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Figure 1: Amazon Bistro under uniform and foveated chroma attenuation (our) with degradation weights (0.70,0.35). Insets
show the fovea (•), near periphery (•), and far periphery (•) from the gaze point, at the center marked with an eye.

Abstract
We present a perceptually calibrated foveated chroma attenuation
method for gaze-contingent VR rendering. Operating in the 𝑌𝐶𝑏𝐶𝑟

color space, the method preserves luma while progressively at-
tenuating peripheral chroma with increasing eccentricity using
perceptually motivated models for the blue-difference and red-
difference channels. Through a series of calibration studies, we
identify degradation weights associated with low perceptual de-
tectability of foveated chroma under the tested conditions. In the
main perceptual study, participants correctly identified the foveated
chroma in only 17.7% of all trials. Among these correctly identi-
fied trials, it was judged to be no more distracting than uniform
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color rendering in 62.7% of cases. Exploratory system-level measure-
ments showed marginal display-power reductions, averaging 0.19%
for static scenes and 0.53% for dynamic scenes. Moreover, video
compression experiments yielded an average compression gain of
3.18%, although the magnitude varied substantially across scenes.
These results demonstrate that peripheral chroma attenuation was
difficult to localize under the employed sequential protocol in gaze-
contingent VR, while providing modest and content-dependent
secondary benefits for display power and video compression.
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1 Introduction
Human color vision responds to a narrow portion (< 1%) of the
electromagnetic spectrum corresponding approximately to wave-
lengths between 380 and 780 nm [12]. Visual perception begins
when light reflected from a scene passes by the eye optics, reaches
the retina, is absorbed by the photoreceptors, is transmitted through
the optic nerve, and is ultimately processed in the primary vi-
sual cortex [23, 52]. Accurate color reproduction plays an impor-
tant role in near-eye displays (NEDs) used in VR, AR, and MR
systems [19, 42]. However, color perception retinal eccentricity-
dependent, varies across observers, and can be influenced by display
characteristics, such as brightness and contrast. Therefore, a generic
quantitative description of color perception is challenging. Accord-
ingly, the mechanisms underlying color perception and detection
remain complex and are not yet fully understood [4, 13, 14].

Foveated rendering is an optimization strategy that offers a com-
pelling solution by exploiting the non-uniform sensitivity of human
vision [20, 29, 39, 40, 51, 56]. This enables the dynamic allocation
of rendering resources to the fovea while gradually reducing fi-
delity toward the periphery. Nevertheless, prior foveated rendering
studies have primarily focused on spatial [20, 26, 28, 39–41, 55, 59]
and temporal [29, 51, 56] degradation whereas the chroma attenua-
tion has received comparatively less attention. One possible reason
could be, chroma attenuation alone provides relatively small compu-
tational gain compared with spatial or temporal foveation. Nonethe-
less, color suppression has been well studied in optics [11], vision
science [58], and psychology [12]. Neurophysiological evidence sug-
gests that color perception deteriorates with increasing eccentricity.
This is partly because the lower density of cones in the peripheral
retina makes color perception less precise than in the fovea [37, 57].
These characteristics suggest that uniform color fidelity across the
NEDs can be replaced by progressive, eccentricity-dependent color
reduction (Figure 1). Such attenuation can provide several additional
benefits; for example, shading simplification [13, 16], reduce power
consumption [8, 9, 17], and improve compression efficiency [31].
Recent advances in wide-field VR displays with integrated eye
tracking make gaze-contingent chroma attenuation increasingly
practical. Moreover, compared with uniform color, foveated chroma
attenuation more closely reflects the non-uniform nature of human
vision and provides a suitable framework for studying peripheral
color perception under immersive viewing conditions.

Themain contribution of this study is an investigation of foveated
chroma attenuation in a real-time, gaze-contingent VR rendering
system. We propose respective chroma attenuation models for the
blue-difference (𝐶𝑏 ) and red-difference (𝐶𝑟 ) channels in𝑌𝐶𝑏𝐶𝑟 color
space and estimate the corresponding degradation weights through
calibration studies (Section 5). On this basis, we evaluate the fol-
lowing research hypotheses in Section 6:

H1. Foveated color rendering is difficult to distinguish from
uniform color rendering under the employed sequential viewing
protocol.

H2. Foveated color rendering does not increase perceived dis-
traction compared with uniform color rendering.

We further examine the effects of foveated chroma attenuation
on display-power consumption (Section 6.2) and video compres-
sion (Section 6.3). The primary objective of this work is to address

a gap in foveated color rendering by investigating the relation-
ships among the perceptual detectability of chroma attenuation,
display-power consumption, and compression efficiency in a real-
time stereoscopic VR rendering environment.

2 Related Work
Prior studies of peripheral chroma attenuation have followed pri-
marily three directions: task-dependent color reduction, color-zone
mapping, and just-noticeable difference (JND)-based degradation.
In task-dependent studies, Watson et al. [50] reported that substan-
tial reductions in spatiochromatic complexity can remain imper-
ceptible in visual search tasks, while Geisler and Perry [18] showed
that chromatic spatial resolution is approximately half that of lu-
minance resolution. Mauderer et al. [32] used CIELab and Δ𝐸00
to study peripheral color perception through color matching and
sorting tasks. Nonetheless, the experiments relied on simplified
stimuli and fixed CRT-based setups.

Color zone mapping is one of the earliest and most widely
adopted approaches to peripheral color reduction. Sakurai et al. [44]
introduced an early color zone map based on psychophysical mea-
surements over a large visual field; though the study was limited
to unique hues under photopic viewing conditions. Hamada and
Yujiti [21] later extended this line of work to different illumination
conditions, and Duchowski et al. [15] employed similar ideas in
gaze-contingent displays. Duchowski and Bate [13] further exam-
ined peripheral color degradation for spatiotemporal content and
reported that the spatial degradation can be tolerated farther into
the periphery than color. Their model subsequently became influen-
tial in foveated rendering research [1, 4, 5]. For example, Bektas et
al. [5] applied foveated color to hybrid Geographic Information Sys-
tem (GIS) rendering and reported substantial compression benefits,
while follow-up work recommended a medium-sized attenuation
mask for balancing performance and artifact visibility [4]. However,
most of these studies were conducted in non-NED settings or in
image-processing contexts.

A third line of work models peripheral color degradation using
JND thresholds. Zhang et al. [58] proposed a peripheral color tol-
erance model based on chromaticity discrimination thresholds in
CIELab, combined with eccentricity-dependent bit-depth reduction.
Recently, Duinkharjav et al. [17] demonstrated that perceptually
guided color modulation can substantially reduce VR power con-
sumption while preserving visual fidelity and Chen et al. [10] com-
pared several peripheral color deterioration functions and provided
empirical guidance for selecting attenuation strategies. Notably,
the display-power model proposed by Duinkharjav et al. [17] in-
tentionally shifts peripheral blue hues toward a greenish tint, with
power reduction as its primary objective. In contrast, our study fo-
cuses on developing and perceptually calibrating a gaze-contingent
chroma attenuation model over an appropriate parameter range
that maintains low perceptual detectability across the tested scenes
and viewing conditions. Moreover, image-space evaluations are
useful for characterizing the appearance of precomputed stimuli,
but they do not capture temporal and implementation-dependent
factors of an operational foveated renderer, such as gaze-tracking
error and latency, frame-to-frame changes in attenuation, display-
specific characteristics, or interactions with scene content. Mohanto
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et al. [34] studied real-time foveated color rendering in HSV color
space, applying degradation only to saturation via a piecewise linear
fall-off. Ourwork, therefore, complements prior psychophysical and
image-based investigations by evaluating perceptually calibrated
chroma attenuation in a real-time, eye-tracked VR rendering under
natural viewing conditions. In contrast to Mohanto et al. [34], our
approach operates in the 𝑌𝐶𝑏𝐶𝑟 color space and applies continuous
chroma attenuation with eccentricity rather than using discrete at-
tenuation regions. Foveated color rendering may also be applicable
to data compression and cloud rendering, although explicit color
treatment remains uncommon because most existing approaches
(e.g., [2, 24, 27, 54]) emphasize spatial degradation and/or encoder
quantization control.

3 Human Visual System
Color perception varies across retinal eccentricity [52]. This non-
uniformity is mainly governed by three factors: photoreceptor ab-
sorption, retinal signal transmission, and cortical processing. The
first factor is light absorption by photoreceptors. Under photopic vi-
sion, color perception is mediated by three classes of cones, namely
S, M, and L cones, with peak sensitivities near 440, 540, and 570 nm,
respectively [18, 33]. Cone density is highest in the fovea and de-
clines with eccentricity, with the steepest decrease occurring near
the center of the visual field [43]. Nevertheless, this decline is not
uniform across cone classes, because the fovea is dominated by
densely packed L and M cones, whereas S cones are sparse and
largely absent from the central fovea [7]. Outside the fovea, the
relative proportion of S cones increases, while the densities of L
and M cone decrease [3, 22, 36]. The second factor is retinal signal
transmission. The cone generated signals are processed by net-
works of bipolar, horizontal, and amacrine cells before being trans-
mitted by retinal ganglion cells (RGCs) through the optic nerve.
RGC density is also strongly eccentricity-dependent, peaking in
the central retina and decreasing substantially toward the periph-
ery [48, 49]. As a result, central vision receives far denser neural
sampling than peripheral vision. The third factor is cortical pro-
cessing. Visual information is processed across multiple cortical
areas, with distinct emphases on foveal and peripheral input [46].
Foveal input receives a disproportionately large cortical representa-
tion, whereas sensitivity to spatial and chromatic detail is lower in
peripheral input [25, 35, 53]. Consequently, peripheral color percep-
tion increasingly diverges from fovea with increasing eccentricity.
Red–green sensitivity falling faster than blue–yellow or luminance
sensitivity [3, 22]. This asymmetry is highly relevant for chroma
attenuation, since different chroma components may permit differ-
ent degrees of peripheral attenuation. However, the exact limits of
peripheral color perception remain debated, especially under natu-
ralistic and immersive viewing conditions [12]. These observations
motivate our methodology (Section 4) in which we employ separate
chroma-attenuation models for the 𝐶𝑏 and 𝐶𝑟 channels.

4 Methodology
We introduce a perceptually-motivated and psychophysically cali-
brated foveated chroma attenuation method for gaze-contingent
VR rendering. The method involves the following primary steps:
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Figure 2: Foveated chroma attenuation models (Equa-
tion 1, Equation 2) with derived degradation weights 𝑍𝑐𝑏 ∈
[0.70, 0.85] and 𝑍𝑐𝑟 ∈ [0.35, 0.55] from Section 5.3.

4.1 Eccentricity Mapping
We used a vertical field of view (𝑣𝐹𝑜𝑉 )-anchored pinhole projection
tomap a target eccentricity 𝐸𝑑𝑒𝑔 (in ◦) from the gaze point to a radius
in a fullscreen shader (𝑢𝑣 space). Since Unity evaluates trigonomet-
ric functions in radians (𝐸), additional degrees to radians conversion
is necessary. The mapping is, 𝑅(𝐸) = 0.5(tan(𝐸)/(tan(𝑣𝐹𝑜𝑉 /2)));
here, 𝑅(𝐸) denotes the radius in normalized shader coordinates
under 𝑣𝐹𝑜𝑉 normalization. The aspect-corrected radial distance
has been computed as, 𝑟𝑢𝑣 =

√︁
(𝛼Δ𝑢)2 + (Δ𝑣)2, where, 𝛼 =𝑊 /𝐻 ,

is the framebuffer aspect ratio. This scales the 𝑢-axis so that ra-
dial distance remains isotropic in screen space. For the HTC Vive
Pro Eye, the per-eye framebuffer resolution is 1440×1600, resulting
in 𝛼 = 0.9. The eccentricity is then normalized to 𝐸 ∈ [0, 1] as
𝐸 = clamp(𝑟𝑢𝑣/𝑅(𝐸𝑚𝑎𝑥 ), 0.0, 1.0); where, 𝐸𝑚𝑎𝑥 defines the outer
eccentricity limit of display, for HTC Vive Pro Eye that is 55◦.

4.2 Foveated Chroma Attenuation
We use the𝑌𝐶𝑏𝐶𝑟 color space rather than a physiological opponent-
color space such as DKL. 𝑌𝐶𝑏𝐶𝑟 separates the luma component (𝑌 )
from the blue-difference (𝐶𝑏 ) and red-difference (𝐶𝑟 ) chroma com-
ponents. This representation allows the chroma components to
be attenuated independently while leaving the luma component
unchanged. The channel-specific attenuation functions are there-
fore treated as empirically calibrated rendering functions rather
than physiological models of opponent-color sensitivity. Prior vi-
sion research reports that chromatic sensitivity decreases with
eccentricity and that different chromatic mechanisms exhibit dif-
ferent eccentricity-dependent sensitivity profiles [3, 6, 22, 45]. This
evidence motivates the use of separate chroma attenuation mod-
els for the two chroma components. The 𝐶𝑏 exhibits a relatively
gradual and smooth sensitivity decline with eccentricity, consis-
tent with the broader spatial distribution of S-cone-driven mech-
anisms [3, 6, 22, 45]. The Tukey biweight function (Equation 1)
naturally captures this behavior. It produces a smooth, symmetric
roll-off that approaches zero only gradually toward the periphery,
thereby preserving a larger fraction of chroma energy in 𝐶𝑏 at
mid-eccentricities.
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𝑓𝐶𝑏
(𝐸;𝑍𝑐𝑏 ) =

(︂
1 − 𝐸2

)︂𝑍𝑐𝑏
, 0 ≤ 𝐸 ≤ 1. (1)

This function provides a smooth polynomial attenuation profile
whose curvature is controlled by degradation weight, 𝑍𝑐𝑏 . In con-
trast,𝐶𝑟 sensitivity declines more steeply and becomes behaviorally
negligible around 25–30◦ [3, 22]. The raised cosine function (Equa-
tion 2) reflects this by providing a more aggressive, cosine-shaped
attenuation that reaches near-zero more rapidly with eccentricity
controlled by the degradation weight, 𝑍𝑐𝑟 .

𝑓𝐶𝑟 (𝐸;𝑍𝑐𝑟 ) =
1
2

[︂
1 + cos

(︂
𝜋𝐸𝑍𝑐𝑟

)︂]︂
, 0 ≤ 𝐸 ≤ 1. (2)

The calibration studies described in Section 5 estimate perceptu-
ally suitable operating ranges for these models. While these func-
tional forms proved suitable for the present study, comparisons with
alternative attenuation functions could provide further insight into
their relative characteristics. The degradation weights 𝑍𝑐𝑏 and 𝑍𝑐𝑟

control the shapes of their respective attenuation functions. Larger
𝑍𝑐𝑏 values produce stronger 𝐶𝑏 attenuation, whereas smaller 𝑍𝑐𝑟

values produce stronger 𝐶𝑟 attenuation (Figure 2). Because the two
degradation weights belong to different functional forms and have
opposite relationships with attenuation strength, their numerical
values are not directly comparable. They are therefore interpreted as
function-specific operating degradation weights. Both 𝑍𝑐𝑏 , 𝑍𝑐𝑟 are
constrained to [0.001, 1.0]. The lower bound avoids zero-exponent
ambiguities at the endpoints of the normalized eccentricity domain.
Finally, the modified 𝑌𝐶𝑏𝐶𝑟 color space is subsequently converted
back to the 𝑅𝐺𝐵 color space for display. Both attenuation functions
are continuous over the normalized eccentricity domain and com-
putationally inexpensive to evaluate in a fullscreen fragment shader,
making them suitable for real-time gaze-contingent rendering.

5 Calibration Study Design
We conducted two within-subject calibration studies (CSs) to deter-
mine the degradation weights for the Equation 1 and Equation 2.
CS1 and CS2 were conducted in counterbalanced order, with a
break in-between. Experimental conditions, e.g., lighting condition,
sitting arrangement, display hardware, task instruction were kept
constant throughout the studies. The participant numbers were
limited during the CSs, which is not uncommon in foveated render-
ing research [29, 40]. After providing written consent, participants
completed headset fitting, IPD adjustment, and eye calibration. We
did not employ active task like searching or tracking during CSs and
encouraged participants to explore the scenes naturally. After the
CSs, participants rated the study design over, R1: Visual Comfort,
R2: User Experience, and R3: Experiment Difficulty on a 10-point
ordinal scale.

Software and Apparatus
All CSs including main study (Section 6) were conducted in Unity
6000.0.53f1 using anHTCVIVE Pro Eye headset. It integrates a Tobii
eye tracker (120Hz sampling rate and 0.50–1.1◦ spatial accuracy
within an ∼ 20◦ FoV), accessed through SRanipal Runtime v1.3.6.12
and Unity Plugin v1.3.6.8. The system was equipped with an Intel
Core i9-12900KS CPU, 128 GB DDR5 RAM, and an NVIDIA GeForce
RTX 3090 GPU with 24 GB VRAM.

Ethics
Participation in the study was voluntary, and all data were collected
in anonymized form. Potential risks, including cybersickness, as
well as the study procedures and tasks, were explained to each
participant individually, both verbally and in the written consent
documentation. Prior to taking part in the user study, all participants
provided written informed consent. Given the short duration of
the sessions and the nature of the tasks, the study was assessed as
involving only minimal risk to participants. For these reasons, and
in accordance with the legal framework of the institution, no ethical
review board was involved in the review of the study. Participants
were informed that they could withdraw from the study at any time
without consequences. No conflicts of interest were declared.

5.1 First Calibration Study (CS1)
The primary goal of CS1was to estimate perceptual operating points
for the chroma degradation weights through participant-controlled
adjustments. We therefore employed a Bidirectional Method of
Adjustment (BMoA), in which a perceptual criterion is approached
from two adjustment directions [30]. The descending series started
from the full color state, whereas the ascending series started from
themaximum attenuated state. This bidirectional procedure enabled
us to assess possible starting-point or directional effects.

5.1.1 Participants and Stimuli. A total nine participants (6𝑀, 3𝐹 ,
age range 23–47, mean 31.1, SD 7.8 years) took part. Five had prior
VR experience and four had none. All participants had normal or
corrected-to-normal visual acuity and self-reported normal color vi-
sion. To improve ecological validity, we evaluated six diverse scenes
(Figure 6) under plausible indoor, mixed, and outdoor lighting con-
ditions. Each scene was presented in both adjustment directions.
Scene order was randomized per participant, while the descending
series always preceded the ascending series for a given scene. A
neutral gray screen was displayed for one second between trials.

5.1.2 Task and Procedure. The task followed a single-interval ad-
justment procedure rather than requiring a binary detection judg-
ment or rating-scale response. Participants freely explored each
scene using eye and head movements and adjusted 𝑍𝑐𝑏 and 𝑍𝑐𝑟 in
steps of 0.05. In the descending series, they stopped when color
degradation first became noticeable; in the ascending series, they
stopped when further adjustment produced no perceptible color im-
provement. A button press confirmed one parameter pair (𝑍𝑐𝑏 , 𝑍𝑐𝑟 )
per trial. The nine participants completed 12 trials each, yielding
108 confirmed parameter pairs.

5.1.3 Results and Discussion. As summarized in Table 1, 𝑍𝑐𝑏 had a
mean of 0.589 and amedian of 0.700 (𝑆𝐷 = 0.397, IQR= [0.289, 1.000]),
whereas 𝑍𝑐𝑟 had a mean of 0.380 and a median of 0.351 (𝑆𝐷 = 0.344,
IQR = [0.001, 0.613]). The 95% confidence intervals, computed from
participant-wise mean settings (𝑁 = 9), were [0.492, 0.687] for 𝑍𝑐𝑏

and [0.293, 0.466] for 𝑍𝑐𝑟 . The broad SDs and IQRs reflect combined
variability across participants, scenes, and adjustment directions,
including responses at the parameter bounds. Because 𝑍𝑐𝑏 and 𝑍𝑐𝑟

parameterize different nonlinear attenuation functions with op-
posite degradation directions, their numerical magnitudes were
interpreted separately rather than compared directly. The com-
bined medians, 𝑍𝑐𝑏 = 0.700 and 𝑍𝑐𝑟 = 0.351, were retained as
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Table 1: Descriptive statistics of the CS1 degradation weights,
combined across 9 participants. Mean, median, SD, and IQR
describe the collective trial-level distributions; the 95% CIs
are computed from participant-wise mean settings.

Weight Mean Median SD IQR [𝑄1, 𝑄3] 95% CI (mean)

𝑍𝑐𝑏 0.589 0.700 0.397 [0.289, 1.000] [0.492, 0.687]
𝑍𝑐𝑟 0.380 0.351 0.344 [0.001, 0.613] [0.293, 0.466]
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Figure 3: CS1 attenuation functions reconstructed from par-
ticipant responses. The solid and dashed curves show the
participant-wise mean𝐶𝑏 and𝐶𝑟 attenuation profiles, respec-
tively; shaded regions denote the corresponding 95% confi-
dence intervals across nine participants.

channel-specific scene-agnostic calibration estimates. To illustrate
how variability in the estimated parameters influenced the attenu-
ation profiles, the participant-wise mean settings were evaluated
using the corresponding attenuation functions. Figure 3 presents
the resulting 𝐶𝑏 and 𝐶𝑟 profiles together with their point-wise
95% confidence intervals. Moreover, paired Wilcoxon signed-rank
tests on participant-wise mean settings found no significant dif-
ference between the ascending and descending series for either
channel (𝑍𝑐𝑏 :𝑊 = 17.0, 𝑝 ≈ 0.57; 𝑍𝑐𝑟 :𝑊 = 19.0, 𝑝 ≈ 0.73). Thus,
no detectable directional hysteresis was observed, supporting the
combination of both series.

5.2 Second Calibration Study (CS2)
The primary objective of CS2 was to evaluate the detectability of
predefined degradation settings under foveated chroma attenuation.
We employed Method of Constant Stimuli (MoCS), a non-adaptive
psychophysical procedure in which predefined stimulus levels are
repeatedly presented in randomized order and binary response
proportions are used to characterize detection performance [38].

Because testing the full range of degradation weights at arbi-
trary step sizes in a user study is experimentally infeasible, we
adopted a data-driven approach with BMoA procedure as described
in Section 5.1. First, two experimenters with normal vision and
color perception determined the relevant parameter ranges. For

Table 2: Summary statistics of the data-driven approach to
determine initial degradation weight ranges for CS2.

Weight Median 10% trimmed mean IQR [𝑄1, 𝑄3]
𝑍𝑐𝑏 0.43 0.49 [0.25, 0.75]
𝑍𝑐𝑟 0.35 0.38 [0.30, 0.50]

this, each experimenter completed three experimental repetitions
with randomized scene (Figure 6) order, resulting in 720 trials per
participant. Table 2 shows that the aggregated the degradation
weights cluster in the mid-range of the admissible interval, avoid-
ing both very strong and very weak chroma attenuation. For the
𝐶𝑏 , the responses are centered at 𝑍𝑐𝑏 = 0.43 (10% trimmed mean
0.49), with an interquartile range of [0.25, 0.75]. For the 𝐶𝑟 , the
corresponding values are 𝑍𝑐𝑟 = 0.35 (10% trimmed mean 0.38), with
a narrower interquartile range of [0.30, 0.50]. This pattern indi-
cates that the viewers tolerated a broader range of 𝐶𝑏 degradation,
whereas the acceptable 𝐶𝑟 settings were more concentrated.

5.2.1 Participants and Stimuli. A total nine participants (6𝑀, 3𝐹 ,
age range 23–47, mean 31.1, SD 7.8 years) participated; five had
prior, and the remaining four had no VR experience. All participants
had normal or corrected-to-normal visual acuity with self-reported
normal color perception. Each participant observed the same scenes
as in CS1 (Figure 6). However, the study followed the MoCS proce-
dure. For each scene, the full color (reference) was presented for
three seconds, followed by a foveated color (target) created with a
randomly assigned degradation-weight pairs from Table 2. More-
over, the scene order was randomized to mitigate order effects. Each
of the six scenes was repeated 11 times, once for each randomly
assigned degradation weight combination, resulting in 66 trials per
participant, combining 594 binary observations. Between reference
and target scene, we presented a neutral gray screen for one second.

5.2.2 Task and Procedure. The CS2 was a reference-anchored color
perception test where a full color rendered scene followed by a
foveated color scene was presented. After viewing each reference-
target sequence, participants answered the question, “Can you
perceive any color degradation in the pairwise sequence?”. A Yes
response indicated that degradation was detected, whereas a No
response indicated that it was not detected.

5.2.3 Results and Discussion. The overall empirical detection rates
(Figure 4) ranged from 0.204 at (𝑍𝑐𝑏 , 𝑍𝑐𝑟 ) = (0.85, 0.55) to 0.389 at
(0.40, 0.35), with an overall Yes rate of 0.291. We fitted a binomial
Generalized Estimating Equation (GEE) model, clustered by partici-
pant, with 𝑍𝑐𝑏 and 𝑍𝑐𝑟 as predictors. The coefficient estimates and
robust standard errors were 0.23±0.62 for the intercept, −0.74±0.71
for 𝑍𝑐𝑏 , and −1.60± 1.63 for 𝑍𝑐𝑟 . Neither slope differed significantly
from zero (𝑝 = 0.29 for 𝑍𝑐𝑏 and 𝑝 = 0.32 for 𝑍𝑐𝑟 ); consequently, the
data do not provide statistical evidence that either weight indepen-
dently affected detection probability within the tested domain. The
model predicted 𝑃 (Yes) values between approximately 0.217 and
0.375. Because neither the empirical observations nor the model
predictions approached 0.50, the sampled data-derived settings did
not bracket the perceptual transition. CS2 therefore did not esti-
mate a 50% detection threshold or cross-validate the CS1 adjustment
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Figure 4: Scene-agnostic degradation-detection probabilities
across the 11 tested degradation weight pairs. The back-
ground shows the participant-clustered GEE predictions over
the displayed parameter domain, and the numerical labels
show the empirical proportion of Yes responses at each tested
pair (54 observations per pair). The 𝑃 (Yes) = 0.25 contour is
shown as a descriptive low-detection reference; no tested or
predicted condition reached the conventional 𝑃 (Yes) = 0.50
detection criterion.

points. Instead, it shows that the tested settings were detected in
a minority of trials. The restricted detection range, joint variation
of the two degradation weights, and between-participant response
variability likely contributed to the wide coefficient uncertainties
and limited sensitivity of the model.

5.3 Overall Discussion from CS1 and CS2
The two calibration studies provided complementary evidence for
selecting degradation weights for the main study (Section 6). CS1
used participant-controlled bidirectional adjustments and identi-
fied clear scene-agnostic central tendencies (Table 1), with pooled
medians of 𝑍𝑐𝑏 = 0.70 and 𝑍𝑐𝑟 = 0.351. CS2 evaluated 11 fixed,
data-driven weight pairs using binary Yes–No degradation judg-
ment. Detection probabilities remained low across the sampled do-
main, ranging from approximately 0.20 to 0.39, and neither 𝑍𝑐𝑏 nor
𝑍𝑐𝑟 significantly predicted detection probability in the participant-
clustered GEE model (Figure 4). Therefore, CS2 did not identify
or bracket a 𝑃 (Yes) = 0.50 perceptual transition and should not
be interpreted as a cross-validation of the CS1 settings. Instead, it
showed that the tested data-derived combinations were detected in
a minority of trials. For the main study, we consequently selected
𝑍𝑐𝑏 ∈ [0.70, 0.85] and 𝑍𝑐𝑟 ∈ [0.35, 0.55] as a pragmatic working
range. The lower bounds were anchored near the CS1 median set-
tings, while the upper bounds remained within the CS2-tested
domain associated with generally low detection rates. This range
represents an experimentally motivated parameter corridor rather
than a statistically established JND interval.

Other than the degradation weights, across the CSs, participants
reported (Figure 5) good R1: Visual Comfort and clearly positive
R2: User Experience, with mean ratings around 7–8 on the 10-point
ordinal scale (corresponding to slightly good to fairly good). For
R3: Experiment Difficulty, responses were more heterogeneous. In

R1 Visual Comfort R2 User Experience R3 Experiment Difficulty
1

3

5

7

9

Ra
tin

g 
(1

-1
0)

Participants' MOS regarding CSs CS1 CS2

Figure 5: Distribution of questionnaire ratings for CS1 (•)
and CS2 (•). Box plots show the IQR, median, data range
excluding outliers, and mean rating for each questionnaire.

the CS1, ratings clustered around the middle of the scale, indicating
an average to slightly easy task; however, with some participants
experiencing it as hard and others as very easy. In the CS2, difficulty
ratings shifted toward the easy side of the scale, suggesting that
the CS2 was generally manageable to easy, while still showing
considerable inter-individual variability.

6 Main Study
We conducted a within-subject repeated-measures study to evaluate
the first two hypotheses introduced in Section 1.

Participants and Stimuli. An a priori G*Power analysis (𝛼 =

0.05, 1− 𝛽 = 0.80, medium effect size) indicated a minimum sample
size of 26, which we adopted. Participants were aged 21–51 years
(mean 31.9, SD 8.3), including 16 male (61.5%) and 10 female (38.5%).
Fifteen participants (57.7%) reported prior VR experience, while
11 (42.3%) did not. All had normal or corrected-to-normal vision
and self-reported normal color perception. The scenes are shown
in Figure 6. We assigned no active task and emphasized on natural
viewing. The scene order was randomized per participant. The
participants were unaware about the specific objective of the study
to reduce potential bias.

Task and Procedure. We employed a modified sequential tri-
angulation procedure in which two uniform-color references and
one foveated-color target were presented consecutively in random-
ized order. The three pairs of preselected degradation-weights were
min (0.70, 0.35), avg (0.775, 0.45), and max (0.85, 0.55), based on Sec-
tion 5.3; their assignment to the trials was randomized. Within each
scene, the foveated target position was counterbalanced to occur
once at each sequence position (A/B/C) across the three trials. Each
representation was presented for eight seconds, during which they
could freely move their gaze and head. Consecutive presentations
were separated by a two-second neutral-gray interval to reduce
immediate retinal afterimages.

After each sequence, participants answered RQ1, “Which repre-
sentation looked different?”, using the response optionsA/B/C/Equal.
The Equal option was included to avoid forcing an arbitrary posi-
tional response when participants perceived no reliable difference
among the three representations, which was directly relevant to
the indistinguishability hypothesis. Consequently, this task should
be considered a three-position localization task with an additional
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uncertainty response rather than a conventional forced-choice par-
adigm. Participants then answered RQ2, “Was the selected represen-
tation more or less distracting than the others?”, using the nominal
response options more/less/equal. RQ2 was included in the analysis
only when the foveated target had been correctly localized in RQ1.
The main-study trials required 13.74 ± 1.48 minutes on average,
while the complete session, including instructions, calibration, and
debriefing, required 33.81 ± 4.56 minutes.

6.1 Results and Discussion
Across all 468 trials (26 participants × 6 scenes × 3 foveated chroma-
attenuation settings), participants correctly localized the foveated
target in 83 trials (17.7%). The nominal probability of selecting the
correct target position from A/B/C is 33.3%; however, the additional
Equal response means that the task was not a conventional tri-
angulation procedure and that 33.3% does not constitute an exact
chance model for the observed response process. Participants could
select Equal rather than guess among A/B/C when they were un-
certain. We therefore interpret the 17.7% rate descriptively as low
target localization under the employed sequential protocol, rather
than as statisticallymeaningful below-chance performance. Correct-
localization rates were similarly low for the min (32/156, 20.5%), avg
(26/156, 16.7%), and max (25/156, 16.0%) settings, with no reliable
difference across settings (Friedman 𝜒2 (2) = 2.60, 𝑝 = 0.273). These
findings are consistent with H1, although they do not establish that
stimulus indistinguishability alone caused the low localization rate.
An exploratory scene-wise analysis showed rates between 12.8%
and 16.7% for most scenes, whereas Emerald Square produced the
highest localization rate (35.9%). Participant debriefings suggested
that this scene-specific result may have been influenced by the
nearby fence. Its high-frequency structure also produced a visi-
ble Moiré-like pattern, which may have increased discernibility
independently of chroma attenuation. Nevertheless, the overall
scene effect was not statistically significant (Friedman 𝜒2 (5) = 9.08,
𝑝 = 0.106). The sequential presentation protocol constitutes an
important limitation. Unlike simultaneous comparison, it required
participants to retain each representation in visual workingmemory
and may therefore have introduced temporal decay, adaptation, and
primacy or recency effects. Randomized sequence order, counter-
balanced target position, and neutral-gray intervals were intended
to reduce systematic order and afterimage effects, but they could
not eliminate the increased memory demand or measurement vari-
ability associated with sequential comparison. Consequently, the
observed low localization rate may reflect a combination of percep-
tual similarity between the rendering conditions and uncertainty
introduced by the presentation protocol. Additional future studies
using simultaneous comparison and a strict forced-choice proce-
dure without an Equal option would be required to completely
disentangle these uncertainties, but would be considerably more
demanding and laborious to conduct.

For H2, RQ2 was analyzed only for the 83 valid trials in which
participants had correctly localized the foveated target in RQ1. In
these trials, participants judged the selected representation as less
distracting in 47 trials (56.6%), equal in 5 trials (6.0%), and more
distracting in 31 trials (37.3%). Collapsing less and equal into a not-
more-distracting category yielded 52/83 valid judgments (62.7%),

Table 3: Summary of target localization (RQ1) and valid dis-
traction judgments (RQ2). RQ2 was analyzed only following
correct target localization. L/E/M denotes less/equal/more
distracting.

Condition Q1 Right/N (%) Valid Q2 L/E/M Not-more (%)

Overall 83/468 (17.7) 83 47/5/31 62.7
min 32/156 (20.5) 32 17/1/14 56.2
avg 26/156 (16.7) 26 14/2/10 61.5
max 25/156 (16.0) 25 16/2/7 72.0

Table 4: Summary of questionnaire responses (N = 26).

Question Median [Q1–Q3] Mode Range

R1: Visual Comfort (↑) 8.0 [6–8] 8 2–10
R2: User Experience (↑) 8.5 [8–9] 8 7–10
R3: Experiment Difficulty (↑) 7.5 [5–9] 10 1–10

compared with 31/83 (37.3%) more distracting judgments. This de-
scriptive pattern is consistent with H2: when the foveated render-
ing was noticed, it was more often judged as not more distracting
than as more distracting. However, because valid RQ2 responses
were conditional on correct target localization and were unevenly
distributed across repeated observations from participants, the re-
sult should be interpreted as qualified rather than confirmatory
evidence. The small number of explicit equal responses also indi-
cates that correctly detected differences were rarely experienced
as identical in perceived distraction. Participant debriefings fur-
ther suggested that the limited distraction was primarily associated
with high-frequency scene textures rather than peripheral chroma
attenuation. Overall, the evidence for H2 is therefore weaker than
the evidence supporting H1.

Beyond the hypotheses, the post-experiment subjective evalu-
ations (Table 4) were favorable. R1: Visual Comfort was likewise
rated positively, with a median of 8 and nearly three-quarters of re-
sponses falling within the 7–10 range. R2: User Experience emerged
as the strongest dimension, with all participants assigning ratings in
the upper portion of the scale and a median score of 8.5, correspond-
ing to assessments between fairly good and good. R3: Experiment
Difficulty was generally evaluated as being on the easier side of
the scale; however, it exhibited the greatest variability among the
three measures, indicating comparatively larger inter-participant
differences in perceived task demands.

6.2 Power Measurement
Due to the proprietary nature of the VR headset’s power manage-
ment, on device power measurement was impracticable. Hence,
we built a custom setup to measure the power consumption. The
setup has a Wisecoco 3.81′′ Micro OLED stereo display (1080×1200
resolution per-eye and 90 Hz refresh rate), driven by an H381DLN
01.2 MIPI controller and monitored with an Arduino UNO R3 and
INA219 current sensor (Figure 7). The characteristics were selected
to approximate the HTC Vive Pro Eye used in the preceding ex-
periment. Six scenes in Figure 6 were evaluated under static and
dynamic viewing conditions. The dynamic condition used identical
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Figure 6: The uniform and foveated (degradation weights (0.70, 0.35)) color rendering. The inset view represents fovea (•), near
periphery (•), and far periphery (•) over six scenes. Top row, Stylized House Interior and Gwangju Theater; mid row, Sun
Temple and Modular Victorian City; bottom row, Emerald Square and Amazon Bistro. Gaze point is at the center.

Figure 7: Display power measurement setup with Wisecoco
Micro OLED, INA219 current sensor, and Arduino UNO R3.

predefined scanpaths and scene motion across foveated chroma
attenuation settings. We sent the video signal at fullscreen 4K reso-
lution from the Unity to inspect the maximum power consumption
during the test. Under each conditions, we analyzed approximately

Table 5: Power reduction relative to the corresponding uni-
form color, reported as min/avg/max degradation weights.

Scene Dynamic (%) Static (%)

Amazon Bistro 1.10 / 1.10 / 0.47 0.29 / 0.22 / 0.24
Emerald Square 0.37 / 0.33 / 0.27 0.15 / 0.16 / 0.15
Stylized House Interior 0.19 / 0.14 / 0.03 0.19 / 0.15 / 0.12
Sun Temple 0.66 / 0.67 / 0.65 0.20 / 0.18 / 0.19
Gwangju Theater 0.60 / 0.59 / 0.54 0.12 / 0.09 / 0.10
Modular Victorian City 0.62 / 0.60 / 0.59 0.29 / 0.30 / 0.27

Overall 0.59 / 0.57 / 0.43 0.21 / 0.18 / 0.18

180-seconds of power data with 500-ms intervals. As all runs had
equal duration, we report percentage reduction in mean power
relative to the corresponding uniform color baseline.

Table 5 shows that foveated chroma attenuation consistently
reduced display power under dynamic viewing across all scenes.
Averaged over scenes, the reduction relative to uniform rendering
was 0.59%, 0.57%, and 0.43% for the min, avg, and max chroma atten-
uation settings, respectively. The strongest dynamic savings were
observed for Amazon Bistro (1.10% for both min and avg), followed
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Table 6: Scene-wise compression results over six scenes, sorted from best to worst overall compression gain. For each scene,
uniform color rendering is the baseline, and the foveated chroma attenuation is the mean over the three settings. Negative Δ
values indicate that the foveated videos were smaller than the uniform baseline. Positive ratio-change values (last two columns)
indicate stronger compression for the foveated videos. The overall compression gain is the mean of Δ H.264 and Δ HEVC.

Scene Uniform Foveated mean Δ H.264 Uniform Foveated mean Δ HEVC Δ ratio Δ ratio Overall gain
H.264 (MB) H.264 (MB) (%) HEVC (MB) HEVC (MB) (%) H.264 (%) HEVC (%) (%)

Emerald Square 37.451 34.028 -9.14 10.195 9.171 -10.04 10.07 11.16 -9.59
Modular Victorian City 46.662 45.168 -3.20 9.773 9.507 -2.72 3.31 2.80 -2.96
Stylized House Interior 30.192 29.337 -2.83 7.026 6.843 -2.60 2.92 2.67 -2.72
Amazon Bistro 27.158 26.677 -1.77 8.290 8.084 -2.48 1.81 2.56 -2.13
Sun Temple 10.697 10.673 -0.22 3.858 3.787 -1.83 0.38 1.99 -1.03
Gwangju Theater 237.168 234.241 -1.23 60.163 60.145 -0.03 1.28 0.08 -0.63
Mean over scenes 64.888 63.354 -3.07 16.551 16.256 -3.28 3.29 3.54 -3.18

by Modular Victorian City (0.59–0.62%), Gwangju Theater (0.54–
0.60%), and Sun Temple (0.65–0.67%). Even the weakest dynamic
case, Stylized House Interior max, remained below the uniform
baseline (0.03%), indicating that the dynamic condition yields sta-
ble; however, scene-dependent power benefits. Under static viewing
condition which is also view-dependent, the savings were smaller
but remained positive for all scenes and all chroma attenuation
settings. Averaged over scenes, the static reductions were 0.21%,
0.18%, and 0.18% for the min, avg, and max attenuation settings,
individually. The largest static gains occurred in Modular Victorian
City (0.27–0.30%) and Amazon Bistro (0.22–0.29%), both of which
contain relatively large blue regions. Emerald Square and Gwangju
Theater showed more modest but still consistent reductions. Av-
eraged over all foveated configurations, the mean reduction was
0.19% for static conditions and 0.53% for dynamic conditions, cor-
responding to approximate average energy savings of 0.48 J and
1.39 J per run, respectively.

These results should not be interpreted as evidence that the pro-
posed transformation is an energy-optimal foveated color rendering
strategy. The method preserves the luminance component while
attenuating 𝐶𝑏 and 𝐶𝑟 , progressively moving peripheral colors to-
ward less chromatic values. Because our attenuation model does
not incorporate primary-specific power coefficients, it cannot guar-
antee a monotonic relationship between attenuation strength and
display-power reduction. Moreover, our objective is different from
power-aware color optimization methods such as that of Duinkhar-
jav et al. [17], which explicitly modify peripheral colors according to
a display-power model and can consequently achieve substantially
larger reductions. In contrast, our model is constrained by lumi-
nance preservation and perceptually calibrated chroma attenuation,
without deliberately shifting colors toward lower-power primaries.
The present measurements quantify the incidental energy effect of
that perceptual constraint rather than demonstrating a competitive
power-optimization method. From a practical perspective, reduc-
tions below (1%) are unlikely to produce a meaningful extension of
battery life when used as a standalone technique. The findings in-
stead establish that luminance-preserving peripheral desaturation
offers only a marginal direct power benefit on the tested hardware.
Such reductions could potentially complement spatial foveation,
refresh-rate adaptation, brightness control, or primary-aware color
optimization, but their combined effect was not evaluated in this
study. Accordingly, display-power reduction should be regarded

as a secondary system-level observation rather than a primary
advantage of the proposed method.

6.3 Video Compression
We captured 4K video under uniform and all three foveated chroma
attenuation settings (min, avg, max) for static scenes and encoded
them using FFmpeg. Table 6 reports the scene-wise compression
results where the uniform rendering served as the baseline. The
reported foveated value is the mean over the three foveated chroma
attenuation settings.

Averaged across the six scenes, foveated chroma attenuation re-
duced compressed file size by 3.07% for H.264 and 3.28% for HEVC,
corresponding to an overall mean reduction of 3.18%. However, the
magnitude of this effect varied substantially across scenes. Emerald
Square produced the largest reductions, amounting to 9.14% for
H.264 and 10.04% for HEVC. For the remaining scenes, the overall
reductions ranged from approximately 0.63% to 2.96%. The com-
pression benefit should therefore be characterized as modest and
strongly content dependent rather than as a uniform consequence
of the attenuation model. Although the attenuation function itself is
not content adaptive, its effect on an encoded bitstream necessarily
depends on the input content. The number, magnitude, and spatial
distribution of chroma differences removed by the method vary
according to the chromatic composition of the scene, the amount of
chromatic texture and edge detail, the position of those features rel-
ative to the gaze point, and the chroma-processing behavior of the
codec. Scenes containing substantial peripheral chroma variation
may therefore benefit more than scenes that are already weakly
chromatic or whose bitrate is dominated by luminance structure,
geometric detail, or temporal motion. The comparatively large re-
duction for Emerald Square and the much smaller reductions for
the other scenes illustrate this dependency. The observed mean
reduction of approximately 3% is unlikely to constitute a substan-
tial bandwidth saving for an individual short sequence. Unlike
approaches that explicitly exploit perceptual color-discrimination
limits during image representation or encoding [47], our experi-
ment applies the same luminance-preserving chroma attenuation
used in the perceptual study and subsequently encodes the result-
ing frames using conventional codecs. Consequently, the present
experiment does not optimize quantization, chroma representa-
tion, or memory traffic according to perceptual thresholds. The
smaller compression gains should therefore not be interpreted as
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contradicting prior perceptually optimized encoding approaches,
but rather as the incidental compressibility benefit of the proposed
attenuation model. It may nevertheless provide an auxiliary ben-
efit in bandwidth-constrained or large-scale streaming scenarios,
particularly when combined with spatial foveation, adaptive quanti-
zation, and gaze-contingent encoder. Such practical benefits cannot
be established from the current experiment, which evaluates a lim-
ited set of scenes under static gaze and reports compressed file
sizes rather than a complete rate-distortion analysis. Accordingly,
the present results demonstrate that peripheral chroma attenua-
tion can improve compressibility for some content, but they do not
support a general claim of substantial or content-independent band-
width reduction. Future evaluation should include dynamic gaze, a
broader range of chromatic and motion characteristics, controlled
bitrate comparisons, and rate-distortion measurements at matched
perceptual quality.

6.4 Limitations and Future Work
The current study has several limitations. Our work is not intended
to compete with established foveated color models; rather, it aims
to define chroma attenuation functions and identify suitable degra-
dation weight ranges. The CSs used a small participant sample
and a limited set of discrete degradation weights. The experiments
were conducted on a single VR headset with specific brightness-
contrast and only short-term exposure was evaluated. As a result,
transferability across devices and long-term effects on visual com-
fort or fatigue remain unclear. Future work should include more
participants, additional VR platforms, and longer exposure time.
Separating 𝑍𝑐𝑏 and 𝑍𝑐𝑟 would allow a broader exploration of the
parameter space. Since headset color calibration was limited, the
study relied on default device settings. The observed power savings
were also limited, possibly due to the unchanged luminance chan-
nel. The video compression has been evaluated under only static
conditions. Future work should evaluate the effect of dynamic gaze
and motion on video compression. Finally, the evaluation focused
mainly on subjective measures; adding objective metrics such as
task completion time and accuracy would provide a more complete
assessment.

7 Conclusion
This study demonstrates that peripheral chroma attenuation can
be integrated into gaze-contingent VR rendering with limited per-
ceptual cost. Across the calibration studies, perceptual evaluation,
power analysis, and video-compression experiments, the results
indicate that reducing peripheral chroma while leaving the luma
component unchanged offers a practical trade-off among visual
fidelity, energy consumption, and compression efficiency. Although
the measured power and compression savings are modest, they
were consistent and achieved without substantially increasing per-
ceptual salience or distraction. These findings support foveated
color as a promising direction for perception-driven VR rendering
and a useful component in broader energy-aware display pipelines.
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