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1. Cybersickness
1.1 Symptom clusters
Cybersickness is a cluster of symptoms experienced with XR systems. The symptoms are
clustered into three main symptom clusters: nausea, oculomotor and disorientation
symptoms (NOD).
The nausea symptom cluster includes symptoms that resemble sea sickness, air sickness or
car sickness: cold sweat, stomach awareness, burping, and, in extreme cases, vomiting.
Oculomotor symptoms include symptoms that are related to the muscle systems that control
the eye movements and accommodation of the lens. The symptoms resemble eye strain
symptoms caused by staring at a computer screen or doing near work for a long time: strain
in the eye muscles, pain in the eye muscles, headache, dry eyes, difficulties in
accommodation, double vision or blurred vision. The oculomotor symptom cluster resembles
the symptoms that users get from long periods of computer work. These symptoms are
called the computer vision syndrome (Coles-Brennan et al, 2019).
Disorientation symptoms are variations of dizziness and are usually related to reduced
postural stability.
The causes of NOD symptoms are overlapping but separate. Depending on the device,
content properties, and individual differences, users might get symptoms from one cluster
only or from multiple clusters.
In this review I focus on the NOD cluster, as it has been the main focus of symptom
reduction technologies. Thus, increased cognitive load, technology anxiety, negative
attitudes, and bad usability are not discussed. These are important aspects of XR user
experience, but not the main point of this review.

1.2 Overloaded systems
Symptoms may occur during device use and/or after device use. During device use the
symptoms may represent the straining of one or many systems. For example, requiring
users to focus at excessive depth strains the eye muscles and the resulting strain gets worse
as a function of usage time (Miyao et al, 1996; Rushton et al, 1994). In this case the specific
neural or muscle system is overloaded from the beginning, but the system is initially able to
compensate and the adverse subjective experiences start later. The time course of the
subjective symptoms depend on the magnitude of the strain they represent for the system
(Mon-Williams & Wann, 1998; Suzuki et al, 2004; Stanney et al, 2002).

1.3 Conflicts
Sometimes symptoms are caused by conflicts: for example, in visual-vestibular conflict the
visual system and vestibular system give conflicting information about the self-motion: the
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visual system indicates that the person is moving fast in the virtual world but the vestibular
system indicates that the person is stationary (Reason & Brand, 1975; Rebenitsch & Owen,
2016). Visual-vestibular conflict causes symptoms also observed in sea sickness, air
sickness, space sickness and vehicle sickness.
With stereoscopic 3D contents the binocular parallax causes a convergence-accommodation
conflict (Okada et al, 2006). In this conflict type the accommodation is focused to a single
accommodation level while convergence point changes according to the disparity of the
objects. This may cause eye strain, blurred vision, and double vision.

1.4 Adaptation
Symptoms may also be a byproduct of neural adaptation: when a user wears an XR device,
the brains must remap the relations between movements and related sensory changes. For
example, if the user moves her head, the resulting visual motion in XR device display might
be slightly different from the real world. The brain registers this difference and starts a
remapping process where the relation of motion and vision are recalibrated (Jay et al, 2007;
Brunnström et al, 2018; Groen & Workoven, 2006; for similar remapping in audiovisual
space, see Ju et al, 2019). The same recalibration may be needed after the user
discontinues the XR device use and returns from virtual world to real world (Champney et al,
2007; Szpak et al, 2019).

2. Cybersickness reduction methods
2.1. Reducing visually induced motion sickness (VIMS)
Visually induced motion sickness is a significant factor that causes adverse experiences for
the users. In the sections below I introduce several ways in which VIMS could be reduced.

2.1.1 Content guidelines
One way to handle VIMS is to introduce content guidelines, which offer guidance for good
content principles. The type of content itself presented in a virtual environment can alter the
likelihood of users experiencing VIMS. A recent meta-analysis identified gaming experiences
as resulting in higher sickness scores than experiences involving 360 videos, static scenes,
or minimalist content (Saredakis et al, 2020). Longer duration content tends to result in
greater cybersickness (e.g. Stanney et al, 2003) though it seems that duration interacts with
other factors such as adaptation to the virtual environment and content type (Dużmańska et
al, 2018; Saredakis et al, 2020); initial discomfort may be overcome after an adjustment
period and this process may take place more easily and more quickly for low vection XR
experiences. Previous research has also indicated that content factors including peripheral
motion, field of view (FOV), controllability, reference frame, and graphic realism can each
impact VIMS (Chang et al, 2020). Some recommendations for these and other content
considerations are discussed in subsequent sections. Do note, however, that content
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guidelines are less useful when considering user created non-professional contents (e.g.
YouTube).

2.1.2 Automatic detection
Nauseogenic motion could also be detected from the XR scenes (So et al, 2001; Diels &
Howarth, 2013; Keshavarz & Hecht, 2011; Chen et al, 2011; Chen et al, 2016). The
information could be used to warn the user or modify the contents.

2.1.3 Reducing peripheral motion
Peripheral visual motion is an important cue for self-motion and thus an important factor in
visual-vestibular conflict and resulting sickness symptoms. Symptoms increase as vection
speed increases up until speeds of about 10m/s, then stabilize thereafter (So et al, 2001),
thus reducing the vection speed can mitigate VIMS. Another way to reduce sickness
induction in this case is to reduce the field of view (FOV) (DiZio & Lackner, 1997). This would
otherwise work fine, but reducing field of view also reduces the presence experience and
potentially the enjoyability of use (Lin et al, 2002; Prothero & Hoffman, 1995).
Studies examining the relationship between presence and cybersickness have often arrived
at conflicting results. A recent meta-analysis by Weech et al (2019), however, argues that
more, and stronger, evidence supports the notion that increasing presence leads to
decreases in VIMS symptoms rather than increases. This conclusion leaves developers in a
tricky situation where increasing FOV increases VIMS but also decreases presence, which
could in turn increase VIMS. The resolution to this conflict could lie in understanding
mediating factors such as individual differences (e.g. high vs low VIMS sensitivity) and
content type (e.g. high vs low vection). On the one hand, developers often have no control
over individual difference factors. Nonetheless, some of these factors can be taken into
account when applications are developed with specific users in mind. For example,
applications designed for airplane pilots, who are presumably less sensitive to VIMS than the
general population, could benefit from increased presence. Then, on the other hand,
developers have a great amount of control over content type. In practice, XR experiences
with high simulated vection should consider reducing FOV at the cost of presence, whereas
XR experiences with low simulated vection should maintain a large FOV to increase
presence, with the goal in both cases being an overall reduction in VIMS. It is also important
to keep in mind that FOV reduction may not be a suitable solution for all types of content.
For example, reducing FOV in a high vection roller coaster experience could help prevent
VIMS, but could create difficulties on many other tasks, such as map reading or navigation.
There is potential for FOV demands to change dynamically over the course of an XR
experience. One solution has been to temporarily reduce the FOV when strong stimuli
appear in the display. The method is also called tunneling, vignetting or applying FOV
restrictor. Temporary FOV restriction is well established, as there are applications doing this
available (e.g. https://assetstore.unity.com/packages/tools/camera/vr-tunnelling-pro-106782).
There are also various alternative visualization tools for tunneling (Wu & Rosenberg, 2019).
There are at least three ways to do the FOV reduction.
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Firstly, it can be based on the content analysis, i.e., the FOV reduction occurs if the contents
have features, e.g. fast motion, that are known to induce nausea (Fernandes & Feiner,
2016). Some experiments support the effectiveness of the method (Zayer et al. 2019). There
are also some studies claiming to measure the effect of adaptive FOV to sickness that do
not measure sickness (Kala et al, 2017; Lim et al, 2020).
A second approach is to analyze the user’s susceptibility to cybersickness and tune the FOV
accordingly (Zielasko & Freitag, 2018). The prediction model then reduces the FOV if the
person has a high probability of getting sick. However, it might be difficult to accurately
predict sickness susceptibility. This idea has not been experimentally tested.
A third way of FOV reduction appears to be less intrusive. Buhler et al (2018) suggest a
method in which the peripheral area becomes static when there is user-initiated movement.
When the movement ends, the static area fades into the new central view. This is visualized
in the image below: the moving central area is slightly brighter and the peripheral area is
slightly darker.

2.1.4 Increasing predictability of motion
Another way of handling the peripheral motion signals is to increase predictability. If the brain
receives advance information about the motion that is going to occur, sickness symptoms
could be reduced. There are at least two ways to achieve this: user control and waypoints.

2.1.4.1 User control
User control of the movements in XR can also increase predictability and reduce sickness
(Stanney & Hash, 1999).
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2.1.4.2 Predictability
Motion can be made more predictable by including waypoints that indicate the future
movement. The increased predictability could decrease cybersickness (Luks & Liarokapis,
2019). Below the black circle is an example of a waypoint that indicates where the scene is
moving.

2.2 Frame of reference / rest frame
Cybersickness related to visual motion could be reduced by adding a static frame of
reference to the scene. This could be a virtual nose (Whittinghill et al, 2015) or cockpit (Luks
& Liarokapis, 2019). Below are two examples: virtual cockpit (left) and a net (right).

Another alternative is a wire cube that follows the user. Third-person perspective is below left
and two user views are below right (Lugrin et al, 2019).
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An alternative version of static grid from Kemeny et al (2017) is shown below:
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2.3 Graphic realism
Some have thought that XR related cybersickness would decrease as systems continue to
mature, but this has not always been the case, despite vast improvements in hardware and
software. The thought was that much of what contributes to cybersickness is the mismatch
between the real world that the brain is used to perceiving in everyday life and the simulation
it receives when using a head mounted display (HMD), and that as simulations became
closer to reality, the mismatch would dissipate and thus so would cybersickness. In regard to
graphic rendering, boosting graphic realism has had mixed effects on cybersickness (Chang
et al, 2020). Some studies have even reported greater cybersickness under conditions of
greater realism (Davis et al, 2005; Jaeger & Mourant, 2001; Liu & Uang, 2011). Researchers
have attributed this counterintuitive result to the brain being able to easily disregard low
fidelity simulations as not representative reality, which then fails to trigger strong sensory
mismatch, whereas strong sensory mismatch occurs in the gray area between “clearly not
reality” and “reality.” Further research employing larger samples and better controlled
designs is needed in this area.
In a recent meta-analysis, Chang et al (2020) propose the “multimodal fidelity hypothesis,”
which attempts to make sense of the previously incongruous findings regarding the
relationship between realism and cybersickness. The authors identify a set of 23 studies that
manipulate simulation fidelity in various ways and divide them into two groups: those that
simulate a single sensory modality (n=13) and those that simulate multiple modalities (n=10).
The authors then demonstrate a systematic trend among the studies considered which is
that increasing fidelity within a single modality results in greater cybersickness while
increasing fidelity within multiple modalities reduces cybersickness.
The multimodal fidelity hypothesis still requires direct empirical evaluation, but in the
meantime developers could consider focusing on factors other than graphic realism when
only working within the visual modality. For instance, intuitiveness of interaction can play a
large role in cybersickness (Weech et al, 2019) and for many applications this factor can
prove much more critical in shaping a positive user experience than graphic resolution.
When high graphic realism is desired or a necessity, consider using high fidelity cues in
other modalities (e.g. haptic or auditory) in efforts to mitigate cybersickness.

2.4 Methods that modify stereoscopic contents
In convergence-accommodation conflict, the normal relation of the system that controls the
focusing of the lens of the eye and the convergence point of the eyes is disrupted. This
happens because in most of the XR systems the focus distance is fixed and convergence
distance varies according to the disparity of the scene elements. There have been many
suggestions how this conflict and the resulting eye strain could be reduced.
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2.4.1 Minimizing the disparity
2.4.1.1 Minimize disparities In the whole display
Siegel & Nagata (2000) have suggested that only small disparity values would be used. The
proposed “microstereopsis” as a solution for the problem, as small disparity values always
produce only a small convergence-accommodation conflict. However, it is unclear how this
would affect the viewer experience.

2.4.1.2 Minimize disparities in selective manner: disparity mapping
The idea of disparity mapping is to change the range and/or structure of stereoscopic
disparities present in the display to reduce accommodation-convergence conflict and other
stereoscopic perception problems (Lang et al, 2010). These methods might detect
problematic depth structures and change them or remove depth from areas in which it is not
needed. The idea is to optimize the depth budget, i.e., to use larger depth values in areas in
which they are really needed.

2.4.1.2.1. Remove depth from areas where motion parallax is sufficient cue
Myszkowski et al (2018) suggest a method where areas of high motion parallax are detected
and depth is minimized there as the parallax provides sufficient depth information. The basic
idea is shown in the next figure.

2.4.1.2.2 Optimizing pre- and post-cut disparities
The editing style of modern movies favors short shots. The average shot duration has
shortened from 15 seconds to 3.5 seconds in the last 75 years (Myszkowski et al, 2018). In
stereoscopic contents this can be problematic if the disparities change from one short to
another. Myszkowski et al (2018) have suggested a method in which the pre- and post-edit
disparities can be visualized in the editor and the disparity changes between shots can be
optimized.
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2.4.1.3 Gaze-contingent disparity minimization
Peli et al (2001) suggested a method where the scene rendering is dynamically adjusted
according to fixation in such a way that disparity at the fixation point is always zero. This
should reduce eye strain caused by convergence-accommodation conflict as the conflict is
always non-existent at the point of fixation. Fisker et al (2013) proposed a similar idea.
The experimental evidence is mixed. In some studies (Sherstyuk et al , 2012; Bernhard et al
2014) there has been no reduced cybersickness. Other studies indicate increased comfort,
but there are problems with methods or analysis (Hanhart & Ebrahimi, 2014).
An alternative version has been proposed by Kellnhofer et al (2016) in which they preserve
stereo at the fixation point and remove it from peripheral vision.
Myszkowski et al (2018) combine the gaze-contingent depth change and the removal of
depth from the periphery. They also provide visibility thresholds for continuous depth
change. According to their results the smallest visible depth change increases as a function
of the disparity range. The visibility thresholds were 2-5 arc minutes per second. However, it
is unclear whether results can be generalized to real contents as there were several
important limitations. Firstly, Myszkowski et al (2018) used random-dot stereograms that
activate the stereoscopic system differently from line stereograms. Secondly, they used
sinusoidal gratings, which are fairly different from real XR contents. And thirdly, they did not
utilize gaze tracking. They only studied the visibility of depth change in a
non-gaze-contingent display. In gaze-contingent displays the depth change correlates to the
presence of saccade, so the visibility might be very different from the results of Myszkowski
et al (2018).
The visibility of transformations occurring during saccades were studied by Keyvanara &
Allison (2019). They show that transformations can be done undetected during saccades
and outline the parameters that prevent detection.

2.4.1.4 Gaze-contingent depth of field
Stereoscopic 3D contents do not have correct defocus cues, as the natural depth of field is
not automatically reproduced in stereo 3D. As defocus is an important cue for accomodation
control, lack of blur might increase eye strain. To reduce the eye strain, Duchowski et al
(2014) have proposed gaze-contingent depth of field to reduce eye strain. The idea is to
track the fixation position of the eye and render the proper defocus cues around the fixation.
However, in their experiment the experienced eye strain was not reduced with the method. A
similar result was reported by Vinnikov et al (2016), who also noticed that some users
complained about reduced visual quality due to blurring (see also Weier et al, 2018).
Carnegie & Rhee (2015) reported reduced symptoms, but the experiment design and
sample may have affected the results.
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2.4.1.5 Gaze-contingent ocular parallax
The eye’s center of rotation and projection to the eyes are not the same, so different fixations
around scenes produce small parallaxes. The principle is shown in the next figure (Konrad et
al, 2020).

Konrad et al (2020) propose that an effect called pupil swim as well as feelings of unrealism
occur because XR systems do not take ocular parallax into account. These could further
cause sickness symptoms. They create a system in which a gaze-contingent system renders
realistic ocular parallax for every fixation. However, eye strain or sickness experimentation
was not performed.

2.4.2 Floating window
If a stereoscopic object that is nearer than the screen plane or is near the left or right edge of
the screen, the object can be clipped. In the figure below a stereoscopic bicycle is shown at
near depth. The whole bicycle is seen only by the left eye. The right eye sees only part of the
bicycle as the left edge of the display occludes part of the bicycle (indicated by gray)
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This causes binocular rivalry and eye strain, as part of the near image is not visible to the
right eye.
There are three ways to handle this issue. Firstly, one can avoid utilizing near depths and
use only depth values that are further than the screen plane. This is often done in
stereoscopic movies.
A second option is to define a zone in the middle of the display where it is safe to use near
depths.
A third possibility is to use a black frame around the stereoscopic image in such a way that
rivalry does not occur (Gardner, 2011). In the figure below the thin black rectangle indicates
a frame that occludes the back part of the bicycle also for the left eye. When the same
amount of bicycle is visible to both eyes, binocular rivalry does not occur and eye strain can
be avoided.

2.4.3 Using stereoscopic 3D rendering only in the center of display
Isaza et al (2019) suggest a method in which stereoscopic 3D rendering is used only in the
center of display. They call the method the Dynamic Mono-Stereoscopic Rendering System
(DMSRS).
The idea of the method is to detect whether objects are near the left or right edge of the
scene, then render the eccentric objects monoscopically. The idea is not completely without
merit, as it probably would reduce window violation near edges. However, it would be
simpler to use the traditional floating window technique to reduce the window violations.
There is no experimental support for the method, as the Isaza et al (2019) study is the only
published study. Furthermore, the study has a small number of participants (19) with
between-subjects design and the results are analyzed incorrectly, as they have compared
single question values of SSQ instead of factor sum scores.
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2.5. Changing non-stereoscopic properties of the view
2.5.1 Blur non-salient areas of the scene
In this method a saliency mapping process selects the most salient areas of the scene and
keeps them sharp. Other areas are blurred. Some results indicate that this would reduce
sickness (Nie et al, 2019). However, the method appears questionable, as saliency detection
cannot predict where users point their eyes (Henderson, 2007). The method would probably
blur important information and cause irritation in users.

2.6 Head-contingent methods
2.6.1 Blur scene when head movement is detected
In this method the scene is blurred if head movement is detected (Qionghua et al, 2020). It is
unclear what is the theoretical basis of the method. There are no experiments that support
the idea that sickness would be reduced. In the only article by Qionghua et al (2020) the
results have been analyzed incorrectly, i.e., they have compared single question values of
SSQ instead of factor sum scores.

2.6.2 Head lock
Kemeny et al (2017) propose a method where users can freeze a scene by closing one eye
(See figure below). The user can then make a head movement with the scene glued to the
display (Figure b below). The scene can be unreleased by opening the eye gain (Figure d).
The user then sees the scene from a new viewpoint. It is not immediately clear why this
method would be beneficial, as continuous change of the scene sounds less disorienting
than sudden change of the scene.
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2.7 Physiological methods
2.7.1 Reduce eye strain with eye exercise
Eye strain in virtual reality is in many cases related to fatigue of the muscles that move the
eyes. One reason for the fatigue might be accommodative spasm, which is caused by long
term focusing at a single distance. The ciliary muscles that control the focus changes of the
lens get fatigued because the accommodation demand stays the same for a long time. The
spasm has been recognized in computer vision syndrome and could be one reason for
sickness in XR devices.
In computer vision syndrome it has been suggested that the user would periodically change
gaze at other distances. For example, the user could occasionally look out from the window
and stare to far targets. This both changes and reduces the accommodation demand and
the ciliary muscles get rest. An alternative this is an active eye exercise, for example doing
figure eight exercise with thumb (Thai et al, 2020).
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It has been suggested that the eye exercises could be done in XR. The hypothesis is that
occasional exercise would reduce eye fatigue.
Thai et al (2020) propose a virtual version of the figure eight exercise. In similar fashion,
Fang et al (2020) suggest a method where stereoscopic parallax is constantly changed to
stimulate the muscles that control the convergence of the eyes. They report positive results,
but the experiment has a small participant group and a basic experimental design error
(non-randomized treatment groups in within-subjects design), so their positive result does
not offer sufficient evidence for the effect.
More generally it is difficult to understand how accommodation problems could be alleviated
by virtual exercises, as the accommodation stays constant during the exercises, which
undermines the basic idea of the exercise.
The exercise concept might be more useful in devices, which have multiple focal planes.
Systematic alterations between the available focal planes might prove to be useful. However,
to my knowledge there are no current results that would support this idea.

2.7.2 Galvanic vestibular stimulation (GVS)
The idea of GVS is to stimulate the vestibular system electronically to reduce the sickness
symptoms. A prototype system from Sra et al (2019) is presented in figures below.
Electrodes are attached to the mastoid (area behind the ear) and small current is used to
stimulate the vestibular system. The stimulation is activated when the user sees visual
motion in the XR device and the intention is to activate otoliths and semicircular canals to
produce experiences of linear and angular acceleration. If the activation is done at the
correct moment, the physiological signal would match the visual scene properties and
visual-vestibular conflict would be minimized.
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According to Sra et al (2019) the GVS produced significantly reduced sickness symptoms for
the participants. Weech et al (2020) report significant reductions in sickness with a very
elegant experimental design where active GVS is compared to sham GVS, where electrodes
are attached to participants but they are not activated during the experiment.
Also other studies report positive results (Peng et al, 2020; Liue et al, 2019).

2.7.3 Detection of sickness with physiological signals
There have been attempts to detect cybersickness with various physiological signals such as
EEG, GSR, heart rate and breathing rate. If this could be successfully done, it would be
possible to create a system that would detect the increase in sickness from physiological
signals and either warn the user or change the contents to reduce the adverse symptoms.
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Deep learning methods might be promising in this area, as they have excellent prediction
capabilities.
If a successful prediction model is built, critical questions are:
1. Can the sickness be predicted across various tasks and contents?
2. Can prediction be done in a system that is cheap and unobtrusive to the user?
There is a huge amount of recent research in the area and its evaluation requires further
work. See, for example Kim et al (2019), Wu et al (2020), Li et al (2020), Fadeev et al
(2020), Assila et al (2020), Islam (2020), Khaitami et al (2019), Celikcan (2019) and Liao et
al (2020).

2.8 Other methods
2.8.1 Geometry deformation
In the geometry deformation method the geometry of the visual changes when the user
navigates the scene (Lou & Chardonnet, 2019). The idea is shown in the figure below. When
the observer moves in the scene (a-c), the areas behind the user are compressed as shown.
It is unclear how this would reduce sickness.
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2.8.2 Twin-camera configuration when recording the scene
This method is relevant in use cases where a live stereoscopic stream is conveyed to HMD.
If the HMD is coupled with a system that consists of two omnidirectional cameras that are on
a platform that turns according to head movements, a proper stereoscopic and movement
parallax is maintained (Yagi et al, 2019). The method sounds plausible, but currently the
experimental support is weak, as the Yagi et al study is the only existing study. It was done
with eight participants, which is too small a number of participants.
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