR), pages 101–
107. IEEE, 2020.

[121] K. V. Nesbitt and I. Hoskens. Multi-sensory game interface improves player satisfaction but not performance. In
Proceedings of the ninth conference on Australasian user
interface-Volume 76, pages 13–18, 2008.
[122] S. Neyret, X. Navarro, A. Beacco, R. Oliva, P. Bourdin,
J. Valenzuela, I. Barberia, and M. Slater. An embodied perspective as a victim of sexual harassment in virtual reality
reduces action conformity in a later milgram obedience scenario. Scientific reports, 10(1):1–18, 2020.

[110] K. Matsumoto, T. Narumi, Y. Ban, Y. Yanase, T. Tanikawa,
and M. Hirose. Unlimited corridor: A visuo-haptic redirection system. In The 17th International Conference on
Virtual-Reality Continuum and its Applications in Industry,
pages 1–9, 2019.
[111] M. McGill, A. Ng, and S. Brewster. I am the passenger:
how visual motion cues can influence sickness for in-car vr.
In Proceedings of the 2017 chi conference on human factors
in computing systems, pages 5655–5668, 2017.

[123] A. R. Nidiffer, A. Diederich, R. Ramachandran, and M. T.
Wallace. Multisensory perception reflects individual differences in processing temporal correlations. Scientific reports, 8(1):1–15, 2018.

[112] M. Melo, G. Gonçalves, P. Monteiro, H. Coelho,
J. Vasconcelos-Raposo, and M. Bessa. Do multisensory
stimuli benefit the virtual reality experience? a systematic
review. IEEE Transactions on Visualization and Computer
Graphics, 2020.

[124] L. T. Nielsen, M. B. Møller, S. D. Hartmeyer, T. C. Ljung,
N. C. Nilsson, R. Nordahl, and S. Serafin. Missing the
point: an exploration of how to guide users’ attention during cinematic virtual reality. In Proceedings of the 22nd
ACM Conference on Virtual Reality Software and Technology, pages 229–232, 2016.

[113] G. F. Meyer, F. Shao, M. D. White, C. Hopkins, and A. J.
Robotham. Modulation of visually evoked postural responses by contextual visual, haptic and auditory information: a ‘virtual reality check’. PloS one, 8(6), 2013.

[125] N. C. Nilsson, T. Peck, G. Bruder, E. Hodgson, S. Serafin, M. Whitton, F. Steinicke, and E. S. Rosenberg. 15
years of research on redirected walking in immersive virtual
environments. IEEE computer graphics and applications,
38(2):44–56, 2018.

[114] X. Min, G. Zhai, J. Zhou, X.-P. Zhang, X. Yang, and
X. Guan. A multimodal saliency model for videos with
high audio-visual correspondence. IEEE Transactions on
Image Processing, 29:3805–3819, 2020.

[126] N. C. Nilsson, E. Suma, R. Nordahl, M. Bolas, and S. Serafin. Estimation of detection thresholds for audiovisual rotation gains. In 2016 IEEE Virtual Reality (VR), pages 241–
242. IEEE, 2016.

[115] R. Monroy, S. Lutz, T. Chalasani, and A. Smolic. Salnet360: Saliency maps for omni-directional images with
cnn. Signal Processing: Image Communication, 69:26–34,
2018.

[127] T. Noesselt, D. Bergmann, M. Hake, H.-J. Heinze, and
R. Fendrich. Sound increases the saliency of visual events.
Brain Research, 1220:157–163, 2008.

[116] P. Morgado, N. Nvasconcelos, T. Langlois, and O. Wang.
Self-supervised generation of spatial audio for 360 video. In
Advances in Neural Information Processing Systems, pages
362–372, 2018.

[128] M. Nogalski and W. Fohl. Acoustic redirected walking with
auditory cues by means of wave field synthesis. In 2016
IEEE Virtual Reality (VR), pages 245–246. IEEE, 2016.

[117] F. Mueller, T. Kari, R. Khot, Z. Li, Y. Wang, Y. Mehta, and
P. Arnold. Towards experiencing eating as a form of play. In
Proceedings of the 2018 Annual Symposium on ComputerHuman Interaction in Play Companion Extended Abstracts,
pages 559–567, 2018.

[129] M. Nogalski and W. Fohl. Curvature gains in redirected
walking: A closer look. In 2017 IEEE Virtual Reality (VR),
pages 267–268. IEEE, 2017.
18

[144] N. Ranasinghe, P. Jain, N. Thi Ngoc Tram, K. C. R. Koh,
D. Tolley, S. Karwita, L. Lien-Ya, Y. Liangkun, K. Shamaiah, C. Eason Wai Tung, et al. Season traveller: Multisensory narration for enhancing the virtual reality experience.
In Proceedings of the 2018 CHI Conference on Human Factors in Computing Systems, pages 1–13, 2018.

[130] J.-M. Normand, E. Giannopoulos, B. Spanlang, and
M. Slater. Multisensory stimulation can induce an illusion
of larger belly size in immersive virtual reality. PloS one,
6(1), 2011.
[131] C. Obermeier and T. C. Gunter. Multisensory integration:
the case of a time window of gesture–speech integration.
Journal of Cognitive Neuroscience, 27(2):292–307, 2014.

[145] N. Rewkowski, A. Rungta, M. Whitton, and M. Lin. Evaluating the effectiveness of redirected walking with auditory
distractors for navigation in virtual environments. In 2019
IEEE Conference on Virtual Reality and 3D User Interfaces
(VR), pages 395–404. IEEE, 2019.

[132] S. Paek. The impact of multimodal virtual manipulatives on
young children’s mathematics learning. PhD thesis, Teachers College, Columbia University, 2012.

[146] E. Richard, A. Tijou, and P. Richard. Multi-modal virtual environments for education: From illusion to immersion. In International Conference on Technologies for
E-Learning and Digital Entertainment, pages 1274–1279.
Springer, 2006.

[133] A. Pavel, B. Hartmann, and M. Agrawala. Shot orientation
controls for interactive cinematography with 360 video. In
Proceedings of the 30th Annual ACM Symposium on User
Interface Software and Technology, pages 289–297, 2017.
[134] N. Peatfield, N. Mueller, P. Ruhnau, and N. Weisz. Rubinvase illusion perception is predicted by prestimulus activity
and connectivity. Journal of vision, 15(12):429–429, 2015.

[147] E. Richard, A. Tijou, P. Richard, and J.-L. Ferrier. Multimodal virtual environments for education with haptic and
olfactory feedback. Virtual Reality, 10(3-4):207–225, 2006.

[135] T. C. Peck, H. Fuchs, and M. C. Whitton. Evaluation of
reorientation techniques and distractors for walking in large
virtual environments. IEEE transactions on visualization
and computer graphics, 15(3):383–394, 2009.

[148] C. Richardt, J. Tompkin, and G. Wetzstein. Capture, reconstruction, and representation of the visual real world for
virtual reality. In Real VR–Immersive Digital Reality, pages
3–32. Springer, 2020.

[136] V. I. Petkova and H. H. Ehrsson. If i were you: perceptual
illusion of body swapping. PloS one, 3(12):e3832, 2008.

[149] B. E. Riecke, A. Väljamäe, and J. Schulte-Pelkum. Moving sounds enhance the visually-induced self-motion illusion (circular vection) in virtual reality. ACM Transactions
on Applied Perception (TAP), 6(2):1–27, 2009.

[137] I. Poupyrev, T. Ichikawa, S. Weghorst, and M. Billinghurst.
Egocentric object manipulation in virtual environments:
empirical evaluation of interaction techniques. In Computer
graphics forum, volume 17, pages 41–52. Wiley Online Library, 1998.

[150] J. M. Rosen, H. Soltanian, R. J. Redett, and D. R. Laub.
Evolution of virtual reality [medicine]. IEEE Engineering
in Medicine and Biology Magazine, 15(2):16–22, 1996.

[138] A. R. Powers Iii, A. Hillock-Dunn, and M. T. Wallace. Generalization of multisensory perceptual learning. Scientific
reports, 6:23374, 2016.

[151] A. Rosenkvist, D. S. Eriksen, J. Koehlert, M. Valimaa,
M. B. Vittrup, A. Andreasen, and G. Palamas. Hearing
with eyes in virtual reality. In 2019 IEEE Conference on
Virtual Reality and 3D User Interfaces (VR), pages 1349–
1350. IEEE, 2019.

[139] M. Poyade. Motor skill training using virtual reality and
haptic interaction–a case study in industrial maintenance.
MÁLAGA, 2013.

[152] S. Rothe, D. Buschek, and H. Hußmann. Guidance in cinematic virtual reality-taxonomy, research status and challenges. Multimodal Technologies and Interaction, 3(1):19,
2019.

[140] P. Pozeg, G. Galli, and O. Blanke. Those are your legs: the
effect of visuo-spatial viewpoint on visuo-tactile integration and body ownership. Frontiers in psychology, 6:1749,
2015.

[153] S. Rothe and H. Hußmann. Guiding the viewer in cinematic
virtual reality by diegetic cues. In International Conference on Augmented Reality, Virtual Reality and Computer
Graphics, pages 101–117. Springer, 2018.

[141] A. Prange, M. Barz, and D. Sonntag. Medical 3d images in
multimodal virtual reality. In Proceedings of the 23rd International Conference on Intelligent User Interfaces Companion, pages 1–2, 2018.

[154] S. Rothe, H. Hußmann, and M. Allary. Diegetic cues for
guiding the viewer in cinematic virtual reality. In Proceedings of the 23rd ACM Symposium on Virtual Reality Software and Technology, pages 1–2, 2017.

[142] J. J. Prinz. Is the mind really modular? In R. J. Stainton,
editor, Contemporary Debates in Cognitive Science, pages
22–36. Blackwell, 2006.

[155] J. L. Rubio-Tamayo, M. Gertrudix Barrio, and F. García García. Immersive environments and virtual reality:
Systematic review and advances in communication, interaction and simulation. Multimodal Technologies and Interaction, 1(4):21, 2017.

[143] V. S. Ramachandran and D. Rogers-Ramachandran.
Synaesthesia in phantom limbs induced with mirrors. Proceedings of the Royal Society of London. Series B: Biological Sciences, 263(1369):377–386, 1996.
19

[168] S. Serafin, N. C. Nilsson, E. Sikstrom, A. De Goetzen, and
R. Nordahl. Estimation of detection thresholds for acoustic
based redirected walking techniques. In 2013 IEEE Virtual
Reality (VR), pages 161–162. IEEE, 2013.

[156] F. Ruotolo, L. Maffei, M. Di Gabriele, T. Iachini, M. Masullo, G. Ruggiero, and V. P. Senese. Immersive virtual
reality and environmental noise assessment: An innovative
audio–visual approach. Environmental Impact Assessment
Review, 41:10–20, 2013.

[169] A. Serrano, D. Martin, D. Gutierrez, K. Myszkowski, and
B. Masia. Imperceptible manipulation of lateral camera motion for improved virtual reality applications. ACM Transactions on Graphics, 39(6), 2020.

[157] W. Sadowski and K. Stanney. Presence in virtual environments. Human factors and ergonomics. Handbook of virtual environments: Design, implementation, and applications (p. 791–806)., 2002.

[170] A. Serrano, V. Sitzmann, J. Ruiz-Borau, G. Wetzstein,
D. Gutierrez, and B. Masia. Movie editing and cognitive
event segmentation in virtual reality video. ACM Transactions on Graphics (SIGGRAPH 2017), 36(4), 2017.

[158] P. Sakhardande, A. Murugan, and J. S. Pillai. Exploring effect of different external stimuli on body association in vr.
In 2020 IEEE Conference on Virtual Reality and 3D User
Interfaces Abstracts and Workshops (VRW), pages 689–
690. IEEE, 2020.

[171] L. Shams and R. Kim. Crossmodal influences on visual
perception. Physics of life reviews, 7(3):269–284, 2010.

[159] I. Salselas, R. Penha, and G. Bernardes. Sound design inducing attention in the context of audiovisual immersive environments. Personal and Ubiquitous Computing, pages 1–
12, 2020.

[172] L. Shams, W. J. Ma, and U. Beierholm.
Soundinduced flash illusion as an optimal percept. Neuroreport,
16(17):1923–1927, 2005.
[173] A. G. Shapiro and D. Todorovic. The Oxford compendium
of visual illusions. Oxford University Press, 2016.

[160] M. V. Sanchez-Vives and M. Slater. From presence to consciousness through virtual reality. Nature Reviews Neuroscience, 6(4):332–339, 2005.

[174] Y. Shiban, P. Pauli, and A. Mühlberger. Effect of multiple
context exposure on renewal in spider phobia. Behaviour
research and therapy, 51(2):68–74, 2013.

[161] Y. Sano, A. Ichinose, N. Wake, M. Osumi, M. Sumitani, S.i. Kumagaya, and Y. Kuniyoshi. Reliability of phantom pain
relief in neurorehabilitation using a multimodal virtual reality system. In 2015 37th annual international conference
of the IEEE engineering in medicine and biology society
(EMBC), pages 2482–2485. IEEE, 2015.

[175] E. Shinkle. Video games, emotion and the six senses. Media, culture & society, 30(6):907–915, 2008.
[176] A. Siddig, A. Ragano, H. Z. Jahromi, and A. Hines. Fusion confusion: Exploring ambisonic spatial localisation for
audio-visual immersion using the mcgurk effect. In Proceedings of the 11th ACM Workshop on Immersive Mixed
and Virtual Environment Systems, MMVE ’19, page 28–33,
New York, NY, USA, 2019. Association for Computing
Machinery.

[162] L. Sarlat, O. Warusfel, and I. Viaud-Delmon. Ventriloquism
aftereffects occur in the rear hemisphere. Neuroscience letters, 404(3):324–329, 2006.
[163] R. M. Satava and S. B. Jones. Current and future applications of virtual reality for medicine. Proceedings of the
IEEE, 86(3):484–489, 1998.

[177] A. Siddig, P. W. Sun, M. Parker, and A. Hines. Perception
deception: Audio-visual mismatch in virtual reality using
the mcgurk effect. 2019.

[164] A. Schmitz, A. MacQuarrie, S. Julier, N. Binetti, and
A. Steed. Directing versus attracting attention: Exploring the effectiveness of central and peripheral cues in
panoramic videos. In 2020 IEEE Conference on Virtual
Reality and 3D User Interfaces (VR), pages 63–72. IEEE,
2020.

[178] V. Sitzmann, A. Serrano, A. Pavel, M. Agrawala, D. Gutierrez, B. Masia, and G. Wetzstein. How do people explore
virtual environments? IEEE Transactions on Visualization
and Computer Graphics, 2017.
[179] M. Slater. Place illusion and plausibility can lead to realistic behaviour in immersive virtual environments. Philosophical Transactions of the Royal Society B: Biological
Sciences, 364(1535):3549–3557, 2009.

[165] M. J. Schuemie, P. Van Der Straaten, M. Krijn, and C. A.
Van Der Mast. Research on presence in virtual reality: A
survey. CyberPsychology & Behavior, 4(2):183–201, 2001.
[166] G. Serafin and S. Serafin. Sound design to enhance presence in photorealistic virtual reality. Georgia Institute of
Technology, 2004.

[180] M. Slater, P. Khanna, J. Mortensen, and I. Yu. Visual realism enhances realistic response in an immersive virtual
environment. IEEE computer graphics and applications,
29(3):76–84, 2009.

[167] S. Serafin, M. Geronazzo, C. Erkut, N. C. Nilsson, and
R. Nordahl. Sonic interactions in virtual reality: state of the
art, current challenges, and future directions. IEEE computer graphics and applications, 38(2):31–43, 2018.

[181] M. Slater and M. Usoh. Presence in immersive virtual environments. In Proceedings of IEEE Virtual Reality Annual
International Symposium, pages 90–96. IEEE, 1993.
20

[196] J. C. Tuthill and E. Azim. Proprioception. Current Biology,
28(5):R194–R203, 2018.

[182] B. Spanlang, J.-M. Normand, D. Borland, K. Kilteni, E. Giannopoulos, A. Pomés, M. González-Franco, D. PerezMarcos, J. Arroyo-Palacios, X. N. Muncunill, et al. How
to build an embodiment lab: achieving body representation
illusions in virtual reality. Frontiers in Robotics and AI, 1:9,
2014.

[197] I. Valori, P. E. McKenna-Plumley, R. Bayramova, C. Zandonella Callegher, G. Altoè, and T. Farroni. Proprioceptive
accuracy in immersive virtual reality: A developmental perspective. PloS one, 15(1):e0222253, 2020.

[183] C. Spence, J. Lee, and N. Van der Stoep. Responding to
sounds from unseen locations: Crossmodal attentional orienting in response to sounds presented from the rear. European Journal of Neuroscience, 51(5):1137–1150, 2017.

[198] E. Van der Burg, C. N. Olivers, A. W. Bronkhorst, and
J. Theeuwes. Pip and pop: nonspatial auditory signals improve spatial visual search. Journal of Experimental Psychology: Human Perception and Performance, 34(5):1053,
2008.

[184] C. Spence and C. Parise. Prior-entry: A review. Consciousness and cognition, 19(1):364–379, 2010.

[199] E. Van der Burg, C. N. Olivers, A. W. Bronkhorst, and
J. Theeuwes. Poke and pop: Tactile–visual synchrony increases visual saliency. Neuroscience letters, 450(1):60–64,
2009.

[185] C. Spence, D. Senkowski, and B. Röder. Crossmodal processing, 2009.
[186] J. Steuer. Defining virtual reality: Dimensions determining telepresence. Journal of Communication, 42(4):73–93,
1992.

[200] O. A. Van der Meijden and M. P. Schijven. The value of
haptic feedback in conventional and robot-assisted minimal
invasive surgery and virtual reality training: a current review. Surgical endoscopy, 23(6):1180–1190, 2009.
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