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Abstract
Optical see-through augmented reality (OST-AR) is a tech-

nology that allows humans to superimpose graphical elements
over the natural environment through a transparent medium.
When graphical elements are dark or ambient light is bright,
color blending can cause graphical elements to appear transpar-
ent. In particular, graphical human faces that have darker skin
tones appear more transparent than those with lighter skin tones,
introducing both perceptual and social challenges. In this work, a
psychophysical experiment assesses observers’ preferred render-
ings of skin tones in OST-AR. Observers were asked to adjust the
lightness of faces superimposed by OST-AR glasses under a bright
ambient lighting condition. The stimuli comprised photos of real
faces, their corresponding digital avatars, and included those rep-
resenting the observer and zero-acquaintance targets. We found
that observers tended to increase lightness more as faces became
darker for both real faces and avatars, but that this pattern was
not evident when adjusting photos of their own faces. These re-
sults indicate that color preferences for facial color in OST-AR
may operate differently depending on familiarity with the target
being evaluated, indicating a need for further research involving
self-representative stimuli.

Introduction
Augmented reality (AR) is a technology that enables humans

to superimpose visual elements over the ’real world’. One com-
mon implementation of AR technology is optical see-through AR
(OST-AR) in which the surrounding environment is viewed di-
rectly through a transparent medium, while also displaying graph-
ical elements via reflection. However, OST-AR faces a major
challenge in color appearance: the additive light mixture results in
color blending where light in the environment impacts the appear-
ance of the graphical elements [1]. This can cause graphical ele-
ments to be perceived as transparent, especially in environments
with high luminance or when the graphical elements are dark [2].
Graphical elements require 40 to 60 times as much luminance on
the OST-AR display than in the background to eliminate all per-
ceived transparency, which is physically challenging as ambient
luminance increases [3].

Virtual humans appear in a wide range of OST-AR applica-
tions, including medical training [4][5], socialization [6][7], ed-
ucation [8][9], assistive technology [9], police training [10], and
entertainment [11]. The challenge of color appearance in OST-
AR disproportionately affects rendering humans having different
skin tones; people having darker skin may appear more transpar-
ent than people with lighter skin in the same viewing environment.
This can lead to a dehumanization effect in which transparent in-
dividuals are perceived as less human than those who are opaque
[12], potentially creating unintentional biases in OST-AR social

applications.
Some research has been done to understand what kinds of ad-

justments are needed to address OST-AR’s challenges with color
reproduction for skin. In color matching tasks, individuals with
darker skin need a greater lightness increase to match the appear-
ance of emissive faces than individuals with lighter skin [13][14].
The increase in lightness helps to mitigate the perceived trans-
parency, however, such adjustments may impede preferred ap-
pearance [13]. Further, it has been demonstrated that some per-
ceived transparency may sometimes be preferred to achieve a fi-
delitous appearance given varying ambient environments [15].

Color appearance of skin is used in daily life for a wide range
of evaluations, including to assess health [16], identify disorders
[17], estimate age [18], determine emotional state [19], and eval-
uate attractiveness [18]. Melanin content—which largely impacts
skin tone—varies greatly both within and between geographic de-
mographics [20]. As such, skin tone is commonly used as a pri-
mary indicator of race [21], though often incorrectly [22]. Ad-
dressing the color blending for facial stimuli in OST-AR is espe-
cially important because people are more sensitive to changes in
facial color than colors viewed in isolation [23][24][25], suggest-
ing that color is particularly salient when evaluating faces.

The vast majority of face perception research involves par-
ticipants perceiving and evaluating faces belonging to zero-
acquaintance targets (i.e., faces of strangers garnered from ex-
ternal databases). To our knowledge, research on color appear-
ance of facial stimuli that represent the self (i.e., faces of the in-
dividuals evaluating them) is extremely limited. However, self-
representative faces hold a special status; the ability for an indi-
vidual to recognize oneself is a primitive form of self-awareness
[26], and our own faces are part of what allows us to establish
our identity [27]. Indeed, people pay more attention to self-
representative face stimuli than they do faces of others [28], can
recognize their own faces faster than they can recognize faces of
close friends and family [29], and hold a higher concern for self-
appearance than that of others [30]. Self-recognition has a unique
neural representation as well. Facial recognition typically takes
place in the fusiform face area [31], while recognition of self is
correlated with right prefrontal cortex activity [32]. Considering
the future of OST-AR as a medium for telepresence, the signif-
icance of self-representative faces, and the challenges of color
reproduction in OST-AR, it is critical to better understand user
preferences for OST-AR face appearance.

Virtual avatars have seen widespread use in extended real-
ity environments, but how people assess and interact with avatars
appears to be distinct from how they assess and interact with pho-
tographic and videographic representations of humans. Trustwor-
thiness, a core component of social interaction, is more difficult
for people to predict in avatars than in humans. Further, peo-
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ple engage the medial frontal cortex more with humans than with
avatars [33], a region of the brain that’s significant for determin-
ing trustworthiness [34]. When tasked with identifying emotions,
people are quicker to recognize emotions in human faces than in
avatar faces, and activation in the fusiform face area is signifi-
cantly greater with human faces [35]. This might indicate that our
brains employ different mechanisms when identifying and per-
ceiving avatars. However, there also exist similarities between
face and avatar perception. Perceived attractiveness for avatars
appears to be consistent with perceived attractiveness for faces.
Avatars with more anthropomorphic features have been found to
be perceived as more attractive and trustworthy [36][37], and real-
world attractiveness norms appear to carry over to avatars [38].
Like faces, people pay significantly more attention to their own
avatars than to avatars of others [27]. People also maintain less
physical distance from self-representative avatars than avatars of
others, and are more willing to perform embarrassing acts in front
of them [39]. These similarities and differences indicate that a
greater understanding about preferences for color appearance be-
tween faces and avatars is needed.

The present experiment aims to evaluate (1) preferred color
appearance (lightness) of faces in OST-AR, (2) how ambi-
ent lighting affects those preferred renderings, (3) if observers
treat their own face differently than they do the faces of zero-
acquaintance targets, and (4) whether those preferences differ be-
tween faces and avatars.

Observers
A total of 41 volunteers participated in this experiment. Ob-

servers were students or local members of the community. Ob-
servers were tested for color vision deficiency (CVD) using Ishi-
hara plates prior to taking the experiment, and also indicated
CVDs via self-report. One observer’s results were excluded due
to a red-green color vision deficiency. Another observer’s results
were excluded due to a technical error that was not raised until
after the experiment was complete. Two observers were partially
excluded due to a malfunction with the room’s lights for a sub-
set of the lighting conditions. One observer was excluded due to
multivariate outliers that exerted substantial influence on the re-
sults. Data from the remaining 38 participants (Agemean = 25.71,
AgeSD = 8.58; 22 females, 14 males, 2 non-binary; 9 Asian, 22
White, 1 Black or African American, 1 Alaska Native or Indige-
nous American, 3 multiracial, and 2 other, and 1 preferred not to
respond) were used in the final analyses. This experiment was
approved by the Human Subjects Research Office at Rochester
Institute of Technology.

Stimuli
The faces of zero-acquaintance stimuli were obtained from

The Chicago Faces Database [40]. Individual typology angle
(ITA) was used as a continuous metric to quantify relative melanin
content from skin color [41]. ITA was computed for each of
the 597 faces in the Chicago Faces Database using the formula,
ITA = tan−1( L∗−50

b∗ ). L* and b* were obtained from the aver-
age CIELAB value from a rectangular region containing the fore-
head on each photo. The distribution of ITA in the Chicago Faces
Database is plotted in (Figure 1). Eight faces were selected from
this distribution to cover a large range of skin tones with prior-
ity given to images with little to no facial hair. The selected im-

ages were given a transparent background, cropped, and resized
to 1920x1080 pixels.

Figure 1. Plot of ITA distribution in Chicago faces database. Larger squares

represent the 8 faces selected as stimuli for this experiment. Four of the

selected photos and their corresponding avatars are shown.

Virtual avatars were created to represent these eight photos
using ReadyPlayerMe, an avatar creation tool. 2D versions of the
photos were rendered in Blender. Then, the skin tone was adjusted
so that the L*a*b* of the forehead area of the avatar matched the
L*a*b* of the forehead area of the corresponding photo. These
stimuli were the same across all observers.

Two stimuli in the experiment were different between ob-
servers: a self-representative photo and self-representative avatar.
Before the observer took the experiment, these two images
were created and embedded into the experiment. For the self-
representative photo, the observer’s face was diffusely lit by over-
head LED lights and a ring light. The observer was instructed to
maintain a neutral expression and to look directly at the camera, a
Canon EOS 5D Mark III. The photo was white balanced using a
MacBeth ColorChecker and given a transparent background. The
photo was cropped to center on the face and resized to 1920x1080
so that the observer’s face would take up approximately the same
amount of screen size as the photos selected from the Chicago
Faces Database. Observers were allowed to view and approve
this image for use in the experiment.

After the photo was taken, the observer was given access to
the ReadyPlayerMe avatar creation tool. They were asked to cre-
ate an avatar that represented them as closely as possible, main-
taining the default clothing and choosing the skin tone, hair style,
and other facial features that best matched their own. After com-
pletion, their avatar was processed in the same way as for the
strangers’ stimuli to create a 2D avatar whose L*a*b* of the fore-
head area matched the L*a*b* of the forehead area of their color
balanced photo. This pipeline took approximately 15 minutes and
was completed in the same session as the experiment.

Experimental Procedure
The observer was seated in a chair 200 cm away from an

achromatic checkerboard pattern mounted on a wall. The checker-
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board pattern was 76x110 cm and was printed using matte ink on
Epson Doubleweight Matte Paper. The measured XYZ’s of the
alternating light and dark tiles were XY Zlight = (76.4, 79.4, 89.7)
and XY Zdark = (66.0, 68.6, 77.3) under the D65 Bright setting.

The observer wore XREAL Air 2 Pro glasses to implement
the OST-AR environment. The experiment was coded in MAT-
LAB 2024b. Stimuli were projected onto the observer’s field of
view through the OST-AR glasses. The images were anchored
in the center of the checkerboard pattern using an XREAL Beam
device.

When starting the experiment, the observer was presented
with a screen that showed all stimuli that they would see through-
out the experiment (i.e., all 9 facial photos and avatars, including
the self-representative ones). At this time, observers were given
an 8BitDo controller and received instructions on how to use the
controller to modify the color appearance of the faces. The con-
troller could increase and decrease the L* of the image in intervals
of 5 units and the C* in intervals of 2 units. The starting value of
L* was offset by -10, -5, 0, 5, or 10 and the starting value of C*
was offset -4, -2, 0, 2, or 4, selected randomly for each stimulus.
Button presses and response times for each trial were recorded.
Observers were instructed to adjust the color of the faces to match
their preferred appearance, and were told that there were no wrong
answers. Observers were instructed to ignore artifacts (i.e., hair
appearing transparent) if it was not the stimulus’ skin. Once the
observer was ready, they used the controller to proceed to the first
trial. Observers had unlimited time to respond to each trial.

Stimuli were presented five times, once in each of the five
lighting conditions approximating the chromaticity of standard il-
luminants at different luminance levels: black (lights off), illu-
minant D65 bright (CCT = 62701,Y = 109.80), illuminant D65
dim (CCT = 62084,Y = 55.27), illuminant A bright (CCT =
27032,Y = 111.90), and illuminant A dim (CCT = 26995,Y =
56.18). The black condition was always shown first. The order
of the remaining lighting conditions was randomized. Observers
underwent a 20 second adaptation period each time the lighting
condition changed, where they were instructed to simply look at
the checkerboard pattern. The stimuli in each lighting condition
were identical, but the order of presentation was randomized.

There were a total of 90 trials. This part of the experiment
took approximately 20 minutes to complete. Upon completion,
the observer was presented with a survey that included a demo-
graphic questionnaire and additional questions about their strate-
gies during the color adjustment task.

Results
In this experiment, observers completed the task under five

different ambient conditions that included combinations of stan-
dard illuminants and chromaticities. The current analysis will de-
scribe one condition that was to simulate D65 with a luminance
of 109.80. In this analysis, ∆L∗ is computed as L∗

D65 −L∗
black,

where L∗
D65 was the observer’s L* adjustment to the stimulus

in the D65 lighting condition and L∗
black was the observer’s ad-

justment to the same stimulus in the black condition (the ambient
condition where the lights were completely off). This computa-
tion was made to account for individual variability in responses
before introducing a more complex ambient lighting condition.
The ∆L∗

D65 computation compares how much that observer’s re-
sponse changes as a function of the increased ambient luminance

of the viewing environment.

Zero-Acquaintance Stimuli
A linear mixed-effect model was conducted with ITA and

image type (photo or avatar) as independent variables and ∆L∗ as
the dependent variable on zero-acquaintance stimuli (Figure 2).

There was no effect of image type on ∆L∗, F(1,36) = 3.79,
p = 0.060, indicating that whether the image was of an avatar or
a photo did not have an effect on lightness overall. There was a
main effect of ITA (B = −0.08, SE = 0.021), F(1,36) = 14.32,
p < 0.001 on ∆L∗, indicating that as skin tones became darker,
observers tended to increase lightness more. Finally, there was a
significant interaction between image type and ITA, F(1,36) =
4.46, p = 0.041, suggesting that the effect of ITA on ∆L∗ differed
as a function of image type. Follow up analyses indicated that
as ITA increased, ∆L∗ decreased for both avatars (B = −0.13,
SE = 0.002, p < 0.001) and photos (B = −0.08, SE = 0.016,
p < 0.001). These combined suggest that while the general effect
of skin tone on lightness adjustments was observed for both zero-
acquaintance image types, the effect was greater for avatars than
for photos.

Self-Representative Stimuli
A linear mixed-effect model was conducted with ITA and

image type (photo or avatar) as independent variables and ∆L∗ as
the dependent variable on self-representative stimuli (Figure 2).

There was a main effect of image type on ∆L∗, F(1,35) =
6.76, p = 0.014, showing that observers generally tended to in-
crease lightness for their avatar more than they did for their photo.
There was no significant effect of ITA (B = 0.012, SE = 0.100),
F(1,57) = 0.01, p= 0.908 on ∆L∗, meaning that skin tone had no
impact on the lightness adjustment overall. However, there was a
significant interaction between image type and ITA, F(1,35) =
8.99, p = 0.005, suggesting that the effect of ITA on ∆L∗ differed
as a function of image type. Follow up analyses indicated that
as ITA increased, ∆L∗ decreased for avatars (B = −0.297, SE =
0.091, p = 0.002), but not for photos (B = 0.012, SE = 0.108,
p = 0.915). This means that observers tended to increase their
avatar’s lightness more when their avatar’s skin color was darker,
but did not follow this pattern for their own photos.

Response Times
Response times (RTs) were recorded to evaluate how long

observers took to make each of their adjustments. RTs that were
greater than 3 SDs from the mean were clipped to that maximum
value to reduce the potential influence of extreme outliers.

A repeated-measures ANOVA was conducted with image
type (photo or avatar) and image identity (self-representative or
zero-acquaintance) as independent variables and RTs as the de-
pendent variable.

There were no main effects of image type F(1,36) = 3.97,
p = 0.054 or image identity F(1,36) = 1.55, p = 0.221. How-
ever, there was a significant interaction between image type and
image identity, F(1,36) = 8.21, p = 0.006, suggesting that the
effect of image type on response time differed as a function of
image identity. Pairwise comparisons revealed that observers
spent significantly more time looking at their own photo (M =
16.2,SE = 1.6) than looking at photos of zero-acquaintance tar-
gets (M = 12.0,SE = 0.9), t(36) = −3.20, p = 0.002. But, there
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was no significant difference in response times between their own
avatars (M = 12.5,SE = 1.4) and avatars of zero-acquaintance
targets (M = 13.3,SE = 1.0), t(36) = 0.67, p = 0.506. (Figure
3).

Discussion
In the present work, we observed that preferences for OST-

AR face stimuli (zero-acquaintance photos, and all avatars stud-
ied) required greater lightness increases as skin tones became
darker. This pattern of results is consistent with previous find-
ings that similar lightness adjustments are required to achieve skin
color matches, particularly in bright ambient conditions [13][14].

However, we found that self-representative photos did not
generally follow these patterns; skin tone appeared to have no
impact on preferred lightness adjustments when conducted on
their own photos. This could indicate that observers have dif-
ferent preferences for self-appearance and perhaps employ dif-
ferent strategies when evaluating photos of themselves. Past re-
search has indicated that self-representative photos are evaluated

Figure 2. For zero-acquaintance stimuli (left), observers tended to adjust

lightness more (vs. less) as skin tone became darker (vs. lighter), for both

avatars and photos. For self-representative stimuli (right), observers tended

to adjust lightness more (vs. less) if their avatar had darker (vs. lighter) skin,

but this pattern was not evident for photos of their faces.

Figure 3. Mean response time (SE) by image type. Observers spent more

time adjusting self-representative photos than zero-acquaintance stimuli and

self-representative avatars.

uniquely [27], and people likely spend more time and attention
to these stimuli. This was supported by our results demonstrating
that observers spent more time to adjust photos of their own faces
relative to all other stimulus types. It is perhaps surprising that ob-
servers with darker skin tones made similar lightness adjustments
as observers with lighter skin tones, as the photos with darker skin
would have appeared more transparent, which has been shown to
negatively impact appearance [12]. One possible explanation is
that substantial increases in lightness may have resulted in the
face’s color to appear too light to be able to accurately represent
the observer’s skin, which is likely more salient to one’s own iden-
tity. Past work has also shown that the lightness increases needed
to compensate for ambient light can sometimes negatively impact
preference [13]. This tradeoff may have been acceptable when
evaluating zero-acquaintance faces, but not for self-representative
ones. It is also possible that some transparency was considered ac-
ceptable to make the face appear to be physically present together
with the ambient environment [15].

Observers did not appear to apply such strategies to their own
avatars, treating them similarly to avatars of others. In the liter-
ature, avatars are known to exist in a fidelity spectrum [42][43],
and the way we interact with avatars is highly dependent on their
fidelity [44]; avatars that are more human-like are processed more
similarly to human stimuli [42]. Since the avatars used in this
experiment were somewhat low in fidelity, it is possible that ob-
servers did not personally identify with their avatars, and indeed
some observers reported difficulty in recognizing their avatars
during the experiment. Exploring the impact of avatar fidelity
would be a valuable next step for future work.

Overall, observers tended to choose lighter colors in the D65
condition than in the black condition where all lights were off for
all categories of stimuli. This is consistent with previous find-
ings that lighter ambient conditions require greater lightness ad-
justments to combat the color blending that results in perceived
transparency [1][2][3].

A limitation of this experiment was the distribution of skin
tones among observers. The majority of observers had skin tones
in the medium to light range, with few observers comprising skin
tones commensurate with the lowest ITA stimuli of the zero-
acquaintance targets used in the current experiment. For this rea-
son, direct statistical comparisons were conducted within zero-
acquaintance and self-representative samples separately (rather
than between them). Thus, inferences made between these sam-
ples should be considered with this limitation in mind.

Conclusion
The present experiment was designed to better understand

facial color preferences for humans and avatars across a diverse
range of skin tones and ambient environments in OST-AR. Ob-
servers preferred to increase lightness for zero-acquaintance tar-
gets and self-representative avatars more as facial skin tones be-
came darker, which is consistent with previous work. How-
ever, this pattern was not evident when observers evaluated and
adjusted their own photos, even though they spent significantly
more time making their adjustments. These findings suggest that
observers evaluate their own photo differently than they do for
others, highlighting a greater need for self-representative stimuli
in color appearance experiments, and perception research more
broadly. Better understanding of facial appearance preferences
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dependent on diverse skin tones and self-representative stimuli
can facilitate the development of social extended reality systems
that are inclusive to the needs of all users.
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