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AbstractAs virtual reality becomes increasingly immersive, issues related to cybersickness pose a major challenge.
This review investigates how foveated rendering techniques, powered by artificial intelligence, are transforming our
response to this topic. We analyze the primary factors that lead to cybersickness, including latency, field of view,
vergence-accommodation mismatch, and unnatural locomotion, while demonstrating how adaptive visual strategies
can significantly alleviate user discomfort. By considering individual traits like age, previous virtual reality experi-
ence, and real-time physiological indicators, including heart rate and skin conductance, modern rendering systems
are evolving to be more intelligent and user-specific. We emphasize the role of advanced machine learning models,
from interpretable symbolic frameworks to deep neural networks, along with gaze prediction systems that enable
real-time adjustments through predictive rendering and user-context-specific optimization. Our findings highlight
the promise of closed-loop rendering systems, which aim to preserve visual fidelity while enhancing comfort and
engagement, steering to toward safer, more personalized virtual reality experiences.
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1 Introduction
Over the last five years (2020–2025), there has been a signifi-
cant rise in scholarly articles related to cybersickness (CS). A
search for “cybersickness” generated around 11,900 results
in this period1, more than double the roughly 4,880 publica-
tions from the preceding five years (2015-2020)2.
Additionally, Market.us [2024] reports that the global Ar-

tificial Intelligence (AI) market in Virtual Reality (VR) is
rapidly growing, with forecasts estimating a rise from USD
21 billion in 2023 to USD 198 billion by 2033. This growth
is driven by the incorporation of AI technologies, includ-
ing machine learning and natural language processing, into
VR systems, resulting in more immersive, adaptive, and per-
sonalized virtual experiences. Recent studies focus on op-
timization strategies [Ye et al., 2024] that boost rendering
efficiency and minimize perceptual inconsistencies. Among
these, foveated rendering has shown promise. This method
prioritizes rendering high-resolution images in the user’s fo-

1Search conducted in Google Scholar using the keyword “cybersick-
ness” and filtering results by year (2020–2025). Accessed on March 27,
2025.

2Search conducted in Google Scholar using the keyword “cybersick-
ness” and filtering results by year (2015–2020). Accessed on March 27,
2025.

cal area while reducing detail in the peripheral vision. As a
result, it alleviates the computational load, enhances perfor-
mance, and lowers latency, potentially helping to mitigate
CS [Hussain et al., 2021].
By merging foveated rendering with adaptive techniques,

these difficulties can be addressed more successfully, im-
proving performance and user comfort. Additionally, inte-
grating AI enhances the effectiveness of foveated rendering
[Liu et al., 2025], enabling real-time, personalized content
tailored to individual user data [Valmorisco et al., 2024].
Therefore, this study conducts a literature review of pub-

lications from 2015 to 2025 to investigate the research ques-
tion: “How can AI-driven foveated rendering strategies re-
duce CS in virtual reality, considering influencing factors,
user traits, and adaptive system responses?

2 Research Methodology
A literature review was performed utilizing key academic
databases like IEEE Xplore, ACM Digital Library, and
Google Scholar to guarantee comprehensive coverage of the
topic. The search approach was based on an initial assess-
ment and enhanced through a iterative process of selecting
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keywords, incorporating Boolean operators. The final search
queries included:

Query 1: ("cybersickness" OR "motion
sickness" OR "simulator sickness")
AND ("virtual reality" OR "VR") AND
("latency" OR "foveated rendering" OR
"immersion" OR "visual discomfort" OR
"VR displays") OR ("neural rendering")
Query 2: ("cybersickness" OR "motion

sickness" OR "simulator sickness") AND
("machine learning" OR "deep learning"
OR "Explainable AI") OR ("strategies"
OR "AI-based foveated rendering") OR
("gaussian splatting")

This query was applied to the titles, abstracts, and key-
words of retrieved publications. The inclusion criteria com-
prised:

• peer-reviewed journal articles or conference papers;
• focus on foveated rendering, CS, visual fatigue, user ex-
perience, or perceptual discomfort in VR environments;

• written in English;
• publication date between 2015 and 2025;
• inclusion of empirical data or systematic reviews.

Exclusion criteria included:

• studies unrelated to VR contexts (e.g., 2D interfaces or
desktop simulations);

• lack of focus on CS or perceptual discomfort;
• duplicate or inaccessible full-text articles.

The study selection process is illustrated in the PRISMA
flow diagram (Figure 1).
Additionally, its important to note, this work builds on a

previous review on cybersickness causes, strategies, and clas-
sification methods [Porcino et al., 2021], but it introduces
a distinct and novel focus. Although the earlier work pro-
vided a broad overview of cybersickness factors and mit-
igation techniques, the present study advances this discus-
sion by specifically investigating the role of adaptive and AI-
driven foveated rendering techniques inmitigating cybersick-
ness within virtual reality environments. Furthermore, this
manuscript applies a systematic literature review methodol-
ogy (PRISMA) to comprehensively analyze recent develop-
ments from 2015 to 2025, with particular emphasis on the
integration of artificial intelligence, gaze prediction, and real-
time adaptive systems in foveated rendering solutions.

2.1 Contributions
This study tackles the research question and offers the fol-
lowing contributions:

• It identifies and examines key factors that contribute
to CS, highlighting how foveated rendering techniques
can mitigate their impact.

• It assesses AI-powered foveated rendering methods de-
signed to lessen CS in virtual reality (VR).

Figure 1. PRISMA flow diagram illustrating the selection process followed
in this study. A total of 357 records were initially identified from databases.
After removing 47 duplicates, 310 titles were screened, leading to the ex-
clusion of 176 records. Subsequently, 134 full-text articles were assessed
for eligibility, with 73 excluded based on predefined criteria. Ultimately, 61
articles were included in the final review (excluding self-citations).

• It identifies essential features for machine learningmod-
els, which include subjective factors like age, objective
system metrics such as latency and field of view, and
physiological signals like electrocardiograms and elec-
trodermal activity.

The structure of this paper is as follows: Section 3 ex-
plores the principles andmethods of foveated rendering. Sec-
tion 4 examines the factors contributing to visual discom-
fort, with an emphasis on subjective experiences, physio-
logical responses, and objective system characteristics. Sec-
tion 5 presents studies focused on mitigating cybersickness
through AI-enhanced foveated rendering techniques. In Sec-
tion 6, we provide five guidelines and recommendations,
along with future directions for improving comfort in virtual
reality through adaptive rendering. Finally, Section 7 con-
cludes the study.

3 Background: Foveated Rendering
and its Relevance to CS

3.1 Principles of Foveated Rendering

Foveated rendering (FR) is a widely used optimization strat-
egy in computer graphics that seeks to reduce computational
demands by adjusting rendering resolutions based on percep-
tual value. This method capitalizes on the fundamental char-
acteristics of the human visual system, which exhibits the
highest visual acuity at the central region known as the fovea
and progressively diminishes towards the peripheral vision
[Jabbireddy et al., 2022].
The human retina features an uneven arrangement of pho-

toreceptor cells; cones are densely concentrated in the central
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fovea, which facilitates high-resolution color vision. Con-
versely, the peripheral areas predominantly contain rods,
which are adapted for low-light settings but offer lower spa-
tial resolution [Jabbireddy et al., 2022]. Figure 2 illustrates
the difficulty in producing uniformly high-resolution im-
ages throughout the visual field, given that the fovea cov-
ers merely about 5° of the total field, which is much smaller
than the extent of the peripheral visual field [Mohanto et al.,
2022].

Figure 2. Spatial arrangement of rod and cone photoreceptors within the hu-
man retina, highlighting the high density of cones in the central foveal area
and the predominance of rods toward the periphery, apart from the blind
spot occurring around 20 degrees eccentricity [Jabbireddy et al., 2022; Lis-
boa et al., 2023].

3.2 Classifying Foveated Rendering
Various researchers have systematically categorized
foveated rendering (FR) techniques, considering factors
such as the definition of the foveal region, rendering
pipelines, hardware, and strategies for reducing computa-
tional load [Duchowski et al., 2003; Reingold et al., 2003;
Spjut and Boudaoud, 2019; Mohanto et al., 2022; Wang
et al., 2023b]. Each taxonomy has its particularities. Spjut
and Boudaoud [2019] argue that foveated displays should be
classified in relation to user gaze and, therefore, propose a
two-axis taxonomy: one for acuity matching and another for
gaze contingency. These two dimensions are independent
and can be combined in various ways.
The first axis analyses the display regarding how well the

foveated rendering angular resolution, measured in cycles
per degree, decay matches the human visual system’s cones
and rods distribution. There are four possible outcomes in
this scenario: the resolution is perceptually higher than the
cone-rod distribution throughout the retina (acuity matched),
the resolution is perceptually higher than the cone-rod dis-
tribution only in the fovea and lower in the periphery (fovea
matched), the resolution is perceptually higher only in the pe-
riphery (peripherally matched), and the resolution does not
match the human eye threshold for surpassing our perception
in any of the regions (non-acuity matched).
The second axis measures how the technique matches the

user’s gaze direction, adapting the displayed image to the
user’s gaze. This is also divided into four classes: the gaze is
fully matched by the angular resolution on the display (fully
foveated), the gaze is matched by a good amount of angular
resolutions on the display (of±15°; practically foveated), the
gaze is matched by a severely limited amount of angular res-
olutions (of approximately ±7°; partially foveated) and the
gaze is static on the screen (non-foveated).
Mohanto et al. [2022] classifies FR methods into four

primary groups: adaptive resolution, geometric simplifica-
tion, shading simplification with chromatic degradation, and
spatiotemporal degradation. These groups are based on the
methods used to achieve foveation, and each of them has sub-
divisions according to the render pipeline and dynamic ad-
justment of the fovea region. The only rendering pipelines
present in this taxonomy are ray tracing and rasterization.
Adaptive resolution techniques adjust the resolution of dif-

ferent regions in an image to enhance computational effi-
ciency while preserving perceptual quality. However, overly
reducing resolutionmay result in visual artifacts like aliasing,
necessitating careful management of parameters.
Geometric simplification methods minimize complexity

in outer geometries based on factors such as eccentricity, ob-
ject size, motion, and distance. Although these techniques
can efficiently conserve resources, they carry the potential
risk of creating visual artifacts like flickering. This issue
is frequently mitigated with further visual smoothing tech-
niques.
Techniques for shading simplification and chromatic

degradation decrease shading complexity and color accu-
racy in outer areas, effectively conserving computational re-
sources with little effect on perceived visual quality. These
methods are often utilized together to enhance computational
efficiency.
Spatio-temporal degradation reduces refresh rates selec-

tively in peripheral vision areas, reallocating resources effi-
ciently. Although effective, this method may induce percep-
tual artifacts due to variability in human visual sensitivity,
such as peripheral flickering or narrowing of the perceived
visual field.
Wang et al. [2023b] classifies the methods based on three

distinct factors: the data type being rendered on screen, how
foveated rendering is achieved, and the rendering paradigm
employed. This taxonomy covers more variables and tack-
les more diverse scenarios since it contemplates rendering
paradigms and data types not even mentioned by the other
two presented works.
When it comes to data types, Wang et al. [2023b] con-
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siders techniques that aim to render frames (be they single
images or videos), volume data, geometric meshes, point
clouds, hologram data, or light fields. The foveation prin-
ciple covers multi-spatial resolutions (conceptually close to
Mohanto’s adaptive resolution methods), multi-temporal res-
olutions (close to spatio-temporal degradation), multi-color
resolution, multi-luminance resolution and level of detail.
Lastly, besides rasterization and ray tracing, Wang [Wang
et al., 2023b] also considers foveated rendering while mak-
ing use of ray casting, instant radiosity, shadow mapping,
neural rendering, photonmapping, phase retrieval, data trans-
mission, and online/offline simplification.
One of the most recent FR advancements is the Foveated

Path Culling, aimed at optimizing ray traced scenes [Hen-
riques et al., 2024] with help from radiance fields. This tech-
nique replaces the peripheral view of the image with a radi-
ance field reconstruction of the same scene while maintain-
ing the foveal vision ray-traced, blending both the ray-traced
view and the radiance field. Its main draw is gaze depen-
dency from radiance fields, which approximates ray-traced
effects, allowing for adjusting the peripheral vision in the
same way as the foveal vision. This technique originally em-
ployed NeRFs [Mildenhall et al., 2021; Deng et al., 2022] in
the periphery, but the advent of 3DGaussian Splatting [Kerbl
et al., 2023] proved itself more appropriate to this goal due to
its render pipeline that allows for high resolutions with low
latency.
These optimizations can play a crucial role in mitigating

CS in VR [Hussain et al., 2021].

4 CS and Contributing Factors
The human brain relies on the integration of sensory input
frommultiple systems, including the vestibular apparatus, vi-
sual pathways, and proprioceptive feedback, to maintain ori-
entation and balance. When conflicting signals arise among
these systems, the brain experiences difficulty in resolving
discrepancies, which can cause symptoms such as nausea,
dizziness, and general discomfort, commonly called motion
sickness (MS) [Kemeny et al., 2020]. Such sensory incon-
gruence often manifests itself in real-world scenarios where
visual cues suggest motion but corresponding physical move-
ment is absent, as experienced in cars, boats, or airplanes.
A comparable phenomenon emerges in virtual and digi-

tal environments, termed visually induced motion sickness
(VIMS). coined the term ”gaming sickness” to describe
VIMS symptoms observed during video gameplay. Within
virtual reality (VR) contexts, this condition is widely referred
to as CS [Mazloumi Gavgani et al., 2018], encompassing
manifestations such as nausea, vertigo, and spatial disorien-
tation, which result from a mismatch between visual percep-
tion and vestibular signals. In contrast, when such symptoms
occur during the use of flight or driving simulators, they are
generally classified as simulator sickness, a term commonly
applied in the domain of training simulations and immersive
technologies [Porcino et al., 2021].
Motion sickness is typically divided into two main cate-

gories [Kemeny et al., 2020]: transportation sickness, which
stems from actual vehicular movement, and simulator sick-

ness, which is induced by artificial or virtual motion. Al-
though both forms exhibit overlapping physiological re-
sponses, their underlying causes and effective mitigation
techniques differ depending on whether the motion is physi-
cally real or perceptually simulated. In particular, the symp-
toms associated with CS and postural instability closely mir-
ror those found in traditional motion sickness, further sup-
porting the theory that sensory conflict is a central mecha-
nism underlying both conditions. This overlap reinforces the
importance of addressing sensory mismatches in the design
of immersive virtual environments to reduce the incidence
and severity of CS.
Given this theoretical foundation, it is crucial to examine

the specific factors that contribute to the onset of CS.

4.1 Key Contributing Factors to CS
The literature identifies multiple factors associated with CS
in virtual reality (VR), particularly for users of head-mounted
displays (HMDs) [Stanney et al., 2020; Biswas et al., 2024].
However, in this section, we discuss the key factors that in-
fluence CS and, based on our review of the literature, can be
specifically addressed using foveated rendering techniques.

4.1.1 Latency

Latency (illustrated in Figure 3), the delay between a user’s
action and the corresponding visual feedback presented
within a head-mounted display (HMD), is a critical factor
in virtual reality (VR) systems [Feldstein and Ellis, 2020;
Kundu et al., 2021]. Elevated latency disrupts the tempo-
ral synchronization between physical motion and visual out-
put, exacerbating sensory conflicts and perceptual inconsis-
tencies that often lead to user discomfort, disorientation, and,
in certain instances, motion sickness [Wang et al., 2023a].
From a perceptual perspective, the human visual system

is highly sensitive to temporal discrepancies. Research sug-
gests that humans can detect visual changes occurring at fre-
quencies up to 500 Hz, which implies a latency detection
threshold near 2 milliseconds [Davis et al., 2015]. However,
as noted by Feldstein and Ellis [2020], the mere detection
of latency does not necessarily result in CS. The extent to
which latency induces discomfort is contingent upon several
factors, including the design of the virtual environment, the
nature of the task, and individual susceptibility.
Given the strong correlation between latency and user

comfort, minimizing delay is crucial for providing seamless
and natural interactions, particularly in latency-sensitive ap-
plications such as VR gaming [Vlahovic et al., 2019], sim-
ulation training [Brunnström et al., 2020], and collaborative
virtual environments [Lei et al., 2022].
In this context, foveated rendering techniques can help

mitigate latency by selectively reducing the computational
load in peripheral regions, thereby enabling higher frame
rates and faster visual response times. By prioritizing
high-resolution rendering in the foveal region, where visual
acuity is highest, and reducing detail in the peripheral vi-
sion, foveated rendering alleviates the processing burden on
the GPU, resulting in lower latency. Furthermore, gaze-
prediction models integrated with foveated rendering can en-
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hance performance by anticipating the user’s gaze direction
and pre-rendering visual content accordingly, thus minimiz-
ing the perception of lag [Patney et al., 2016]. Addition-
ally, adaptive foveated rendering methods that dynamically
adjust rendering quality based on system performance and
user movement speed can further optimize responsiveness,
ensuring a smoother and more immersive VR experience.

Mo�on direc�on

Low latency scenario
(non-no�ceable lag, desirable)

High latency scenario
(no�ceable lag, undesirable)

Mo�on direc�on

Reduced latency

Sig

nificant Latency

Figure 3. Latency is one of the biggest challenges in virtual reality, as it
directly impacts the delay between a user’s movement, such as turning their
head, and the corresponding update on the display.

4.1.2 Field of View (FoV)

The field of view (FoV) also profoundly affects user expe-
rience by balancing immersion and comfort [Kelly et al.,
2024]. A wider FoV enhances immersive experiences but
simultaneously increases sensory conflicts, thus increasing
the risk of cybersickness [Oh and Son, 2022]. In contrast,
narrowing the FoV can mitigate discomfort by decreasing
peripheral visual stimulation, but negatively impacts the im-
mersive quality of VR experiences. Maintaining an optimal
FoV is crucial to preventing CS while ensuring an engaging
virtual environment [Bala et al., 2021].
More detailed, a wide FoV increases the amount of periph-

eral information received by the visual system, which, if not
processed correctly, can lead to sensory conflicts between the
vestibular and visual systems. This discrepancy is a known
cause of CS, as the brain struggles to reconcile perceived mo-
tion with bodily cues [Kemeny et al., 2020]. On the other
hand, a restricted FoV limits the user’s sense of presence and
spatial awareness, reducing immersion and potentially dimin-
ishing the effectiveness of the VR experience.
Furthermore, Oh and Son [2022] investigated the impact

of different Field of View (FOV) sizes on CS using their
CYRE application, which included three internal FOV lev-
els: small (30°), middle (45°) and large (90°). Their results
did not show statistically significant differences in CS levels
between the large and middle FOV conditions, suggesting
that marginal reductions in FOV have little effect. However,
when FOV was substantially reduced, CS levels decreased
significantly by approximately 6% compared to large and
medium conditions.
The Figure 4 and Figure 53 show the relationship between

FoV range, immersion impact, and CS risk.
3Figure 5 was adapted from the Interaction Design Foun-

dation, Field of View (FoV) in Extended Reality, available at
https://www.interaction-design.org/literature/topics/
field-of-view-fov-in-extended-reality, licensed under CC BY-
SA 4.0 (https://creativecommons.org/licenses/by-sa/4.0/).

Figure 4. The chart illustrates how increasing the FoV enhances immer-
sive experiences (orange) but also raises the risk of CS (blue). Lower FoV
settings, getting the values from [Oh and Son, 2022] as parameters (30°
small),(45° middle) result in reduced sensory conflicts, while wider FoV
ranges (90° large) provide higher immersion at the cost of increased dis-
comfort for sensitive users.

Foveated rendering offers a balanced solution by dynami-
cally adjusting peripheral visual detail and resolution based
on the user’s gaze. This technique optimizes rendering per-
formance by preserving high detail in central vision while re-
ducing computational demands in peripheral areas. By lever-
aging real-time gaze tracking, foveated rendering can adapt
the FoV dynamically, ensuring that users experience high-
fidelity visuals where they are looking while minimizing un-
necessary detail in less critical areas. This adaptive approach
not only improves the performance of the system, but also
reduces the likelihood of sensory conflicts, thus mitigating
symptoms of CS [Wu and Suma Rosenberg, 2022].

+450

+850

-450

-850

-1000 +1000

00

Head-Mounted Display FOV Human FOV

Figure 5. Comparative diagram illustrating the horizontal field of view
(FoV) in head-mounted displays (HMDs), with values ranging from 90°
(spanning from –45° to +45°) to 170° (spanning from –85° to +85°). These
are contrasted with the natural human horizontal FoV, which extends up to
approximately 200° (–100° to +100°), highlighting the limitations and vari-
ability of peripheral vision coverage across different HMD designs [Xiao
and Benko, 2016].

4.1.3 Vergence and Accommodation

Accurate simulation of depth-of-field (DoF) is essential for
realistic and comfortable visual experiences in VR. A key
challenge is the vergence-accommodation conflict (Figure
6), which arises because virtual reality headsets present im-
ages at a fixed focal distance, while our eyes naturally adjust
both vergence (eye convergence) and accommodation (lens

https://www.interaction-design.org/literature/topics/field-of-view-fov-in-extended-reality
https://www.interaction-design.org/literature/topics/field-of-view-fov-in-extended-reality
https://creativecommons.org/licenses/by-sa/4.0/
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focus) to perceive depth in the real world. This mismatch can
lead to unnatural depth cues, visual discomfort, and fatigue,
particularly during prolonged VR use. Studies indicate that
users exposed to persistent vergence-accommodation con-
flicts may experience increased visual strain, headaches, and
difficulty focusing after exiting VR environments [Hussain
et al., 2021].
In HMDs with gaze tracking, improper DoF simulation

can exacerbate these issues by producing unrealistic blur ef-
fects. Human vision relies on objects outside the focal range
appearing blurred as a crucial depth cue, but when this is in-
accurately rendered, it disrupts depth perception, making ob-
jects appear either unnaturally sharp or incorrectly blurred.
This misalignment in visual cues can create perceptual con-
fusion, increasing the likelihood of CS and reducing the over-
all sense of immersion. Furthermore, inconsistencies in DoF
rendering can cause difficulty in distinguishing between near
and far objects, impairing spatial awareness in virtual envi-
ronments.
Foveated rendering techniques can help mitigate these

challenges by dynamically adjusting rendering resolution
and applying adaptive blurring based on gaze tracking. By
ensuring that only objects within the user’s focal region ap-
pear sharp while others blur naturally, foveated rendering
improves visual realism and reduces sensory conflicts that
contribute to cybersickness. Advanced implementations of
foveated rendering integrate predictive gaze models, which
anticipate the user’s focal depth and adjust DoF effects ac-
cordingly, further refining visual accuracy and enhancing
user comfort. Additionally, machine learning-based DoF
rendering techniques can personalize blur levels for indi-
vidual users based on their unique visual processing char-
acteristics, optimizing the VR experience while reducing
strain. These adaptive strategies are particularly useful in
high-fidelity VR applications such as training simulations,
medical imaging, and virtual prototyping, where accurate
depth perception is critical to task performance and user well-
being.

Distance of 
Vergence

Distance of
Accomoda�on

Looking on the real world

Distance of 
Vergence

Distance of
Accomoda�on

Looking on the Head-Mounted Display

VR Headset
Screen

Figure 6. The vergence-accommodation conflict occurs when the eyes con-
verge to focus on different virtual depths (vergence) but still accommodate
to a fixed screen distance (accommodation), as seen in HMDs. This mis-
match can lead to eye strain and discomfort [Kemeny et al., 2020].

4.1.4 Locomotion and Acceleration

Locomotion within VR environments is a key factor influ-
encing CS, with research indicating that techniques closely
resembling natural movement and allowing greater user con-

trol generally reduce discomfort [Rebenitsch, 2015]. In con-
trast, vection—visual stimuli that create a sensation of move-
ment without actual physical motion—often induces higher
levels of discomfort and limits VR usage duration. The mis-
match between visual perception and vestibular cues leads to
sensory conflicts, increasing the likelihood of CS symptoms
such as nausea and disorientation.
Foveated rendering can mitigate CS caused by locomotion

by dynamically adapting peripheral visual complexity. By re-
ducing the resolution or applying adaptive blurring in periph-
eral vision while maintaining sharpness in the central gaze
region, foveated rendering stabilizes the perceived environ-
ment. This approach decreases the impact of vection by en-
suring that peripheral movement is perceived as less intense,
thereby reducing the sensory conflict responsible for discom-
fort [Nie et al., 2025]. Additionally, adaptive foveated ren-
dering can personalize visual adjustments based on user sen-
sitivity, dynamically modifying rendering intensity to align
with individual comfort levels, ultimately extending VR ses-
sion duration.
Similarly, jerk—defined as the rate of change of

acceleration—characterizes how smoothly or abruptly a
movement transitions. Higher values of jerk indicate more
abrupt changes, while lower values represent smoother mo-
tion. Acceleration is a key factor in cybersickness (CS), es-
pecially when visual accelerations are not accompanied by
matching vestibular feedback; in particular, high-frequency
acceleration changes are strongly associated with increased
discomfort [Salehi et al., 2024].
as illustrated in Figure 7. Importantly, it is not merely

the magnitude of acceleration that contributes to CS, but the
variability over time; brief, sharp shifts tend to induce fewer
symptoms than sustained, fluctuating acceleration and decel-
eration. Recent work by Salehi et al. [2024] supports this
view by showing that distinct head movement patterns, es-
pecially those involving abrupt changes, can serve as indi-
cators of the onset of CS, offering a promising direction for
real-time detection and mitigation strategies.
Foveated rendering strategies help alleviate acceleration-

induced sensory conflicts by ensuring smooth visual tran-
sitions and limiting abrupt changes in peripheral motion.
By reducing peripheral motion sensitivity and controlling
the intensity of motion cues outside the central gaze area,
foveated rendering prevents excessive visual stimuli from
overwhelming the user’s sensory processing system. Ad-
ditionally, predictive gaze-based rendering can anticipate
acceleration-related changes in the user’s viewpoint and pre-
adjust visual elements to minimize latency effects, creating
a more stable and comfortable experience [Nie et al., 2025].
These adaptations allow for a more natural integration of vi-
sual and vestibular cues, enhancing overall VR comfort and
usability.

4.2 CS Feature Modeling
Recent research has identified a variety of features that con-
tribute to the onset of CS, along with distinct methodological
approaches for analyzing and addressing these issues [Chang
et al., 2023; Nunes da Silva et al., 2024]. For clarity, we cat-
egorize these studies according to the type of features used,
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Figure 7. In this illustration, a person is using a head-mounted display
(HMD) to view immersive content while standing. This creates a conflict
because, although the eyes perceive movement through the HMD’s screen,
the vestibular organs in the inner ear are sending signals to the brain indicat-
ing that the person is stationary. This sensory conflict can lead to symptoms
of cybersickness.

grouping them into subjective, objective, and physiological
categories.

4.2.1 Subjective Features

The study by Dilanchian et al. [2021] investigates how age
influences the user experience in immersive virtual reality
(VR), focusing on aspects such as presence, usability, work-
load, and CS. These factors are frequently associated with
individual profile characteristics, including age and gender.
Interestingly, the findings suggest that older adults reported
lower levels of CS compared to younger participants, chal-
lenging the common assumption that aging increases suscep-
tibility to VR-induced discomfort.
Similarly, Li et al. [2024] examined CS experiences in

older adults and found no evidence that this group is more
prone to symptoms than younger users. This aligns with con-
clusions from [Drazich et al., 2023], which indicated that the
benefits of VR interventions for older populations outweigh
the potential risks of CS.
In contrast, earlier findings from Petri et al. [2020] sug-

gested that older adults may be more vulnerable to CS, par-
ticularly those over 60 years of age or individuals unfamiliar
with the content or context of the virtual experience—such as
non-karate practitioners in sports-based VR scenarios. These
mixed results highlight the importance of considering user fa-
miliarity, content type, and interaction style when evaluating
CS risk among older adults.
Additionally, in a systematic review, MacArthur et al.

[2021] emphasize the importance of incorporating gender-
sensitive approaches in virtual reality (VR) research, particu-
larly regarding CS susceptibility. By analyzing 71 studies in-
volving both experimental and survey-based methodologies,
the authors observed that female participants were more fre-
quently reported to experience heightened levels of CS symp-
toms compared to their male counterparts. However, they
caution against broad generalizations, highlighting the lack
of consistency in methodological practices and the need for
more nuanced analysis.
Furthermore, other studies have identified additional indi-

vidual factors contributing to CS, including prior VR expe-

rience [Pöhlmann et al., 2024], flicker sensitivity [Almeida
et al., 2018], vision impairments [Luu et al., 2021], posture
[Kumar et al., 2024], and eye dominance [Sin et al., 2024].
A recent study by Sanaei et al. [2024] investigated the in-

terplay among task workload, scene complexity, presence,
and CS within a virtual reality (VR) game context. In a
between-subjects experiment involving 44 participants, the
authors compared user experiences in two conditions: a sim-
ple scene (low optic flow and low familiarity) and a com-
plex scene (high optic flow and high familiarity), using the
Pendulum Chair VR game for testing purposes. Partici-
pants completed a cognitive-motor balancing task while their
workload, presence, and CS levels were assessed using the
NASA-TLX, immersion questionnaire, and Simulator Sick-
ness Questionnaire (SSQ), respectively. Contrary to expec-
tations, the study found no significant differences in reported
CS or workload between the two scenes, and the equivalence
tests confirmed statistical similarity across conditions. Inter-
estingly, a moderate negative correlation was observed be-
tween workload and CS, suggesting that performing an en-
gaging task may distract participants from discomfort symp-
toms.
However, in a previous work by Sepich et al. [2022],

conducted a large-scale study manipulating cognitive de-
mand through a passive condition and two variants of the N-
Back task (0-Back and 2-Back), demonstrating that increased
cognitive workload significantly exacerbated CS symptoms.
Participants in the high-demand condition (2-Back) reported
the highest SSQ scores and dropout rates, indicating that ex-
cessive cognitive load may intensify sensory conflicts.
In contrast, Sanaei et al. [2024] used a cognitive-motor bal-

ancing task in visually simple and complex VR scenes and
found no significant differences in CS across conditions. In-
stead, their results suggested a moderate negative correlation
between workload and sickness, implying that task engage-
mentmight distract users from discomfort. These contrasting
outcomes suggest that the effect of workload on CS may be
context-dependent—varying with task type, complexity, and
visual stimuli, thereby underscoring the importance of con-
sidering both cognitive demand and environmental design in
mitigating CS in immersive systems. Table 1 summarizes
the subjective features identified in this study.

4.2.2 Physiological Features

Several studies have investigated the use of physiological fea-
tures to detect and predict cybersickness (CS) in virtual real-
ity (VR) environments.
Garcia-Agundez et al. [2019] examined the viability of us-

ing a two-lead electrocardiogram (ECG) setup to assess CS
symptoms. In this experiment, 13 participants were exposed
to a 15-minute VR experience while their ECG data were col-
lected alongside responses to the Simulator Sickness Ques-
tionnaire (SSQ). The authors observed a notable increase in
SSQ scores—averaging 8 points—as well as a reduction in
heart rate among individuals reporting higher levels of CS,
suggesting that cardiac activity may serve as a physiological
marker of discomfort in immersive environments.
In a related study, Islam et al. [2020] employed a Unity

3D-based roller coaster simulation to evaluate CS using mul-
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Table 1. Summary of subjective features

Feature Reference

Profile Features
Age [Petri et al., 2020; Dilanchian et al., 2021; Drazich et al., 2023; Li et al., 2024]
Gender [MacArthur et al., 2021; Kelly et al., 2023]
Prior VR experience [Pöhlmann et al., 2024]
Flicker sensitivity [Almeida et al., 2018]
Vision impairments [Luu et al., 2021]
Posture [Kumar et al., 2024]
Dominant eye [Sin et al., 2024]

Task Features
Task workload [Dilanchian et al., 2021; Sanaei et al., 2024]
Task type [Sepich et al., 2022; Sanaei et al., 2024]
Complexity [Sanaei et al., 2024]
Cognitive demand [Sepich et al., 2022]

Application Features
Scene complexity [Sanaei et al., 2024]
Presence [Sanaei et al., 2024]
Visual stimuli [Sanaei et al., 2024]
Environmental design [Sanaei et al., 2024]

tiple physiological features, including heart rate (HR), gal-
vanic skin response (GSR), breathing rate (BR), and heart
rate variability (HRV). Participants underwent alternating
rest and exposure phases, during which physiological data
were recorded. For analysis, the authors applied both a
Support Vector Machine (SVM) and a hybrid deep learning
model combining a Convolutional Neural Network (CNN)
with a Long Short-Term Memory (LSTM) architecture. The
CNN-LSTM model achieved higher classification accuracy
than the SVM, reinforcing the potential of deep learning ap-
proaches for real-time detection of CS based on physiologi-
cal dynamics.
Expanding the scope to neural responses, Krokos and

Varshney [2022] investigated brain activity patterns associ-
ated with CS induced by vection—a visual illusion of self-
motion. Participants viewed a VR flythrough of a spaceport
while their electroencephalogram (EEG) data were collected.
The results revealed that increases in Delta, Theta, and Alpha
wave activity were positively correlated with self-reported
symptoms of CS, captured via a joystick-based assessment
interface.
Furthering this line of inquiry, Nunes da Silva et al. [2024]

proposed a methodology that integrates physiological fea-
tures from ECG and electrodermal activity (EDA) sensors
with motion data from an accelerometer (ACC) to assess CS
during VR gaming sessions. Involving 17 participants, their
study employed symbolic machine learning to identify cor-
relations between physiological fluctuations and CS symp-
toms.
Taken together, these studies (summarized in Table 2) il-

lustrate the growing sophistication in the use of physiological
features for CS analysis. They trace a trajectory from early re-
liance on single-signal correlations and subjective reporting
toward the deployment of real-time monitoring and machine
learning-driven prediction. The integration of physiological
data into adaptive VR systems represents a promising avenue
for enhancing user comfort and reducing CS through individ-

ualized system responses.

4.2.3 Objective Features

The classification of objective characteristics is consistent
with that described by Kemeny et al. [2020], which iden-
tifies a range of hardware and software-driven factors that
contribute to CS. From a hardware standpoint, elements like
latency, refresh rate, resolution, and tracking accuracy are
cited as direct contributors to visual-vestibular mismatch and
instability. These factors are quantifiable and directly mea-
surable, making them ideal for integration into predictive
models designed to enhance VR systems. Their consider-
ation is essential in the development of adaptive VR sys-
tems capable of minimizing discomfort in a personalized and
context-aware manner.
Expanding on this,Oh and Son [2022] introduced the CS

Reference (CYRE) content dataset, which systematically iso-
lates VR content variables, including camera motion and
control, FoV, frame reference type, user control level and
exposure time to analyze their relationship with CS. Their
findings showed that rapid camera movement, wider FoV,
and lack of controllability are significantly associated with
increased symptom severity, confirming the influence of
software-level objective factors.
Similarly, Ramaseri-Chandra et al. [2025] proposed a less

intrusive strategy by relying on head-tracking data (HTD)
as a source of objective features. Captured from consumer-
grade VR headsets, the dataset included six degrees of free-
dom (6DOF) motion data, time stamps, and frame rates.
From this, they computed dynamic kinematic features such
as linear/angular velocity, acceleration, and rate of change of
acceleration, which were successfully used in machine learn-
ing models to predict CS.
Table 3 presents a summary of key objective features re-

ported in the literature. High-level design factors such as
locomotion design, camera behavior, and scene complexity
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Table 2. Summary of physiological features

Feature Description Reference

ECG Electrocardiogram [Garcia-Agundez et al., 2019]
HR Heart Rate [Islam et al., 2020]
HRV Heart Rate Variability [Islam et al., 2020]
GSR Galvanic skin response [Islam et al., 2020]
BR Breathing Rate [Islam et al., 2020]
EEG Electroencephalogram [Krokos and Varshney, 2022]
EDA Electrodermal Activity [Plouzeau et al., 2018]
ACC Body motion acceleration [Salehi et al., 2024]

Table 3. Summary of objective features

Feature Example of Data Unit Reference

Camera control auto/manual switch categorical [Oh and Son, 2022]
Camera motion fast pan qualitative [Oh and Son, 2022]
Camera Speed 2.5 m/s meters/second [Oh and Son, 2022]
Field of View (FoV) 110° degrees [Oh and Son, 2022]
Frame rate 72 fps frames/second [Ramaseri-Chandra et al., 2025]
Frame reference type world/local categorical [Oh and Son, 2022]
Rate of change of acceleration 0.5 m/s³ meters/second³ [Salehi et al., 2024]
Latency 15 ms milliseconds [Kemeny et al., 2020]
Motion Data (x,y,z)+(qx,qy,qz,qw) meters/quaternions [Ramaseri-Chandra et al., 2025]
Refresh rate 90 Hz hertz [Kemeny et al., 2020]
Resolution 2160x1200 px pixels [Kemeny et al., 2020]
Exposure Time 10 min minutes [Oh and Son, 2022]
Tracking accuracy 1 mm drift millimeters [Kemeny et al., 2020]
User control level free/fixed categorical [Oh and Son, 2022]

[Kemeny et al., 2020] are excluded, as they are not directly
quantifiable for integration into data-driven analyzes.
Recent advancements in AI have led to significant im-

provements in visual techniques particularly through the use
of machine learning to enhance visual fidelity and reduce sys-
tem latency, both strong contributors to cybersickess.
One promising approach is the use of deep learning mod-

els to enhance the resolution of images in the foveal region
while minimizing computational demands in the periphery.
For instance, Wang et al. [2021] introduced Focas, a convo-
lutional neural network (CNN)-based method tailored to op-
timize spatial video super-resolution within VR. The model
emphasizes high-detail reconstruction in the foveal region,
thus reducing the computational load in peripheral areas.
Building on this, Ye et al. [2024] proposed a neural

foveated super-resolution system that integrates a neural ac-
cumulator to iteratively gather low-resolution data and a neu-
ral super-resolution module to reconstruct high-resolution vi-
suals. This approach achieves real-time performance and
significant computational savings while maintaining percep-
tual accuracy. These methods not only enhance image clar-
ity in the areas where users are focused but also help reduce
motion-to-photon latency, thereby improving perceptual sta-
bility and lowering the risk of VR-induced discomfort.
Additionally, accurate gaze prediction plays a crucial

role in enabling effective foveated rendering, especially in
latency-sensitive virtual reality applications. Illahi et al.
[2022], proposed a model for real-time gaze prediction us-
ing only past gaze coordinates and head movement data. The

model adopts a dual-branch architecture based on long-short-
termmemory networks (LSTM/RNN) to forecast future gaze
positions within short horizons of up to 150 milliseconds. In
particular, it does not rely on image saliency or scene fea-
tures, which significantly reduces its computational require-
ments. Evaluated on the OpenNEEDs dataset [Emery et al.,
2021], the model achieved up to 22 percent improvement
in angular error over baseline predictors and demonstrated
sub-two millisecond inference times on commodity graphics
hardware, making it highly suitable for real-time rendering
pipelines, including cloud-based systems.
In this context, Liu et al. [2025] introduced Foveal-

Net, a neural model that incorporates event-driven cropping
for anticipatory gaze estimation. By leveraging saliency-
aware techniques, FovealNet enhances rendering efficiency
through better alignment with the user’s visual attention.
This approach not only minimizes perceptual inconsisten-
cies but also contributes to lower end-to-end latency and im-
proved visual stability—key factors in reducing CS during
immersive experiences.
More recently, [Ding et al., 2025] proposed FoANet, a

multi-task deep learning framework that simultaneously pre-
dicts both gaze direction and head movement. FoANet com-
bines convolutional layers, attention mechanisms, and mem-
ory units to support predictive pre-rendering in edge-assisted
virtual reality systems. The integration of multiple data
modalities allows FoANet to outperform single-task base-
lines in both accuracy and inference time, enabling proactive
allocation of rendering resources to regions of future interest
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and further improving the user experience.
Collectively, these AI-based gaze prediction methods con-

tribute to enhanced immersion and comfort in virtual real-
ity. By dynamically adapting the field of view and depth
of field to user focus, these systems reduce peripheral con-
flicts, mitigate vergence-accommodation mismatches, and
improve spatial awareness—ultimately leading to lower lev-
els of CS and a more seamless user experience.

5 AI-Enhanced Foveated Rendering
for CS Mitigation

First of all, significant progress in visual computing has been
fueled by recent developments in artificial intelligence (AI),
especially the use of machine learning techniques to improve
visual fidelity and lower system latency, two important fac-
tors that are strongly linked to the onset and intensity of cy-
bersickness. Further, with this technology, it is possible to
create adaptive rendering algorithms that optimize efficiency
and user comfort in immersive virtual worlds by dynamically
allocating computational resources according to perceptual
importance.
In this context, foveated rendering has emerged as a

promising approach, leveraging AI-driven mechanisms to
balance visual quality with computational efficiency. The
principal AI-enhanced foveated rendering techniques exam-
ined and revised in this work are summarized in Table 4, high-
lighting their key contributions, underlying AI and machine
learning components, and their specific roles in mitigating
cybersickness across diverse virtual reality applications.

5.1 Super-Resolution
One promising idea is using deep learningmodels to improve
the resolution of images in the foveal region while minimiz-
ing computational demands in the periphery. For instance,
Wang et al. [2021] introduced Focas, a convolutional neu-
ral network (CNN)-based method tailored to optimize spatial
video super-resolution within VR. The model emphasizes
high-detail reconstruction in the foveal region, thus reducing
the computational load in peripheral areas.
Building on this, Ye et al. [2024] proposed a neural

foveated super-resolution system that integrates a neural ac-
cumulator to iteratively gather low-resolution data and a neu-
ral super-resolution module to reconstruct high-resolution vi-
suals. This approach achieves real-time performance and sig-
nificant computational savings while maintaining perceptual
accuracy. These techniques improve perceptual stability and
lessen the possibility of VR-induced discomfort by increas-
ing image clarity in the areas where users are concentrated
and reducing motion-to-photon latency.

5.2 Gaze Prediction
Additionally, accurate gaze prediction plays a crucial role in
enabling effective foveated rendering, especially in latency-
sensitive virtual reality applications. [Illahi et al., 2022],
proposed a model for real-time gaze prediction using only
past gaze coordinates and head movement data. The model

adopts a dual-branch architecture based on long-short-term
memory networks (LSTM/RNN) to forecast future gaze posi-
tions within short horizons of up to 150 milliseconds. In par-
ticular, it does not rely on image saliency or scene features,
which significantly reduces its computational requirements.
Evaluated on the OpenNEEDs dataset [Emery et al., 2021],
the model achieved up to 22 percent improvement in angular
error over baseline predictors and demonstrated sub-two mil-
lisecond inference times on commodity graphics hardware,
making it highly suitable for real-time rendering pipelines,
including cloud-based systems.
In this context, Liu et al. [2025] introduced Foveal-

Net, a neural model that incorporates event-driven cropping
for anticipatory gaze estimation. By leveraging saliency-
aware techniques, FovealNet enhances rendering efficiency
through better alignment with the user’s visual attention.
This approach minimizes perceptual inconsistencies and con-
tributes to lower end-to-end latency and improved visual
stability—key factors in reducing CS during immersive ex-
periences.
More recently, Ding et al. [2025] proposed FoANet, a

multi-task deep learning framework that simultaneously pre-
dicts gaze direction and head movement. FoANet combines
convolutional layers, attention mechanisms, and memory
units to support predictive pre-rendering in edge-assisted vir-
tual reality systems. Integrating multiple data modalities al-
lows FoANet to outperform single-task baselines in both ac-
curacy and inference time, enabling proactive allocation of
rendering resources to regions of future interest and further
improving the user experience.

5.3 Neural Rendering

Building upon advances in gaze prediction and anticipatory
rendering, neural rendering offers a complementary mecha-
nism for optimizing VR environments. By integrating neural
networks into the rendering pipeline, this approach learns im-
plicit representations of complex scenes, synthesizing photo-
realistic images from novel viewpoints without relying on ex-
plicit geometric models [Garbin et al., 2021]. Crucially, neu-
ral rendering underpins adaptive scene representation, where
rendering precision and resource allocation dynamically ad-
just to the user’s predicted gaze and movement, as facilitated
by models like FoANet [Ding et al., 2025] and FovealNet
[Liu et al., 2025].
In the neural rendering context, FoVolNet Bauer et al.

[2022] illustrates the application of neural rendering for adap-
tive scene representation in virtual reality by introducing a
hybrid two-stage neural network architecture that integrates
direct and kernel prediction strategies. As reported by the au-
thors, the method presents certain limitations, particularly in
regions characterized by high-frequency intensity variations,
which may result in temporal flickering under rapid motion
conditions. Nevertheless, FoVolNet achieves up to a 25-fold
increase in rendering speed relative to conventional dense
ray marching approaches. The rendering efficiency gain is
crucial for VR’s high frame rates, which results in a reduced
latency, which is essential to avoiding CS.
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Table 4. Summary of AI-Enhanced Techniques

Technique Key Contribution AI/ML Component Impact on CS Mitigation

Super-Resolution (SR)

Focas
[Wang et al., 2021]

CNN for foveal super-
resolution, reducing periph-
eral load.

CNN for spatial super-
resolution.

Lowers latency and im-
proves stability, reducing
VR discomfort.

Neural Foveated SR
[Ye et al., 2024]

Neural accumulator + SR
for real-time high-res recon-
struction.

CNN-based temporal
feature accumula-
tion, adaptive mask
filtering, and a multi-
exit super-resolution
network

Real-time efficiency; better
perceptual accuracy and re-
duced discomfort.

Gaze Prediction (GP)

Gaze Prediction Model
[Illahi et al., 2022]

Predicts gaze via past gaze
and head data, no scene fea-
tures.

Dual-branch
LSTM/RNN.

Reduces latency and en-
hances real-time rendering,
lowering CS risk.

FovealNet
[Liu et al., 2025]

Saliency-aware event-
driven cropping for gaze
estimation.

Transformer-based
gaze estimation
framework.

Cuts latency, improves sta-
bility, reducing CS.

FoANet
[Ding et al., 2025]

Multi-task model predicting
gaze and head movement.

A multi-task CNN-
LSTM model with
attention-based feature
fusion.

Proactive rendering; en-
hances user experience and
reduces CS.

Neural Rendering (NR)

FoVolNet
[Bauer et al., 2022]

Hybrid network for adaptive
VR scene representation.

Two-stage Multi-
Layer Perceptron
(MLP) neural net-
work.

Up to 25× speedup; supports
high frame rates, reducing
CS.

3D Gaussian Splatting (3DGS)

FPC
[Henriques et al., 2024]

Hybrid path tracing + ra-
diance fields for foveated
3DGS.

Neural approxima-
tions + Gaussian
primitives.

43% speedup; lowers la-
tency and CS risk.

Fov-GS
[Fan et al., 2025]

Gaussian forest for foveated
3DGS with multi-level de-
tail.

Hierarchical Gaussian
forest guided by vision
models.

11× speedup; minimizes
frame drops and CS.

5.4 3D Gaussian Splatting

Recent developments in real-time rendering have empha-
sized perceptually adaptive techniques to meet the compu-
tational demands of immersive virtual reality (VR). Among
these, 3D Gaussian Splatting (3DGS) offers an efficient solu-
tion for photorealistic scene representation [Henriques et al.,
2024; Fan et al., 2025]. However, integrating foveated
rendering into 3DGS remains challenging due to the mis-
match between screen-space foveation and volumetric Gaus-
sian representations. Notable efforts addressing this issue in
VR include Foveated Path Culling (FPC) and Fov-GS, each
proposing distinct strategies for combining foveated render-
ing with 3DGS frameworks.
Henriques et al. [2024], who proposed Foveated Path

Culling (FPC), a hybrid rendering framework that integrates
real-time path tracing for the foveal region with precom-
puted radiance field representations for the periphery. Their
method employs recent advances in 3D Gaussian Splatting
(3DGS) to render peripheral regions efficiently, significantly
reducing computational overhead while maintaining percep-

tual fidelity. The core innovation in FPC is its culling
mechanism: path tracing computations are restricted to the
user’s gaze-centric region, while peripheral areas rely on less
computationally intensive representations, either inferred
through neural networks or approximated with splatted Gaus-
sian primitives. This approach yielded up to 43% speedup
over conventional full-path tracing in high-resolution VR
rendering scenarios.

In contrast, Fan et al. [2025] introduced Fov-GS, a com-
prehensive framework that directly adapts foveated render-
ing to the 3DGS pipeline for dynamic scene rendering. Un-
like FPC, which focuses on hybridizing path tracing and radi-
ance fields, Fov-GS re-engineers the 3D Gaussian represen-
tation itself by introducing a hierarchical ”Gaussian forest”
structure that explicitly supports foveated rendering through
multi-level detail representations aligned with human visual
system models. The Gaussian forest organizes scene ele-
ments into dynamic and static trees, enabling selective defor-
mation of only dynamic components and layer-specific ren-
dering guided by both acuity and contrast sensitivity models.
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This architecture addresses the incompatibility between tra-
ditional 3DGS and foveated rendering due to the spatial mis-
match between screen-space foveation and volumetric Gaus-
sian distributions.
Both FPC and Fov-GS contribute to the mitigation of CS

by addressing one of its primary technological determinants,
namely, system latency and rendering inefficiency. By
optimizing rendering performance through perceptually in-
formed resource allocation that concentrates computational
resources on the foveal region while reducing detail in the
periphery, both methods facilitate the maintenance of higher
frame rates and lower latency.
FPC achieves this optimization by selectively applying

path tracing within the foveal region, complemented by us-
ing neural radiance fields to represent peripheral areas effi-
ciently. In contrast, Fov-GS improves efficiency by struc-
turally embedding foveated rendering into the 3D Gaussian
Splatting pipeline by introducing a hierarchical representa-
tion known as a Gaussian forest. In a few words, the Gaus-
sian forest comprises multiple binary trees, each correspond-
ing to a distinct scene segment and organized to support
multiple levels of detail (LOD). The selection of appropri-
ate levels within these trees is guided by perceptual mod-
els of the human visual system, enabling adaptive rendering
that aligns computational resources with visual importance.
This structural innovation is particularly advantageous in dy-
namic scenes, where rendering complexity increases due to
object motion and deformation. The real-time capabilities
demonstrated by Fov-GS [Fan et al., 2025], achieving up
to an eleven-fold improvement in performance, substantially
reduce computational demands and the likelihood of frame
drops. As a result, both approaches exemplify how artificial
intelligence-driven foveated rendering techniques advance
visual realism and computational efficiency while aligning
with human perceptual constraints to reduce cybersickness
and enhance user comfort and immersion in extended reality
applications.
Overall, while Henriques et al. [2024] introduces a

foveated rendering technique that effectively integrates path
tracing with precomputed radiance field representations, Fan
et al. [2025] presents a comprehensive redesign of the 3D
Gaussian Splatting framework, enabling native support for
foveated rendering in dynamic scenes. Within this context,
Foveated Path Culling (FPC) is well-suited for virtual real-
ity applications requiring high-fidelity path tracing confined
to specific regions of interest. In contrast, Fov-GS offers a
scalable and perceptually optimized approach for real-time
rendering of complex and dynamic environments in virtual
reality settings.

6 Guidelines and Recommendations
Based on this study, we propose the following guidelines and
recommendations for advancing AI-driven foveated render-
ing (FR) systems that can potentiallyminimize cybersickness
(CS) in virtual reality environments.

• Prioritize latency - Latency is among the various fac-
tors contributing to CS and is among the most signifi-

cant. Techniques such as Foveated Path Culling [Hen-
riques et al., 2024] and neural super-resolution mod-
els [Ye et al., 2024] offer promising solutions by sig-
nificantly reducing computational load. Limiting high-
resolution rendering only to the foveal region and main-
taining perceptual fidelity in peripheral vision makes
it possible to improve frame rates and decrease the la-
tency, resulting in a more comfortable VR experience
for users.

• Predictive algorithms - Integrating predictive algo-
rithms through machine learning has demonstrated sub-
stantial potential in enhancing user experience. Gaze
prediction models, such as the LSTM-based approach
proposed by Illahi et al. [2022], along with Foveal-
Net [Liu et al., 2025] and FoANet [Ding et al., 2025], il-
lustrate how anticipatory mechanisms can enable proac-
tive rendering. These systems can pre-render regions of
interest with high accuracy and low inference time, re-
sulting in smoother visual transitions and reduced sen-
sory conflict.

• Physiological monitoring - Despite recent advances,
many features associated with CS remain underex-
plored in the context of AI-driven foveated render-
ing. Studies incorporating physiological characteris-
tics such as heart rate variability, electrodermal activity,
and EEG signals [Garcia-Agundez et al., 2019; Islam
et al., 2020; Krokos andVarshney, 2022; Nunes da Silva
et al., 2024] reveal strong correlations between bodily
responses and CS symptoms. These studies support the
development of closed-loop VR systems that monitor
users in real-time and dynamically adjust rendering set-
tings, such as image fidelity and field of view, which
contribute to minimizing CS.

• Interpretable AI - Works [Nunes da Silva et al., 2024;
Islam et al., 2022] have shown promise in producing
interpretable, user-adaptive responses. This reinforces
the potential of explainable AI in immersive systems,
enabling transparent and trustworthy adaptations that re-
spond effectively to user states.

• Personalized adaptation - Individual and subjective
factors, such as age, sex, prior experience with vir-
tual reality (VR), cognitive workload, and familiarity
with the virtual environment, substantially influence
susceptibility to cybersickness (CS) [Petri et al., 2020;
MacArthur et al., 2021; Sanaei et al., 2024; Pöhlmann
et al., 2024]. Although the evidence regarding age-
related sensitivity remains inconclusive, a growing con-
sensus exists on the necessity of implementing personal-
ized adaptationmechanisms. Thesemechanisms should
account not only for demographic attributes (e.g., age,
sex, and prior VR experience) but also for physiological
signals (e.g., heart rate, neural activity) and the cogni-
tive demands imposed by VR interactions.

There are also other crucial directions to consider. We en-
vision a time when responsive and intelligent systems will in-
corporate foveated rendering. Real-time physiological feed-
back, predictive gaze modeling, and visual adaptation will
work together to create highly customized virtual reality ex-
periences that maximize comfort and immersion based on



Harnessing Foveated Rendering and AI to Tackle VR Cybersickness: A Feature-Centric Perspective Porcino et. al., 2025

the individual characteristics of each user. Nevertheless, ex-
isting strategies are still dispersed, with several projects con-
centrating solely on particular facets. Because of this, our
goal for a future project is to create a complete, cross-modal
system that can dynamically adjust in response to real-time
physiological and visual data.

7 Conclusion
This study examines the convergence of foveated rendering
techniques, artificial intelligence models, and reducing cy-
bersickness (CS) in virtual reality environments. While the
primary focus is on software-driven approaches and experi-
mental frameworks related to foveated rendering and CSmit-
igation, it also highlights the increasing need for personal-
ization in immersive settings. In particular, adapting render-
ing methods to accommodate individual user characteristics,
such as eye movements, physiological reactions, and cogni-
tive load, which emerges as a crucial approach for lessening
sensory mismatches that frequently lead to CS in VR. How-
ever, current research remains fragmented, with many strate-
gies addressing only certain aspects of the problem. Future
efforts should prioritize real-time, multimodal, and explain-
able AI technologies that boost system efficiency while en-
suring user comfort, safety, and inclusivity. We contend that
this research helps establish a foundation for scientists striv-
ing to develop multimodal and adaptive systems to enhance
CS reduction in virtual reality.
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