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Abstract

Foveated rendering is a key technique for reducing compu-
tational load in immersive display systems by lowering rendered
image quality in the peripheral visual field while preserving high
fidelity in the fovea. While the impact of foveation on perceived
spatial detail is well understood, its influence on other visual qual-
ities, such as depth from motion parallax, remains unclear. In this
work, we investigate how foveated rendering affects motion-based
depth perception across the visual field. Building on previous work
on binocular disparity, we use a comparable experimental setup to
isolate motion parallax as the sole depth cue and measure depth
discrimination thresholds under varying levels of foveation, mod-
eled as varying intensities of spatial blur, and eccentricity. Our
results show that depth from motion is immediately impaired by
visible foveation, with stronger impairments at higher levels of
blur. These findings suggest that motion-based depth cues may
be more sensitive to foveated rendering than disparity cues, which
were previously found to be largely unaffected.

Introduction

Rendering perceptually convincing images is computation-
ally expensive, particularly when rendering for immersive displays
such as virtual reality (VR) and augmented reality (AR) headsets,
where high-quality images must be generated in real time for a
pleasant experience. The need to maintain high frame rates, com-
bined with limited hardware resources of VR/AR devices, signifi-
cantly restricts the available computational budget. To meet these
performance requirements, the rendering process must be simpli-
fied in a way that is imperceptible to the viewer. This can be
achieved by exploiting the compressive characteristics of the hu-
man visual system (HVS), whose sensitivity is highly non-uniform
across the visual field. In particular, visual acuity decreases rapidly
with increasing eccentricity from the fovea. A widely used tech-
nique that leverages this property is foveated rendering [6, 17],
where image resolution is reduced with increasing distance from
the point of gaze, allowing computational resources to be concen-
trated in the foveal region. By adjusting the rate at which reso-
lution decreases across eccentricity, it is possible to achieve a per-
ceptually identical image at significantly lower computational cost.
This makes foveated rendering a key enabling technology for real-
time, high-quality immersive systems.

While the perceptual consequences of reduced peripheral res-
olution are relatively well understood with respect to spatial detail,
its influence on other visual qualities is less clear. Recent work
suggests that foveated rendering can affect perceptual processes
beyond spatial acuity, including the perception of ego motion [23]
and scene layout [17]. Previous work on depth perception, how-
ever, found that stereoacuity, i.e., the precision of depth perception
from binocular disparity, remains largely robust under foveated
rendering [9]. This raises the question of whether other depth cues

exhibit similar resilience, particularly with respect to the observed
sensitivity of motion perception to peripheral blur [23], which sug-
gests that motion-dependent depth cues may be more strongly af-
fected. In this context, the motion-dependent depth cue is motion
parallax, which arises from relative image motion during observer
movement.

In this work, we investigate the impact of foveated rendering
on depth perception from motion parallax. To this end, we extend
the experimental paradigm introduced in [9] by adapting the stim-
ulus to isolate motion-parallax-based depth perception. We con-
duct a psychophysical user study and fit a perceptual model to the
collected data in order to describe how depth sensitivity changes
across eccentricity under various conditions of foveation intensity.
‘We model the reduced resolution from foveation by applying spa-
tial Gaussian blur to our images [1]. Because the stimulus is a di-
rect adaptation of the one used by Kergaliner et al. [9], the resulting
perceptual model is numerically comparable to the previously ob-
tained model for stereoacuity. This allows us to directly contrast
the qualitative and quantitative effects of foveated rendering on
two fundamental relative depth cues, and to assess how peripheral
resolution loss influences depth perception in dynamic immersive
scenes.

Background

Human vision is highly non-uniform, with sharp detail at the
center and coarser perception in the periphery. This characteristic
has implications for how we experience immersive displays.

Foveated Rendering Rendering high-quality images for immer-
sive displays such as VR and AR headsets is computationally ex-
pensive, particularly when targeting high frame rates. Foveated
rendering provides a practical solution by leveraging the non-
uniform sensitivity to spatial detail of the HVS. Visual acuity is
highest in the fovea and declines toward the periphery due to the
lower density of cone photoreceptors and retinal ganglion cells
[2, 20]. This allows the visual system to tolerate substantial loss
of detail in peripheral regions without affecting perceived image
quality. This loss of detail can manifest in various forms [15], such
as reduced spatial [17] and temporal resolution [5], decreased geo-
metric complexity [13, 21], and chromatic degradation [4, 12]. In
this work, we focus in particular on reduced spatial resolution in
the periphery, which has received considerable attention in previ-
ous work. Early approaches to foveated rendering focused primar-
ily on reducing spatial resolution in peripheral regions based solely
on eccentricity [6, 17]. Post-processing methods such as contrast
enhancement or frequency reintroduction allow more aggressive
foveation [8, 17, 24, 27]. Other approaches leverage content-aware
masking to further decrease resolution in areas where it is un-
likely to be noticed [26], or exploit higher-level attentional or task-



based models to foveate based on the degree of viewer distraction
[10]. These strategies collectively enable modern foveated render-
ing systems that maintain perceptually convincing images while
reducing computational cost. While most foveation methods are
designed and evaluated to preserve spatial image quality, the im-
pact on other perceptual aspects beyond spatial resolution remains
underexplored. Indeed, recent work shows that the perception of
motion speed [23] and global layout [17] are affected by moderate
foveation. These findings suggest that perceptual equivalence can-
not be assessed based on spatial resolution alone, and that other
cues may be degraded even when image quality appears largely
unchanged.

Depth Perception One of such possibly impaired cues is depth
perception. Immersive displays make it feasible to present rich
depth cues, supporting realistic perception of 3D structure. While
many depth cues convey relative or absolute distance informa-
tion solely through pictorial cues [3, 22], interactive scenarios
particularly rely on dynamic cues that respond to observer mo-
tion. Two of the most relevant cues in VR are stereoscopic
disparity, inherent to VR headset design, and motion paral-
lax, which arises from relative image motion as the observer
moves. Both provide relative information about depth differences
[19]. Previous work investigated how peripheral blur influences
depth perception from binocular disparity, showing that stereopsis
remains remarkably robust
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disparity and motion are
comparable by treating the endpoints of a monoscopic observer’s
lateral movement as equivalent to the positions of the eyes in a
stereoscopic system [7, 19]. Formally, the perceived disparity d is
defined as the difference in vergence angles between two points A
and B:

d=D(A) D(B); (1)

where D denotes the vergence angle, which is the angle between
the two visual axes and the observed point (& and b in Figure 1).
This equivalence allows us to express motion-parallax thresholds
in units of “disparity” and directly compare them to the stereoacu-
ity measurements reported by Kergaliner et al. [9].

Method

We aim to examine the influence of spatial blur on the per-
ceived depth from motion parallax across a range of eccentricities.
We design our study to extend the perceptual model proposed by
KergaBiner et al. [9], who examined the impact of foveation on

stereoacuity. In that interest, our goal is to stay as close as possible
to the original experimental paradigm, to achieve numerical com-
parability between the two models. Throughout this manuscript,
we also follow the naming conventions of [9] for consistency.

Stimulus Design Participants are presented with a textured ring
featuring sinusoidal depth corrugations (Figure 2). The ring
spans the field of view
evenly across one of the
three examined eccentric-
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Figure 2.
geometry, displaying its depth corruga-
tions and an exemplary luminance pat-
tern for 20 eccentricity.

are achieved by applying a
Gaussian blur with varying
standard deviation S to a
full-resolution image. This
emulates foveation from reduced resolution [1]. The luminance
pattern and depth modulation are both designed to be optimally
visible for a human observer. This is achieved by tuning both
patterns to a spatial frequency where the contrast sensitivity
function (CSF) and disparity sensitivity function (DSF) exhibit
peak sensitivity. This procedure yields a luminance frequency
of 4.1 cycles per degree (cpd) at 0 , 1.8 cpd at 10 , and 1.3
cpd at 20 eccentricity. The depth pattern consists of vertical
corrugations with a spatial frequency of 0.3 cpd at O . For 10 and
20 eccentricity, the stimulus contains 8 and 9 full depth cycles,
respectively.

Stimulus Presentation Participants observe a monoscopic rep-
resentation of the ring. We realize this by rendering an orthograph-
ically tilted view of the stimulus and displaying the resulting 2D
image to the observer. The observer’s movement is directly linked
to the perspective from which the stimulus is rendered. Thus,
by moving their head, participants perceive different monoscopic
views of the stimulus that are consistent with their position in space
(Figure 3 and 4). This results in a depth
impression solely induced by motion par-
allax. All other depth cues are suppressed. 5m
Participant movement was restricted to a
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ment range of approximately 40 cm (Fig-
ure 3). This constraint ensures a well-
defined range of motion, which is neces-
sary to calculate the perceived depth in
units of disparity (Equation 1). Lastly, to
give further perspective cues, a matte ellipsoid and a thin rod
aligned with the plane normal were placed at the center of the stim-
ulus (Figure 4). These elements provide shading cues that help ob-
servers maintain orientation during movement. During testing, we
found that correct processing of motion parallax critically depends
on participants physically moving their head. In conditions where
participants instead manipulated a digital object with their hand to

Figure 3. Schematic
of the restriction of ob-
server movement.



Figure 4.

Participant movement leads to a perspectively different render-
ing of the stimulus. The depth modulation is strongly amplified for illustrating
purpose. The distortion of the texture was not the primary depth cue.

induce relative motion, depth perception became ambiguous with
regard to depth polarity, meaning that the perception of peaks and
troughs randomly flipped during observation [16].

User Study Setup and Participants For each condition (combi-
nation of eccentricity  and blur intensity S), we estimate the min-
imum depth amplitude that participants can reliably resolve using a
2AFC threshold estimation procedure. The resulting thresholds T
serve as a direct measure of depth sensitivity, where lower thresh-
olds indicate more precise depth perception from motion parallax.
We examined 9 participants with an average age of 29 6 years.
All had normal or corrected to normal vision, previous experience
with perceptual experiments, were compensated for their time, and
signed previous consent. The study was approved by the institu-
tional ethics committee. The total duration of the experiment was
180 minutes, split into multiple individual sessions over multiple
days.

Procedure and Task Each participant observed each condition
once in randomized order, resulting in 19 2AFC estimation proce-
dures per participant. Per condition, participants were prompted
to move in front of the display to induce motion parallax. They
were instructed to use the full allowed range of motion to perceive
the correct amount of motion parallax. Participants were asked
whether the marked regions corresponded to depth peaks (hills) or
troughs (valleys). Based on the participant’s response, the exhib-
ited depth for the next stimulus display was determined following
the bestPEST procedure [11, 18]. In total, participants judged 30
stimuli per condition, resulting in a set of 30 binary responses (cor-
rect/incorrect) over a range of tested blur intensities.

Results

To generalize our findings, we fit a model to our measured
data. With our data preprocessing, model design and fitting, we
aim to stay closely to the procedure described by Kergaliner et al.
[9] (Section 4.1 and 4.2) to maintain comparability.

Data Preprocessing Per participant and condition, we retrieve a
set of 30 binary responses from which we aim to retrieve a re-
liable 75% threshold as the perceptibility threshold. Following
KergaBner et al. [9], we bootstrap the data 1000 times by fit-
ting a Weibull function, to retrieve the mean 75% threshold point
T,(q;S), as well as its standard deviation Ts. We interpret the ra-
tio between the estimated mean threshold 7" and its standard devi-
ation Ts as a measure of precision, i.e., the reliability of the 2AFC
procedure. Therefore, we retrieve a relative uncertainty u = TTS per

estimated threshold, describing this reliability property. We con-
vert the uncertainty u to a weight w = %;w 10 to determine each
threshold’s influence on the final fit. Ultimately, w is large if Ts is
small, giving more weight to reliable, meaning less noisy, thresh-
old estimations. Figure 5 displays the measured thresholds 7', as
well their weight w displayed in area. The diamonds indicate the
weighted mean per blur intensity, retrieved from 7" and w.

Model Design and Fit We fit a function with four free parame-
ters to our estimated means. The fitted function is a modified soft-
plus function, where the parameters control displacement in 2D
space (dy; dy), steepness (s), and softness of the knee (k, k. 3):

M =s(q) log |1+ KIS dx(Q)]] +dy(q): ?)

We determine all four parameters for each of the three eccentrici-
ties. The resulting fits are displayed in Figure 5. We complete the
model by interpolating the parameters across eccentricities:
de(q) =2:517 (q + 1)
dy(q) = 0:08571 €*17439 +0:9465
s(q) =6:502 10 ®g?  2:367 10 %q +0:07908
k(@) =3

3

The interpolated parameters are shown in Figure 7. Our final
model is described by substituting Equations 3 into Equation 2.
A 3D representation of the surface is displayed in Figure 6.

Binocular Disparity vs. Motion Parallax

The direct comparability of the experimental paradigms en-
ables a systematic analysis of how spatial blur affects depth per-
ception from binocular disparity and motion parallax.

Quantitative Comparison Overall, depth from motion parallax
requires substantially larger depth amplitudes to be resolved com-
pared to binocular disparity. While stereoacuity thresholds are in
the order of less than 1:5°, the corresponding thresholds for mo-
tion parallax are around 2'—6", indicating that motion parallax pro-
vides a less precise relative depth signal under the tested condi-
tions. These results suggest that binocular disparity provides more
precise depth information, while motion parallax requires larger
depth differences before being perceivable.

Robustness of Binocular Disparity Previous work has demon-
strated a remarkable resilience of stereoacuity to blur, and there-
fore foveation [9]. As shown in Figure 6 (bottom), stereoacu-
ity thresholds remain largely unaffected even at high blur levels.
Notably, depth perception from binocular disparity remains stable
well beyond the visibility threshold predicted by the CSF. In fact,
blur can be increased to approximately 3  the level at which it
becomes perceptible before stereoacuity begins to degrade. This
corresponds to a clearly visible reduction in spatial image quality,
yet participants are still able to reliably resolve depth from dispar-
ity. This high tolerance is illustrated by the red line in Figure 6,
which denotes the maximum blur intensity that does not signifi-
cantly impair performance at each eccentricity. The curve extends
to substantially higher blur levels than the CSF limit, particularly
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Figure 5. Measured thresholds for the three examined eccentricities 0 , 10 , and 20 . The individual points display the bootstrapped mean thresholds per
participant and condition, with the area denoting the weight w. The diamonds display the weighted average per blur intensity, as well as the standard error. The

curves display the fitted functions as defined in Equation 2.
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Figure 6. Retrieved perceptual models of binocular disparity (top, [9]) and
motion parallax (bottom). The red lines denote the maximum blur intensity per
eccentricity, which does not harm depth perception from the particular cue.
The solid white lines display the maximum blur per eccentricity, which is im-
perceivable as described by stelaCSF [14]. The dashed lines depict foveation
strengths of common foveation techniques per eccentricity. Along the upper
boundary of the surface, from left to right, the lines correspond to Thibos et
al. (detectability limit) [25], Tursun et al. [26], Thibos et al. (resolvability limit)
[25], Patney et al. [17]. The further the red line is from the white lines, the
more robust the respective depth cue is to spatial blur.
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Figure 7. Interpolation of the three function parameters of Equation 3 across

eccentricities q 2 [0;20]. k(q) is a constant with k(q) = 3.

blur intensity o

stelaCSF

Patney et al.
Tursun et al.
motion parallax
binocular disparity
Patney et al.
Thibos et al. [det.]
Tursun et al.
stelaCSF

motion parallax
binocular disparity
Patney et al.
Thibos et al. [det.]
Tursun et al.
stelaCSF

motion parallax
binocular disparity

Thibos et al. [det.]

Thibos et al. |
Thibos et al. [res.]

Thibos et al. [res.]

Figure 8. Overview of blur intensities marked at the three eccentricities in
Figure 6. The light blue bars depict foveation strengths of common foveation
techniques per eccentricity [17, 25, 26]. The dark blue bars highlight the sen-
sitivity cutoff as described by stelaCSF [14]. The red bars depict our estimated
cutoff intensities for motion parallax, as well as the ones for binocular dispar-
ity [9]. Particularly at 10 and 20 eccentricity, motion-parallax thresholds are
close to the CSF-defined visibility limits, whereas stereoacuity thresholds re-
main well above, highlighting the greater sensitivity of motion-parallax depth
perception to peripheral blur.

in the periphery, highlighting the robustness of disparity-based
depth perception under strong foveation. In addition, KergaBner et
al. [9] observed that stereoacuity thresholds can initially decrease
at low levels of blur before increasing at higher blur intensities.
This behavior suggests that small amounts of blur may improve
depth perception from binocular disparity. One possible explana-
tion is that mild blur attenuates high-frequency components that
can give rise to spatial aliasing, even beyond the aliasing limits
described by Thibos et al. [25]. Such aliasing artifacts may par-
ticularly impair the stereo matching process, and their reduction
could therefore facilitate more reliable disparity estimation. Al-
though this effect is subtle, it highlights the complex interaction
between spatial resolution and disparity processing.

Sensitivity of Motion Parallax In contrast, the thresholds mea-
sured for motion parallax do not exhibit such behavior: they show



