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Virtual Big Heads in Extended Reality: Estimation of Ideal Head
Scales and Perceptual Thresholds for Comfort and Facial Cues
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Extended reality (XR) technologies, such as virtual reality (VR) and augmented reality (AR), provide users, their avatars, and
embodied agents a shared platform to collaborate in a spatial context. Although traditional face-to-face communication is
limited by users’ proximity, meaning that another human’s non-verbal embodied cues become more difficult to perceive the
farther one is away from that person, researchers and practitioners have started to look into ways to accentuate or amplify
such embodied cues and signals to counteract the effects of distance with XR technologies. In this article, we describe and
evaluate the Big Head technique, in which a human’s head in VR/AR is scaled up relative to their distance from the observer as
amechanism for enhancing the visibility of non-verbal facial cues, such as facial expressions or eye gaze. To better understand
and explore this technique, we present two complimentary human-subject experiments in this article. In our first experiment,
we conducted a VR study with a head-mounted display to understand the impact of increased or decreased head scales
on participants’ ability to perceive facial expressions as well as their sense of comfort and feeling of “uncannniness” over
distances of up to 10 m. We explored two different scaling methods and compared perceptual thresholds and user preferences.
Our second experiment was performed in an outdoor AR environment with an optical see-through head-mounted display.
Participants were asked to estimate facial expressions and eye gaze, and identify a virtual human over large distances of 30,
60, and 90 m. In both experiments, our results show significant differences in minimum, maximum, and ideal head scales for
different distances and tasks related to perceiving faces, facial expressions, and eye gaze, and we also found that participants
were more comfortable with slightly bigger heads at larger distances. We discuss our findings with respect to the technologies
used, and we discuss implications and guidelines for practical applications that aim to leverage XR-enhanced facial cues.
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1 INTRODUCTION

Recent advances in extended reality (XR) technologies, including virtual reality (VR) and augmented real-
ity (AR), have given rise to new opportunities in fields such as simulation, training, and healthcare. For many
of these, collaboration between multiple users, their avatars, and/or embodied agents is an important aspect
of the experience. Collaborative environments aim to facilitate effective communication by leveraging different
types of embodied human signals and cues, which includes verbal and non-verbal communication channels. Re-
searchers have introduced and investigated a wide range of methods to support and accentuate such channels
with XR technologies [42, 51, 56, 57, 62, 64]. However, there are still many challenges we face in collaborative
environments [44]. For instance, a crucial factor in face-to-face communication is the dependency on the prox-
imity of interlocutors. The closer one is to another human, the easier it is to perceive non-verbal embodied cues.
However, if one moves farther away, details such as facial features or expressions become more difficult to per-
ceive. In this article, we explore how we can leverage VR/AR technologies to accentuate or amplify some of the
non-verbal embodied cues that are reduced or lost in face-to-face communication due to distance.

We hypothesize that for longer distances, the Big Head technique [14], which we introduced in VR/AR as a
mechanism for up-scaling heads of interlocutors relative to the rest of their body, can be an effective (subtle
or overt) mechanism for accentuating and enhancing the visibility and transmission of embodied cues. We fur-
ther hypothesize that humans have a tolerance for seeing body parts at different sizes, and up-scaling certain
parts can improve their respective effectiveness in conveying social cues. Originally, a variant of this Big Head
technique was introduced by video game developers who were looking for solutions to compensate for the low
pixel resolution of traditional TV and desktop screens, which made it hard to make out features of their game
characters at real scale [33]. Resolution has progressed tremendously on TV and desktop screens; however, we
are seeing similar challenges with VR/AR displays today.

Although there are similarities in VR and AR technologies, there are also important differences that make it
impossible to just transfer results from VR to AR or vice versa in the scope of collaborative environments [27, 47].
For instance, although limited resolution is also a driving challenge in AR environments, optical see-through
(OST) displays particularly are further limiting the perception of embodied cues due to their low contrast [26]
and additive light model [31], which causes the user’s real-world physical environment to be visible behind any
superimposed virtual imagery [28, 29]. This is especially true if the imagery is rendered in dark colors, such as
when a rendered human interlocutor has a darker skin color or wears dark clothes [60]. These differences are
particularly noticeable in outdoor AR environments, and may cause rendered humans to be more difficult to
perceive than similar imagery displayed in VR, which may affect how embodied cues are perceived at real scale
and other scales.

In this article, we present two human-subject studies aimed at understanding the importance and influence of
an increased or decreased head scale in social VR and outdoor AR environments on a user’s perception and their
sense of comfort. In our first experiment, which was originally published at IEEE VR 2020 [14], we identified
preferences and thresholds for head scales in a VR environment over a range of distances up to 10 m in two
task contexts with two alternative head scaling methods. In this extended journal paper, we further present
a second experiment, where we investigated distances up to 90 m in outdoor AR in four task contexts. Our
work contributes to the research fields on collaborative XR environments with scaled human representations by
providing empirical data especially for the following research questions:

e RQI: How does a virtual human’s head scale in VR/AR correlate with one’s ability to perceive their facial
expressions?

e RQ2: How does it correlate with one’s ability to perceive their eye gaze directions?

e RQ3: How does it correlate with one’s ability to recognize or identify the virtual human?

e RQ4: How does it correlate with one’s sense of comfort or “uncanniness”?

e RQ5: Can we determine meaningful perceptual thresholds for head scales, and how do these thresholds
change with respect to one’s distance to a virtual human, from intimate space to public space?
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This article is structured as follows. Section 2 discusses related work. Section 3 describes Experiment E1 (social
VR). Section 4 describes Experiment E2 (outdoor AR). Section 5 summarizes and discusses our main findings in
the two experiments. Section 6 concludes the article and discusses future opportunities for research.

2 RELATED WORK

In this section, we present related work on collaboration in XR in general, sharing and perceiving social signals
through embodied virtual humans, and XR users’ sense of comfort when seeing or spatially interacting with
another avatar or agent.

2.1 Collaboration in XR

Collaborative environments in XR [61] enable users to meet and share experiences together in the same environ-
ment. Social VR, such as VRChat,! or Meta Horizon,? in particular, has increased in popularity, and its consumer
market also continues to grow. These environments allow vocal and textual communication among users, and
visual aspects of communication, such as appearance, gestures, or expressions, also play an integral role, by
themselves and in addition to speech or text. Users implicitly recognize the importance of the visual character-
istics of their avatars, particularly those aspects most noticeable or relevant to other users, as evident in the
effort put into avatar customization [21]. Virtual avatars can have an effect on other users’ perception of some
aspects of the real user behind the avatar, such as the user’s personality or lifestyle [7]. It can even impact one’s
self-perception [80], which may in turn affect one’s behavior during interactions. Since users have the ability to
customize their virtual representation in social VR, there may be benefits in scaling body parts, like the Big Head
technique, to improve the visual aspects of communication.

Similar to collaborative VR spaces, the field of AR is experiencing a growing demand for collaborative applica-
tions by fields such as simulation, training, and healthcare. Some popular use cases being investigated with AR
head-mounted displays (HMDs) are spatial problem solving and remote guidance, allowing experts to guide
a user when distance is a factor [1, 17, 59]. Such AR use cases may benefit from body scaling approaches, like the
Big Head technique, in a similar fashion as collaborative VR spaces. In collaborative AR interactions, augmenting
scaled body parts can be useful for sharing embodied cues—for example, police officers who carry out tactical
operations need to quickly identify all involved humans and understand their teammates’ state and intentions
at a distance. Not only can a person be quickly identified, but visual nonverbal signals, like facial expressions
and eye gaze, can be enhanced for a clearer message during more difficult interactions, such as when people are
standing farther away from each other.

2.2 Non-Verbal Embodied Cues and Distance as a Factor

Non-verbal cues are highly important in interpersonal interactions, and it has been studied that when such cues
are reproduced in an immersive virtual environment by a virtual avatar, a higher sense of social presence can
be expected [74]. Similar to gestures and movement, facial expressiveness and the resulting ability to convey
emotion is another powerful source of non-verbal communication and influence in both real and virtual inter-
personal interactions. Cafaro et al. [11] found that non-verbal social signals such as smiling, gaze direction, and
the proximity behavior of a virtual human affected a user’s perception of that virtual human’s personality and
interpersonal attitude during a first encounter situation, even after a very short time of interaction. Furthermore,
emotion display through the facial expressions of a virtual human has been shown to have an effect on a user’s
behavior during social interaction, such as the likelihood to concede during a negotiation task [18]. Likewise,
accurately simulating realistic eye gaze behavior for a virtual avatar can increase the level of participation in a
conversation with the avatar [2, 3, 16, 66].

!https://www.vrchat.com.
2https://www.oculus.com/facebookhorizon.
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In real life, by observing such cues on the people around us, our behaviors are consciously and sometimes
unconsciously changed. For example, the way in which we navigate environments has been shown to be heav-
ily influenced by the facial expressions of the nearby individuals within the environment. Bailenson et al. [5]
showed that participants tended to allocate extra space when passing individuals that engaged in mutual gaze.
Research by Schrammel et al. [68] also showed that participants tended to fixate more predominantly on cues
that suggested a threat rather than non-threatening cues. Seidel et al. [69] showed that although participants
were more likely to approach people with happy expressions and avoid people with angry expressions, their
behavior was more complicated for expressions such as disgust or sadness. Such studies have investigated the
way in which facial expressions affect the behavior of the observer in close proximity; however, due to the small
size of facial features, it is difficult to accurately distinguish expressions at long distances [35, 73].

The ability of a person to perceive a feature at a distance d is dependent on the size s of the feature. The
relationship between distance d, feature size s, and the visual angle 0 is tan(f) = s/d. The minimum visual angle
0 a person is capable of resolving is thought to be approximately 1 arc minute (1/60) of a degree [78]. Assuming
the size of the region containing a person’s facial features is roughly s = 0.1 m, the lower limit of visual acuity
is approximately d = 340 m in distance. Around that distance, one’s ability to resolve individual features on a
person’s face, such as to determine their facial expression, starts to become problematic. Further, if one wants to
estimate a distant human’s eye gaze direction, one needs to be able to resolve their eyeball. Assuming the average
size of a human eye is about 0.025 m [6], the maximum distance (calculated in the same way) is approximately
85 m. Since the eyes are some of the smaller features used when detecting facial expressions, this estimate of
85 m should be reasonably close to the farthest distance at which an average person is capable of identifying the
facial expression of another human.

Several previous works presented empirical studies that investigated human perception of facial expressions
at long distances in the real world (without XR). One of these is the work by Hager and Ekman [35] in 1979,
where they found that participants were able to resolve facial expressions at distances of up to between 30 to
45 m, where participants’ accuracy declined but they still showed some manner of success. Their work also
showed that the ability of an observer to correctly resolve facial features depends on the gender of the observed
person as well as the type of expression being made, with happiness and surprise being easier to distinguish
on females compared to fear, disgust, sadness, and anger, whereas expressions of happiness, surprise, and anger
were easier to identify on males compared to fear, sadness, and disgust. Smith and Schyns [73] simulated facial
expressions at distances of up to 100 m in their 2009 work, where they found that participants were sensitive,
in decreasing order, to expressions of happiness, surprise, disgust, fear, anger, and sadness. Their work also
showed that participants’ performance decreased rapidly for distances between 7 and 50 m, before leveling out
for distances greater than 50 m.

These works demonstrate that humans have difficulty identifying facial features and expressions at long dis-
tances. In the next section, we discuss how through the use of XR technology, it is possible to change the appear-
ance of a human by scaling embodied features, such as faces, to be able to better perceive embodied social cues
and signals over long distances.

2.3 Avatar Realism and the Sense of Comfort

There has been a strong interest among psychologists and practitioners in social VR and related fields in under-
standing peoples’ sense of comfort (or perceived “uncanniness” or “creepiness”) when presented with artificial
representations of humans, including their perceived “humanness,” and associated effects. In particular, the Un-
canny Valley proposes that increasing a human representation’s visual realism may not necessarily result in an
increased sense of comfort when interacting with that entity [55, 70]. Along these lines, with respect to head
proportions for a humanoid robot, DiSalvo et al. [19] found that people were more comfortable with a head that
was less realistic, with a wider head and wider eye spacing than a realistic human head, supporting the idea that
less realistic proportions may not detract from the effectiveness of a humanoid character.

ACM Transactions on Applied Perception, Vol. 20, No. 1, Article 4. Publication date: January 2023.



Virtual Big Heads in Extended Reality « 4:5

Our sense of comfort with other real humans or their representations in a social situation is also dependent
on distance: Hall [36] presented a system to standardize how humans perceive and structure the space in our
immediate surroundings from intimate space (up to 0.46 m), personal space (up to 1.22 m), and social space (up to
3.7 m) to public space. Hall further stated that humans tend to maintain some “buffer space” around themselves
and each other. This has been shown to apply to both real and virtual entities [4, 50]. People in the real world but
also in an immersive virtual environment generally feel uncomfortable if another person, particularly a stranger,
invades their personal space or even their intimate space [38]. In such cases, humans generally experience an
activation of the amygdala in response to this violation of social norms [39]. Bailenson et al. [5] investigated
the interpersonal distance maintained between participants and virtual avatars and found that participants gave
more personal space when facing the back of a avatar than the front, when an avatar engaged in mutual gaze with
them, and when the avatar invaded their personal space. A breach of such social norms can reduce a person’s
sense of social presence—particularly comfort—with the entity.

2.4 Head Scaling in XR

XR technologies are capable of replicating spatial appearances of objects or humans in the real world, and they
further provide the opportunity to go beyond realism [53] and potentially enhance a user’s perception of real or
virtual entities by making them easier to see, such as by making them, in their entirety or in part, appear larger.

Some recent works in VR have examined how head magnifications can be used to alter distance perception of
virtual human avatars. Choudhary et al. [13] investigated the effects of avatar head scaling on distance perception
in VR, which revealed a significant effect of big heads on distance judgments only if heads were presented as
floating objects in VR, but not when spatially anchored and attached to a human body at true scale.

Although these studies were conducted in VR, there is also a growing interest in the field of AR to leverage
such embodied scaling methods for applications such as social AR, in which users interact with virtual human
avatars in a shared physical space, or when interacting with computer-controlled human agents in AR simulation
or training contexts [34, 75, 76, 79]. In particular, OST-HMD technologies have made major advances over the
past years and are becoming more widely available for indoor and outdoor AR applications [8, 9, 30, 40, 41, 81].
Although state-of-the-art OST-HMDs such as the Microsoft HoloLens have comparatively small fields of view,
they make up for it with a high angular resolution, which far exceeds that of comparable video see-through
or VR HMDs [45, 46, 54]. As these displays are hence capable of presenting more visual details per arc second,
the demand for up-scaling of embodied cues is less pressing. However, the additive light model of the currently
available consumer OST-HMDs is based on the concept that light emitted by the display can be added to a view
of the real world, but light cannot be “taken away” [31]. This causes the effect that display areas that are rendered
with a light color will occlude the physical background, whereas dark rendered areas appear transparent, through
which the background is visible. Hence, with OST-HMDs, the perceived contrast of virtual imagery can vary
considerably depending on the lighting conditions [26].

3 EXPERIMENT E1: BIG HEADS IN VR

In this section, we present our first user study, in which we evaluate the effects of a virtual human’s head scale
on participants’ perception of the virtual human in a social VR context with an immersive VR HMD. We use the
term wvirtual human as a blanket term, as we believe that the results of this and the next experiment are useful
for all applications that use human characters under human control (avatars) or computer control (agents), as
well as humans that are virtually augmented.

3.1 Participants E1

After initial pilot tests, we estimated the effect size of the expected strong effects, and based on a power analy-
sis, we made the decision to recruit 23 participants from our university community (16 male and 7 female; ages
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Fixed Neck Height . Fixed Eye Height

| |

(b) Big Head (2x) (c) Small Head (0.5x) (d) Big Head (2x) (e) Small Head (0.25x)

faliiionpallieacitiy) with the Fixed Neck Height with the Fixed Neck Height with the Fixed Eye Height with the Fixed Eye Height

Fig. 1. Examples of virtual humans with different head scales: normal head scale (1x) (a), big head (2x) with the fixed neck
height scaling method, in which the head protrudes upward from the neck (b), small head (0.5x) with the fixed neck height
scaling method (c), big head (2x) with the fixed eye height scaling method, in which the body is scaled down to maintain
the same eye height (d), and small head (0.25x) with the fixed eye height scaling method, in which the body is scaled up to
maintain the eye height (e).

between 18 and 31 years, M = 23.96, SD = 4.11). All of the participants had normal or corrected-to-normal vision,
whereas 8 participants wore glasses and 3 wore contact lenses during the experiment. None of the participants
reported known visual or vestibular disorders, such as color or night blindness, dyschromatopsia, or a displace-
ment of balance. Seventeen participants had used a VR HMD before, and 8 of them had experience with social
VR. The participants were either students or non-student members of our university, who responded to open
calls for participation, and received a monetary compensation of $15 for their participation.

3.2 Materials E1

To investigate the participants’ perception of different virtual human head scales in a shared VR environment,
we prepared a virtual space containing a virtual human in which participants could view as well as adjust the
scale of the virtual human’s head. In this section, we describe the details of the virtual human and the study
settings for the experiment.

A life-size 3D female virtual human model was created and rigged in Autodesk Maya and Blender as the vir-
tual human for our study (Figure 1). The model was imported into the Unity game engine (version 2019.2.9.f1)
and placed in a virtual hallway environment. For that environment, we simulated a hallway with the dimensions
5m (width) X 3m (height) X 15m (length) as shown in Figure 2 so that participants could see the virtual hu-
man at different distances in the hallway. The character had an neutral idle standing animation in the hallway,
repeating slight body movements, and was able to perform various facial expressions using the blendshapes
on her face, e.g., lip and eye brow movements. Among different possible facial expressions, we decided to use
four specific expressions: happy, sad, angry, and skeptical (Figure 3), and the virtual human performed these
expressions continuously in a loop throughout the experiment. We confirmed that the visibility of the expres-
sions varied with the prepared facial expressions, e.g., happy is the most noticeable, and skeptical is the most
difficult to identify, through an internal pilot test. At the start of the experiment, the virtual human’s body
height was adjusted to match that of the participant. The scaling methods were applied relative to the body
height.

The virtual human and the surrounding virtual environment were displayed through an immersive VR HMD,
HTC Vive Pro. The HMD provided a 110-degree vertical and 100-degree horizontal field of view, and had a
resolution of 1440 X1600 pixels per eye at a refresh rate of 90 Hz. The HMD was connected to a host PC (Intel
Core i7-7820HK CPU @ 2.90 GHz, 32 GB of RAM, NVIDIA GTX 1070 graphics card, Windows 10 Pro) for the
experimenter to run the program and monitor the participant’s view and activities in the VR environment. During
the experiment, participants were standing on a marked location on the floor in our lab environment, wearing
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Public
Space
- Far

(e) Public Distance - Far

(d) Public Distance - Close

Public
Space
- Close

(c) Social Distance

Social

(b) Personal Distance

Personal

Participant Location (a) Intimate Distance

Fig. 2. lllustration of the tested distances and proxemics in Experiment E1. Screenshots on the right show the virtual human
at distances of 0.4 m (intimate space) (a), 1 m (personal space) (b), 3 m (social space) (c), 6 m (close public space) (d), and 10 m
(far public space) (e).

the HMD, and could adjust the scale of the virtual human head using the Vive Pro Controller (Figure 4). They
could scale up or down the head by pressing the up or down button on the trackpad, and when they wanted
to make a decision on the head scale, they could press the trigger button at the bottom of the controller, which
saved their chosen head scale for the condition. Two Lighthouse units (HTC SteamVR Base Station 2.0) were
set up in the experimental space to track the HMD’s pose (position and orientation), and the tracked pose was
used to render the virtual environment according to the participant’s viewpoint so that the participants could
feel as if they were present in the environment facing the virtual human. After an initial familiarization period,
participants were asked to remain standing at a fixed position in the lab. The corresponding angular resolution
was 15 pixels per degree.
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(a) Happy (b) Sad (d) Skeptical

Fig. 3. The virtual human’s four facial expressions used for Experiment E1: happy (a), sad (b), angry (c), and skeptical (d).

VR HMD - HTC Vive Pro [Controller Interface]

Ay

Controller

® Trackpad Up/Down:
Increase/Decrease
the Head Scale

Participant witha VR HMD | Trigger:
and a controller ; Select the Head Scale

Fig. 4. Annotated photo showing a participant in Experiment E1 wearing the HMD and holding the controller during the
task. The controller interface to adjust the scale of the virtual human’s head is shown on the right.

3.3 Method E1

3.3.1 Study Design. We used a 2 X2 x5 full-factorial within-subjects design with three factors: scaling method,
task, and distance; each tested on three target scales as described next:

o Scaling method (two levels): We developed two mechanisms to adjust the virtual human’s head scale relative

to the rest of the virtual human’s body (see Figure 1):

— Fixed neck height: In our first scaling method, the virtual human’s head scale was changed upward
from the virtual human’s neck height so that participants had to look up to the virtual human’s head
when the head scale was increased. As a result, the eye height of the virtual human changed depend-
ing on the head scale, meaning that with an increased head scale, the virtual human would look down
at the participant, whereas a reduced head scale meant that the virtual human would look up at the
participant.

— Fixed eye height: Considering the potential influence of a mismatch in the eye height of the virtual human
and the participant, we designed a second scaling method, in which up-scaling the head meant that the
rest of the body was down-scaled, whereas down-scaling the head meant that the rest of the body was
up-scaled. The result is that the head scale is adjusted as in the first scaling method, but the body scale
is further adjusted so that the virtual human always maintains the same eye height at all times.
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o Task context (two levels): We decided to test two separate task contexts in the virtual human head scaling
tasks:

— Facial expression: In this task context, participants were asked to adjust the scale of the virtual human’s
head while focusing on their performance in recognizing the virtual human’s facial expressions. If the
head scale was too small or too large, they would not be able to recognize the facial expressions. We
prepared this task context considering the importance of understanding the social signals, particularly
through facial expressions, from other users in social VR. We played four facial expressions in a loop,
which are described in more detail in Section 3.2 (see Figure 3).

— Comfort level: In this task context, participants were asked to adjust the scale of the virtual human’s head
while focusing on their perception of the virtual human and their feeling of comfort when interacting
with the virtual human in social VR. If the head scale is too small or too large, a feeling of “uncanniness”
(or “creepiness”) tends to arise, which indicates that participants would not feel comfortable interacting
with such a virtual human in social VR.

e Distance (five levels): For the experiment, the virtual human appeared at five different distances, considering

the proxemics in social interactions based on the proxemics theory of Hall [37] (see Figure 2):

— Intimate: Intimate space is considered for touching or whispering within a distance of 0.46 m, so we
located the virtual human at 0.4 m away from the participants.

— Personal: Personal space is for interactions with close friends or family members within a distance of
1.22m, so we located the virtual human at 1 m away from the participants.

— Social: Social space is for interactions with acquaintances within a distance of 3.7 m, so we located the
virtual human at 3 m away from the participants.

— Public-Close: Public-Close space is for public speaking within a distance of 7.6 m, so we located the virtual
human at 6 m away from the participants.

— Public-Far: Public-Far space is also for public speaking but targeting people in farther distances beyond
7.6 m, so we located the virtual human at 10 m away from the participants.

We asked the participants to scale the head size based on the following target scales:

e Target scales: During each trial, participants were asked to either identify the minimum, maximum, or ideal
head scale in the task contexts mentioned earlier:

— Minimum: Participants were asked to identify and select the minimum head scale in the particular task
context. For the facial expression task context, this meant that they would reduce the head scale until
they could just barely recognize the facial expressions. For the comfort level task context, they reduced
the head scale as far as they would still maintain a sense of visual comfort seeing the virtual human in
front of them, i.e., without feeling uncanny.

— Maximum: Similar to the minimum target scale, participants were asked to identify and select the maxi-
mum head scale in the particular task context.

— Ideal: Participants were asked to identify and select their preferred ideal head scale in the particular task
context. For the facial expression task context, this meant the ideal head scale for recognizing the facial
expressions. For the comfort level task context, this meant finding the ideal head scale without feeling
uncanny.

In total, each participant experienced 60 trials in combinations of our factors while they were performing the
tasks adjusting and selecting the virtual human’s head scale. A 2x2 Latin square was used to balance the order
of the two scaling methods and two tasks for each participant. So as not to confuse participants, the task context
for each task was fixed in the order of minimum, maximum, and ideal scale. The five distances were presented
in random order to participants.

3.3.2  Procedure. Once participants arrived, a form of informed consent was provided, and they were asked
to give their verbal consent to participate in the experiment. Afterward, the experimenter verbally explained
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the study details with the task instructions, and made sure that the participants understood the tasks, in which
they should adjust the scale of a virtual human’s head for two different task contexts in an immersive virtual
environment. The experimenter explained all conditions that the participants would experience with respect to
the factors, which we described in Section 3.3.1. Participants then donned an HTC Vive Pro HMD, on which
they could see the virtual human standing in a virtual hallway facing toward them. The virtual human was
introduced to participants as a typical representation of a real human interlocutor in a social VR environment.
Before the actual experiment, there was a practice session so that the participants could have an idea about the
virtual human’s facial expressions that they should look out for and how to change the virtual human’s head scale
using the Vive controller for the experiment as described in Section 3.2. They could increase or decrease the head
scale by pressing the up or down button on the trackpad of the controller, and make a decision on the head scale
by pressing the trigger button, which would also advance the experiment to the next trial condition—different
distance, target scale, task context, or scaling method.

Once participants were familiar with the interface and tasks, we started the experimental trials. For recognizing
the facial expressions, the virtual human exhibited four expressions in an infinite loop—happy, sad, angry, and
skeptical (see Figure 3). The participants were asked to identify and select the head scales at the five different
distances per target scale (minimum, maximum, and ideal scales) that corresponded to the current task context.
After completing the three target scales, they moved on to the next task context and scaling method based
on the Latin square design. When the experiment was halfway completed, a 2-minute break was provided to
participants to minimize the effects of the HMD on participants’ eyestrain or potential simulator sickness. After
completing all conditions, they proceeded to complete a post-questionnaire, assessing their demographics and
prior VR experience, and we asked their general perception and preference of the virtual human conditions as
well as the reasoning behind their answers. Finally, the experiment ended with a monetary compensation.

3.4  Measures and Hypotheses E1

In this section, we describe the measures and hypotheses that we used for the experiment to understand our
research questions outlined in Section 1.

3.4.1  Virtual Human Head Scale. As described in Section 3.3, participants experienced the virtual human head
scaling tasks with 60 different conditions in terms of the four factors: scaling method, task context, target scale,
and distance. We collected the participants’ decisions on the virtual human’s head scale during the tasks to
investigate how the four factors influence the participants’ selection of the head scale. The general hypotheses
we established were as follows:

H1 For the facial expression task context, participants will increase the virtual human’s head scale as the
distance between the virtual human and themselves increases.

H2 For the comfort level task context, participants will maintain the virtual human’s head scale at the original
scale even if the distance between the virtual human and themselves increases.

For both task contexts and scaling methods, we expected to identify minimum and maximum thresholds showing
a range of head scales over which virtual human head scales can be varied in social VR.

With respect to Hypothesis H1, we further deliberated that if the low resolution of the VR HMD denotes a
cut-off for the recognition of facial expressions, we expected to see a linear relationship between the distance
to the virtual human and the head scale chosen by our participants. In other words, if the facial expressions can
be well recognized at a distance of 1 m with a certain amount of screen space and pixels, participants would
up-scale the head to twice its size if the virtual human is presented at a distance of 2 m, three times its size at
4 m, and so on.

3.4.2  Preference of Scaling Method. We used a customized questionnaire to collect the participants’ subjective
preferences of the scaling methods with respect to the task contexts. On a 7-point scale from 1 (fixed neck height)
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to 7 (fixed eye height), we asked them which method the participants preferred in the facial expression task
context and the comfort level task context. We also collected qualitative comments about the reasoning behind
their preferences and their choices of head scales with respect to the distances. Regarding the preference of the
scaling method, we had the following hypothesis considering the benefit of the fixed eye height method that
renders the virtual human’s face at the same eye level as the participant’s eyes, which makes it easier to see the
virtual human’s facial expressions and potentially more comfortable due to more social eye contact. The fixed
eye height method also avoided any social issues caused by the virtual human looking down at the participants.

H3 For both task contexts, participants will prefer the scaling method with the fixed eye height compared to
the method with the fixed neck height.

3.5 Results E1

The results are shown in Figure 5, in which Figure 5(a) and 5(b) show the results when tasked with identifying
a comfortable range of head scales, whereas Figure 5(c) and (d) show the results when tasked with identifying
head scales so that participants can still perceive the virtual human’s facial expressions. The left column shows
results for the fixed neck height scaling method, in which only the head size is scaled upward/downward, whereas
the right column shows the results for the fixed eye height scaling method, which maintains eye level with the
participants. The x-axes show the distances to the virtual human. The y-axes show the head scales defined by
the participants; the results are presented on a logarithmic (base 2) scale on that axis. This is only done for
presentation purposes, as we did not use a log transform in the statistical analysis. The colored red lines indicate
the maximum and minimum head scales that the participants chose. The colored green area in between the
thresholds indicates the range between those two extrema. The green lines indicate the ideal head scales for the
distances, which the participants chose. The error bars indicate the standard error.

3.5.1  Virtual Human Head Scale. We analyzed the responses with repeated-measures ANOVAs and Tukey
multiple comparisons with Bonferroni correction at the 5% significance level. We confirmed the normality with
Shapiro-Wilk tests at the 5% level and QQ plots. Degrees of freedom were corrected using Greenhouse-Geisser
estimates of sphericity when Mauchly’s test indicated that the assumption of sphericity had been violated. We
only report the significant effects.

We found no interaction effect with a 2 x 2 ANOVA. We found a significant effect of scaling method on head
scales, F(1,21) = 7.93, p=0.01, ryf, = 0.27, indicating that the fixed eye height scaling method resulted in larger
head scales than the fixed neck height scaling method. We also found a significant effect of task context on head
scales, F(1,21) = 22.44, p<0.001, ’7?’ = 0.52, indicating that the task to identify facial expressions resulted in
larger head scales than the task to identify comfort levels.

Comfort Level.

Fixed Neck Height. For the fixed neck height scaling method, we found a significant main effect of distance
on head scales for the minimum task, F(1.23,27.06) = 7.91, p =0.006, ryz = 0.26. Post hoc tests showed that all
pairwise comparisons were significant (p < 0.05), except between distances 0.4 and 1, 0.4 and 3, 3 and 6, 3 and 10,
as well as 6 and 10.

We also found a significant main effect of distance on head scales for the maximum task, F(1.11, 14.31) = 4.64,
p=0.038, 1712, = 0.17. All pairwise comparisons were significant (p < 0.05), except between distances 0.4 and 1, 3
and 6, as well as 6 and 10.

We found no significant main effect of distance on head scales for the ideal task, F(1.15,25.29) = 2.27, p= 0.142,
7y = 0.09.

Fixed Eye Height. For the fixed eye height scaling method, we found a significant main effect of distance on
head scales for the minimum task, F(2.14,47.08) = 9.85, p<0.001, nf, = 0.31. Post hoc tests showed that all
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Fig. 5. Results of Experiment E1 for the two task contexts (comfort level and facial expressions) and the two scaling methods
(fixed neck height scaling and fixed eye height scaling). The x-axes show the distances to the virtual human; the y-axes
show the indicated head scales by the participants (on a logarithmic scale with base 2). The red lines indicate the thresholds,
whereas the green line indicates ideal head scales.

pairwise comparisons were significant (p < 0.05), except between distances 0.4 and 1, 1 and 3, 1 and 10, 3 and 6,
3 and 10, as well as 6 and 10.
We also found a significant main effect of distance on head scales for the maximum task, F(1.45,31.82) = 14.19,
p=0.038, r]f, = 0.39. All pairwise comparisons were significant (p < 0.05), except between distances 3 and 6.
Moreover, we found a significant main effect of distance on head scales for the ideal task, F(1.73,38.09) = 8.25,
p=0.002, r]f, = 0.27. All pairwise comparisons were significant (p < 0.05), except between distances 0.4 and 1, 3
and 6, as well as 6 and 10.

Facial Expression Recognition.

Fixed Neck Height. For the fixed neck height scaling method, we found a significant main effect of distance
on head scales for the minimum, F(1.26,27.60) = 115.75, p<0.001, 1712, = 0.84. Post hoc tests showed that all
pairwise comparisons were significant (p < 0.05), except between distances 0.4 and 1.

We also found a significant main effect of distance on head scales for the maximum task, F(1.07,22.55) = 14.94,
p=0.001, ryf, = 0.42. Post hoc tests showed that all pairwise comparisons were significant (p < 0.05).
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Moreover, we found a significant main effect of distance on head scales for the ideal task, F(1.32,29.08) = 48.26,
p<0.001, 17?, = 0.69. All pairwise comparisons were significant (p < 0.05), except between distances 0.4 and 1.

Fixed Eye Height. For the fixed eye height scaling method, we found a significant main effect of distance on
head scales for the minimum task, F(1.18,25.98) = 52.46, p<0.001, r]f, = 0.71. Post hoc tests showed that all
pairwise comparisons were significant (p < 0.05), except between distances 0.4 and 1.

We also found a significant main effect of distance on head scales for the maximum task, F(1.28,28.21) = 14.21,
p<0.001, r)f, = 0.39. Post hoc tests showed that all pairwise comparisons were significant (p < 0.05).

Moreover, we found a significant main effect of distance on head scales for the ideal task, F(1.01,22.22) = 4.43,
p=0.047, 1712, = 0.17. All pairwise comparisons were significant (p < 0.05), except between distances 0.4 and 1.

3.5.2  Preference of Scaling Method. We asked participants to indicate on a 7-point Likert scale which of the
two scaling methods they preferred (1 =fixed neck height scaling; 7 = fixed eye height scaling). For the task
recognizing facial expressions, participants indicated a slight preference of the fixed eye height method (M =4.57,
SD = 2.27); specifically, 8 participants were in favor of the fixed neck height method, 14 were in favor of the fixed
eye height method, and 1 was undecided. For the task examining the sense of comfort, participants also indicated
a slight preference of the fixed eye height method (M = 4.48, SD = 2.45); specifically, 8 participants were in favor
of the fixed neck height method, 13 were in favor of the fixed eye height method, and 2 were undecided.

3.6 Discussion and Limitations E1

In this section, we summarize the main findings and discuss implications for the use of the Big Head technique in
social VR, and we also address limitations of our experiment. Overall, our results show that participants generally
increased the virtual human’s head scale both for the facial expression recognition and the comfort level task
context.

3.6.1 Virtual Human Head Scales Increased over Distance for Recognizable Facial Expressions. For the facial
expression recognition task context, in line with our Hypothesis H1, we found that participants increased the
virtual human’s head scale when the virtual human was moved farther away. As expected, our debriefing con-
firmed that participants shared a common strategy for the head scaling with respect to the distances—they scaled
the head sizes up because they could not make out sufficient details on the virtual human’s face when they were
too distant. In other words, the HMD’s limited screen resolution took social cues away for longer distances,
whereas increasing the head scale could bring them back.

In addition, based on the minimum head scale results shown in Figure 5(c) and (d), we noticed that there
was a clear decision moment when participants changed their scaling direction from decreasing to increasing.
Participants were able to see the facial expressions even with a decreased head scale when the virtual human
was closer than 3 m, whereas they started to increase the head scale when the virtual human was moved beyond
3 m. If mainly caused by the screen resolution of the HMD, this result implies that doubling the screen resolution
in the next generation of HMDs could push this distance to 6 m, but in the foreseeable future, it will persist as a
limiting factor compared to natural human vision and social interaction.

As both the ideal and minimum head scale results indicate the importance of scaling the head sizes up to be
able to perceive facial expressions, we propose the values in Figure 5(c) and (d) as a reference for practitioners
in this field. Although the values might be shifted a bit due to different screen resolutions and related factors
depending on the particular HMD (or other immersive display), we believe that they provide a useful guideline
for the effective communication of such social cues in VR.

For completion, we also asked participants to indicate the maximum head scale in the experiment. The results
are mainly governed by participants enlarging the virtual human’s head until it filled the HMD’s field of view
(see Section 3.2). Here, the benefits of the fixed eye height head scaling method showed over the fixed neck height
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method, as the head scale could be increased more if the head was located in front of the participant instead of
looming over them.

3.6.2  Virtual Human Head Scales Increased over Distance for Comfortable Proportions. Interestingly, in con-
trast to our Hypothesis H2, our results show that participants still increased the virtual human’s head scale even
for the comfort level task, in which they were asked to focus on the virtual human’s most comfortable head
scales and proportions. Given the ideal head scale results shown in Figure 5(a) and (b), participants did not scale
up the head as much as they did for the facial expression recognition task but still increased the head scales
quite a bit throughout all tested distances. In particular, it is interesting that a head scale with a factor of 2 was
perceived as more comfortable than a natural head scale at a distance of 10 m. One potential explanation might
be the HMD’s limited screen resolution, which, at this long distance, might have affected the participants’ spatial
perception [10, 65], particularly their ability to estimate the virtual human’s size or proportions.

However, we were further surprised to see that participants even increased the head scales slightly for very
close distances, such as within intimate space or personal space. It appears that participants did not perceive a
“big head” as a critical factor that could ruin their sense of comfort with the virtual human, even at such close
distances.

Our Hypothesis H2 was based on the consideration of potential Uncanny Valley [55] effects caused by a virtual
human that has human-like body parts but with unrealistic proportions, so we expected that participants would
not change the head scale much to keep the virtual human’s proportions similar to those of a real human. How-
ever, our expectation about the Uncanny Valley effect in the experiment might have played in a different way, i.e.,
participants might have perceived the normal-scale virtual human as a bit uncanny as it was realistic but “not
real enough” to be a real human, so they might have decided to change the head scale to feel more comfortable
with a more abstract (cartoonish) character with a big head. It is an interesting vista for practitioners in this field
that “big head” virtual humans might actually be perceived as more comfortable than traditional representations.

3.6.3 Preferences of Scaling Methods for Big Head Virtual Humans. We found a slight preference of the fixed
eye height scaling method compared to the fixed neck height scaling method among our participants, in line with
our Hypothesis H3, although the difference was less pronounced than we expected. Contrary to our expectations,
maintaining the same eye height as the virtual human was not the dominating factor for our participants. In the
following, we summarize some of the comments that participants made for both scaling methods with their pros
and cons, and reasoning for their preference.

The participants who preferred the fixed neck height method stated that it was easy and familiar:

P3: “Because there is only one variable changing. With a fixed body only one thing is changing (the
head) when there isn’t a fixed body, it is very awkward very quickly”

P21: “Tlike the idea of virtual reality feeling as real as possible opposed to cartoonish.”

P23: “T am used to it.”

However, the participants who preferred the fixed eye height method considered its benefits for the convenience
of seeing the virtual human’s face, maintaining eye contact, and as a tool that might be used in an entertainment
context:

P10: “Since the body shrinks I do not need to move my head to up or down but the head size is big
as body is small. but in fact while looking at facial expressions we need to look at the body. I mostly
didn’t give that much importance to body.”

P12: “T felt more comfortable with someone that has natural body features, but the larger head can
be more acceptable depending on the situation and if the body’s layout is purely for entertainment
and not a professional setting.”

P18: “T wanted to keep the eye contact because it was more comfortable to me in this kind of
situation”
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The comments reinforce the importance of eye contact and gaze behavior in social contexts [32], but they also
emphasize the importance of the rest of the body.

3.6.4 Limitations and Future Work. Our study showed interesting effects of virtual human head scale on the
perception of facial expression and comfort with respect to the distance considering common social VR settings.
However, there are also a few limitations of the current work, which can lead us to additional study ideas we
can further investigate in the future.

First, this study used a single female virtual human character as the visual stimulus to create a consistent
VR experience. We understand that different virtual human appearances and rendering styles could influence a
user’s perception of a virtual human [48, 83]. The range of a participant’s choice of a virtual human’s head scale
at which facial expressions can be observed might differ depending on these factors. Future work may investigate
different appearances, such as the virtual human’s race, skin color, age, and gender, as well as rendering styles,
such as photorealistic or abstracted cartoonish characters.

Second, our results are dependent on the current-state HMD (HTC Vive Pro) that we tested in this experiment.
We expect that higher-resolution displays will enable users to perceive facial expressions over a longer distance
in the future. However, we would like to point out that a threshold for the perception of facial expressions exists
even with 20/20 visual acuity, which can be overcome by using the approach presented in this article.

Third, the virtual human in our study setting was static with idle standing animations at different distances.
Virtual humans in social VR would usually not remain at a static distance but move around freely, which may
affect the scaling of head sizes and the use of big head virtual humans. Future work may investigate how dynamic
virtual human movement and changes in head scales affect a users’ perception of social virtual humans.

Last but not least, Experiment E1 looked at virtual humans in an indoor VR setting using an immersive VR-
HMD, where we scaled the virtual head of a virtual human character. In contrast, in our effort to gain a broader
understanding of the Big Head technique, our Experiment E2 (which follows) was designed to provide further
data points in an outdoor AR setting (instead of indoor VR) using an OST-HMD (instead of VR-HMD), where we
scaled the virtual head of a physical human stand-in (instead of a virtual human character).

4 EXPERIMENT 2: BIG HEADS IN OUTDOOR AR

In this section, we present our second experiment, in which we evaluate the effects of head scale on participants’
perception of an AR head with an OST-HMD. For this study, as indicated in Section 3.6.4, we decided to use a
physical human stand-in (mannequin) for experimental purposes and as a conservative setup, where we matched
the AR head as an overlay over the physical body (see Figure 6). We consider such magnified heads (or other
body parts) a useful technique for future AR use cases, whether based on purely virtual AR humans, mixed
physical-virtual representations, or overlays of a real-time 3D reconstructed head over the view of a real person.
In comparison to Experiment E1 (refer Section 3), we decided to add eye gaze detection and face detection tasks.
In addition, we decided to investigate an outdoor AR environment compared to our previous VR environment.
According to Hager and Ekman [35], humans are capable of accurately detecting facial expressions up to 45 m
(not using XR). So we decided to test the effect of head scales over three far-away distances (30, 60, and 90 m).
We will now discuss Experiment E2 in detail in the next sections.

4.1 Participants E2

After initial pilot tests, we estimated the effect size of the expected strong effects, and based on a power analysis,
we made the decision to recruit 20 participants from our university community (14 male and 6 female; ages
between 19 and 31 years, M = 25.6, SD = 3.3). All participants had normal or corrected-to-normal vision, whereas 8
participants wore glasses and 3 wore contact lenses. None of the participants reported known visual or vestibular
disorders, such as color or night blindness, dyschromatopsia, or a displacement of balance. The participants were
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Fig. 6. lllustration of Big Head scaling in outdoor AR. From left to right, the images show an unaugmented view of two
humans at different distances, an AR head that was up-scaled to be able to barely identify the face, the same head up-scaled
more to perceive the facial expression (smiling), and even more up-scaled to make out the gaze direction (looking right).

either students or non-student members of our university, who responded to open calls for participation, and
received a monetary compensation of $15 for their participation.

4.2 Materials E2

To investigate human perception of different AR human head scales in an outdoor AR environment, we set up
our experiment outdoors (Figure 7) with a mannequin that indicated the three distances at which participants
then adjusted the scale of an AR human’s head with a HoloLens and an Xbox Controller (Figure 8). In this section,
we describe the details of the AR human and the study settings for the experiment.

We used AR humans in this experiment that were life-size 3D female virtual human models obtained from
Adobe Mixamo. The models were cropped using Blender, to use their heads only, and imported into the Unity
game engine (version 2019.2.9.f1). Figure 9(c) shows the different 3D characters we used. We used a real-life
1.8 m tall female mannequin (see Figure 8) to indicate the distances in the experiment at which participants had
to scale a virtual head that we aligned with the mannequin’s neck.

As mentioned in Section 3.6.4, we decided to use a physical mannequin stand-in and a virtual head to help us
broaden our understanding of the Big Head technique in terms of full or partial AR human representations. We
started off planning this experiment with a real human standing at different distances; however, for practical
purposes and to ensure that the experiment trials were sufficiently controlled and could be compared, we
opted for a mannequin as a human stand-in. Although recent work by Choudhary et al. [15] presented a first
demonstration of the Big Head technique for real humans in AR implemented using live head-mounted camera
capture with a computer vision algorithm, due to our choice of a static mannequin with a static face, we
opted to use an animated virtual head overlaid over the head of the mannequin instead, i.e., not a live video
capture of the mannequin’s head. We believe that this was an interesting and informative choice since our
experiment focuses on the technique more than the single use case of magnifying real heads captured by a
camera [15].

The 3D heads we used were programmed to perform various facial expressions using blendshapes on their
faces such as lip and eye brow movements. Among different possible facial expressions, we decided to use four
specific expressions: happy, sad, angry, and skeptical (see Figure 9). We could have tested for different stylized fa-
cial expressions [77], but we made this decision based on similar facial expressions being used in Experiment E1
(refer to Section 3). Instead of testing only one facial expression per condition, we presented them in a continuous
loop, which allowed participants to align their responses based on their perception of all of them, including the
dynamics of changing facial expressions; arguably, it would be more difficult to only see one static facial expres-
sion and there are some expressions that are harder to see (including micro-expressions), but as in Experiment
E1, we were mainly interested in understanding typical expressions in dynamic contexts.
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Fig. 7. In Experiment E2, we tested three AR human distances (30, 60, and 90 m) in the shown outdoor environment.

We further decided to test four different eye gaze directions. Eye gaze is an important cue in interpersonal
communication, which ranges from eye contact to deictic interacting with the environment. As discussed in
Section 2.2, eye gaze corresponds to some of the smallest facial features that are regularly employed by humans.
The 3D character in our experiment looked left, right, up, and down (see Figure 9). We presented them in a loop,
similar to the loop we used for facial expressions to make sure that participants will receive not only static gaze
cues but typical dynamic gaze behaviors.

Last, we also decided to test three 3D character faces. Although it is arguably more difficult to read facial
expressions or gaze directions than to identify a person or distinguish one from another based on the overall
appearance of their head, we nonetheless decided to include them in our experiment, as we believe that it is
important to understand how large heads have to be to allow us to identify/distinguish them. To be consistent
with the other conditions, we also looped the heads.

The AR human was displayed through an OST-HMD, a Microsoft HoloLens 1. The HMD provided a 30-degree
horizontal and 17.5-degree vertical field of view, and had a resolution of 1280 X720 pixels per eye at a refresh rate
of 60 Hz. The angular resolution was 43.6 pixels per degree. The HMD was connected to a backpack PC (MSI,
Intel Core i7-7820HK 2.9 GHz CPU, 16 GB of RAM, Nvidia GTX 1070 graphics card, Windows 10 Pro). We utilized
a cellular mobile hot-spot to stream imagery to the HoloLens via Unity in Holographic Remoting mode. As the
experiment was conducted over multiple days in a sunny outdoor environment, two stacked sheets of neutral
density filters, one with an optical density of 0.6 and another with a density of 0.9, were added to the HoloLens.
This could block 37.5% of all incoming light and ensured a good contrast between the virtual imagery and the
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Fig. 8. Annotated photos showing on the left side a participant in Experiment E2 with the HoloLens and XBox controller
and on the right side the mannequin we placed at the three physical distances with an AR Big Head overlay.

participants’ physical environment. During the experiment, participants were standing on a marked location on
a private street in an outdoor environment, wearing the HMD. They could align and adjust the scale of the AR
human head using a handheld XBox controller (see Figure 8). Specifically, they could tilt the right joystick up or
down to choose and fine-tune the virtual head scale. When they felt confident about the chosen head scale and
decided to select it, they could press the “A” button on the controller, which saved their chosen head scale for
the current condition.

4.3 Methods E2

We used a 4 X 3 x 3 full-factorial within-subjects design with three factors (task context, distance, and target scale)
as described in the following.

4.3.1 Study Design.

Task Context (Four Levels). Participants were instructed to perform the head scaling task in four different
contexts (see Figure 9):

e Facial expression detection: In this task context, participants were asked to adjust the scale of the AR head
while focusing on their ability to detect the AR human’s facial expressions. If the head scale was too
small or too large, they would not be able to detect the facial expressions. We prepared this task context
considering the importance of understanding human social signals, particularly through facial expressions.
We showed four facial expressions in a loop, which are described in Section 4.2.
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Fig. 9. Visual stimuli used in Experiment E2.

e Eye gaze detection: In this task context, participants were asked to adjust the scale of the AR human’s head
while focusing on their ability to detect the AR human’s eye gaze. If the head scale was too small or too
large, they would not be able to detect the eye gaze. We showed four gaze directions in a loop, which are
described in Section 4.2.

e Face detection: In this task context, participants were asked to adjust the scale of the AR human’s head
while focusing on their ability to detect/identify the different virtual heads. If the head scale was too small
or too large, they would not be able to detect the different heads. We showed three virtual heads in a loop,
which are described in Section 4.2.

e Comfort level: In this task context, participants were asked to adjust the scale of the AR human’s head while
focusing on their perception of the AR human and their feeling of comfort when seeing the AR human.
If the head scale is too small or too large, a feeling of “uncanniness” (or “creepiness” [55]) tends to arise,
which indicates that participants would not feel comfortable interacting with such an AR human.

Distance (Three Levels). As discussed in Section 2.2, in the work by Hager and Ekman [35], every observer was
able to label different human facial expressions accurately up to 45 m in the real world (not using XR), although
accuracy declined as distance increased. They tested four distances (30, 35, 40, and 45 m).
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Hence, in our study, we decided to start at 30 m but go beyond these distances. We tested three distances: 30,
60, and 90 m. The distances are shown in Figure 7 from a bird’s eye view and from a first-person view to show
the effects of these distances on the visibility of an AR human. These distances are all located well behind the
focal depth of the HoloLens, which is set at 2 m.> As such, these conditions induce small amounts of vergence-
accommodation conflict [43, 82] of 0.47, 0.48, and 0.49 diopters, respectively. These values each fall within the
zone of comfort explored by Shibata et al. [71] and therefore should induce minimal visual discomfort from
users. Although there is little difference in the amount of vergence-accommodation conflict induced between
conditions, it is possible that users will need to compensate for somewhat blurrier imagery at further depths by
choosing slightly larger scalings.

Target Scales (Three Levels). We asked the participants to perform the task for the following target scales.
During each trial, participants were asked to either identify the minimum, maximum, or ideal head scale in the
task contexts mentioned previously:

e Minimum: Participants were asked to identify and select the minimum head scale in the particular task
context. For instance, for the facial expression task context, this meant that they would reduce the head
scale until they could just barely recognize the facial expressions. For the comfort level task context, they
reduced the head scale as far as they would still maintain a sense of visual comfort seeing the AR human
in front of them, i.e., without feeling uncanny.

e Maximum: Similar to the minimum target scale, participants were asked to identify and select the maximum
head scale in the particular task context.

o Ideal: Participants were asked to identify and select their preferred ideal head scale in the particular task
context. For instance, for the facial expression task context, this meant the ideal head scale for recognizing
the facial expressions. For the comfort level task context, this meant finding the ideal head scale without
feeling uncanny.

4.3.2  Procedure. Once participants arrived, an informed consent form was provided, and they were asked
to give their verbal consent to participate in the experiment. Afterward, the experimenter verbally explained
the study details with the task instructions, and made sure that the participants understood the tasks through a
demonstration before the experiment. Participants then donned the HoloLens 1 on which they could see the AR
human’s head facing toward them. In the demonstration, the participant would first make sure the virtual head
is aligned with the mannequin and then adjust the scale of the virtual head for the different task contexts, which
we described in Section 4.3.1. They familiarized themselves with the AR human’s facial expressions, eye gazes,
and the different faces that they should look out for as described in Section 4.2. They could increase or decrease
the head scale with the right joystick on the XBox controller, and make the final decisions for the conditions by
pressing the “A” button, which also advanced the experiment to the next trial condition.

Once participants were familiar with the interface and tasks, we started the experimental trials. For detecting
facial expressions, the AR human exhibited four expressions in an infinite loop—happy, angry, surprised, and
skeptical (see Figure 9). For detecting eye gaze, the AR human exhibited four gaze directions in an infinite loop—
left, right, up, and down. For detecting virtual faces, the virtual head alternated between three different 3D
character heads. To make sure that the participants understood what they had to do in each trial, the current
target scale and task context were shown to participants via AR labels on the HoloLens.

We randomized the distances per participant. We first placed the mannequin at the target distance and con-
firmed with the participants that the AR human head was well aligned. All task contexts for that distance were
then tested in randomized order. For each distance and task context, the target scales (minimum, maximum, and

3https://docs.microsoft.com/en-us/windows/mixed-reality/design/comfort.
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ideal) were then tested in fixed order as our previous study did not reveal any carryover effects but a sense that
randomizing these three tasks would confuse participants and promote errors.

When the experiment was halfway completed, participants took a 2-minute break. After completing all con-
ditions, they completed a post-questionnaire, assessing their demographics and prior experience, and we asked
them to indicate their general perception and preference of the AR human conditions as well as the reasoning
behind their answers. Finally, the experiment ended with a monetary compensation of $15.

4.4  Measures and Hypotheses E2

As described in Section 4.3, participants experienced the AR human head scaling task with 36 different conditions
in terms of three factors: task context, distance, and target scale. We collected the participants’ selections on the
AR human’s head scale during the tasks to investigate how the three factors influence the participants’ selection
of head scales. For all task contexts, we expected to find minimum and maximum thresholds showing a range of
head scales over which AR human head scales can be varied. Related to our research questions in Section 1, the
hypotheses we established were as follows:

e HI: For the facial expressions, eye gaze, and face detection task contexts, participants will increase the AR
human’s head scale as the distance to the AR human increases.

We further considered that due to the size of facial features, it would likely be the easiest task to detect entire
faces, followed by facial expressions, and then gaze directions, which we hypothesized would be reflected in the
results for the head scale minima:

e H2: For the minimum target scale, participants will set the AR human’s head scales at the lowest level for
the face detection task, at a larger level for the facial expression detection task, and at the largest level for
the eye gaze task.

If this hypothesis holds true, the results would indicate that different head scales may be chosen depending on
different application demands. For instance, those applications that only need their users to be able to distin-
guish faces may use smaller head scales than those applications that require their users to be able to read facial
expressions and/or gaze directions.

Further, we expected to see that the ideal AR head scales in terms of comfort would remain at the level of a
normal human head:

e H3: For the comfort level task context, participants will maintain the AR human’s head scale at the original
scale even if the distance between the AR human and themselves increases.

Although Experiment E1 indicated that participants generally preferred slightly bigger heads in VR, we assumed
that this would not carry over to this AR context, e.g., due to the higher number of real-world size cues in the
physical outdoor environment, among other factors.

4.5 Results E2

Our pooled results are shown in Figure 10. The figure shows the results when participants were tasked with
identifying head scales so that they could detect the AR human’s (a) facial expressions, (b) eye gaze, (c) virtual
faces, and (d) a comfortable range of head scales. The x-axes show the distances to the AR human. The y-axes
show the head scales set by the participants; the results are presented on a logarithmic (base 2) scale on that axis.
As in Experiment E1 (refer Section 3), we only used the log scale for presentation purposes and did not use the
log transform for our statistical analysis. The colored red lines indicate the maximum and minimum head scales
that the participants chose. The colored green area in between the thresholds indicates the range between those
two extrema. The green lines indicate the ideal head scales for the distances, which the participants chose. The
error bars indicate the standard error.
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Fig. 10. Results of the four experimental tasks. The x-axes show the distances to the AR human; the y-axes show the indicated
head scales by the participants (on a logarithmic scale with base 2). The red lines indicate the thresholds while the green
line indicates ideal head scales.

We analyzed the responses with repeated-measures ANOVAs and Tukey multiple comparisons with Bonfer-
roni correction at the 5% significance level. As in Experiment E1, all assumptions of the parametric statistical
tests were confirmed or corrected for. We only report the significant effects.

4.5.1 Facial Expression Detection.

Distance. We found a significant main effect of distance on head scales, F(1.88,35.73) = 36.22, p < 0.001, r]f, =
0.74. Post hoc tests showed that all pairwise comparisons between target scales were significant (p < 0.05) except
between 30 and 60 m.

Target Scales. We found a significant main effect of target scales on head scales, F(1.52,28.85) = 185.92,
£<0.001, ryf, = 0.91. Post hoc tests showed that all pairwise comparisons between target scales were signifi-
cant.

Distance and Target Scales. We found a significant main effect of distance on head scales for the minimum task,
F(1.48,28.06) = 43.99, p<0.001, I]IZJ = 0.70, for the maximum task, F(1.89,35.97) = 7.44, p<0.001, f]?, = 0.43,
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and for the ideal task, F(1.7,32.3) = 32.42, p<0.001, 172 = 0.63. Post hoc tests for the three target scales showed
that all pairwise comparisons were significant, except between distances 30 and 60 ms, and between 60 and 90
m for maximum target scale.

4.5.2 Eye Gaze Detection.

Distance. We found a significant main effect of distance on head scales, F(1.68,31.84) = 27.80, p < 0.001, ryf, =
0.60. Post hoc tests showed that all pairwise comparisons between target scales were significant except between
30 and 60 m.

Target Scales. We found a significant main effect of target scales on head scales, F(1.56,29.61) = 94.31, p < 0.001,
775, = 0.83. Post hoc tests showed that all pairwise comparisons between target scales were significant.

Distance and Target Scales. We found a significant main effect of distance on head scales for the minimum task,
F(1.79,34.04) = 45.20, p<0.001, 7712, = 0.70, for the maximum task, F(1.64,31.13) = 15.29, p<0.001, qf, = 0.45,
and for the ideal task, F(1.60,30.43) = 14.50, p<0.001, 1712, = 0.43. Post hoc tests for the three target scales
showed significant pairwise comparisons, except between 30 and 60 m.

4.5.3 Face Detection.

Distance. We found a significant main effect of distance on head scales, F(1.68,31.99) = 53.29, p < 0.001, r]f, =
0.66. Post hoc tests showed that all pairwise comparisons between target scales were significant except between
30 and 60 m.

Target Scales. We found a significant main effect of target scales on head scales, F(1.71,32.54) = 138.02,
p<0.001, 1712, = 0.88. Post hoc tests showed that all pairwise comparisons between target scales were signifi-
cant.

Distance and Target Scales. We found a significant main effect of distance on head scales for the minimum task,
F(1.85,35.13) = 18.16, p<0.001, 1712, = 0.49, for the maximum task, F(1.79,34) = 7.44, p=0.003, 1712, = 0.28, and
for the ideal task, F(1.77,33.59) = 15.67, p<0.001, r]f, = 0.45. Post hoc tests for the three target scales showed
that all pairwise comparisons were significant, except between 30 and 60 m.

4.5.4  Comfort Level.

Distance. We found a significant main effect of distance on head scales, F(1.75,33.19) = 5.73, p =0.01, rﬁ, =0.23.
Post hoc tests showed that the only pairwise comparison that was significant was between 30 and 90 m.

Target Scales. We found a significant main effect of target scales on head scales, F(1.28, 24.25) = 47.73, p < 0.001,
1712, = 0.72. Post hoc tests showed that all pairwise comparisons between target scales were significant.

Distance and Target Scales. We found a significant main effect of distance on head scales for the minimum
task, F(1.60,30.44) = 7.63, p=0.004, r)z = 0.29. Post hoc tests showed that all pairwise comparisons were not
significant.

We found no significant main effect of distance on head scales for the maximum task, F(1.3,24.6) = 2.8,
p=0.09, 15 =0.13.

We found a significant main effect of distance on head scales for the ideal task, F(1.95,37.1) = 8.23, p=0.001,
175, = 0.30. Post hoc tests showed that the only pairwise comparison that was significant was between 30 and
90 m.

4.6 Discussion and Limitations E2

In this section, we summarize the main findings and discuss implications for the use of “big head” humans in AR,
while also addressing qualitative feedback we received from our participants, and limitations of our experiment.
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4.6.1 AR Human Head Scales Increased over Distance for Detection Tasks. Overall, for the facial expressions
detection, eye gaze detection, and face detection tasks, in line with our Hypothesis H1, we found significant
effects that participants increased the AR human’s head scale when the human was moved farther away. When
we asked the participants in our post-questionnaire about their reasoning behind their selected head scales at
different distances, some of them stated (non-verbatim reproduction; corrected for language):

P9: “When the human was far away, I was forced to choose a bigger head scale, so that I can see it
better”

P10: “[...] when the virtual human was far away, I choose the head size a little bigger so that I can
read the expressions on the face”

P19: “T wanted to see the human’s facial expression, so the size had to be larger”

Our participants shared the common strategy to make the heads bigger if they were otherwise too small to make
out sufficient facial features. By scaling up the heads to different degrees, they were able to recover the facial
features that deteriorated over distance.

Practitioners aiming to create a similar user experience with the Big Head technique in AR may choose to
go with the ideal head scales and their relative progression for larger distances we observed in this experiment;
however, as discussed earlier, the specific magnitudes in our experiment are dependent on the OST-HMD and
may depend on the stimuli and outdoor lighting conditions.

Facial Expressions Detection. From Figure 10(a), based on the minimum head scale results, we can see that
participants chose a larger head than normal at 30 m and their head scales increased as the distance increased.
Without up-scaling the AR human’s head, the facial expressions were not discernible even at our shortest distance
of 30 m. In comparison, normal human vision limits our ability to detect facial expressions to about 45 m [35].

For the ideal head scales, participants adjusted the head scales closer to their minimum selections rather than
their maximum selections. However the slope of ideal head scales increased more than that of the minimum
head scales from 60 to 90 m. One participant explained this by stating the following:

P17: “[...] to differentiate the slightest movement of expressions without straining my eyes too hard.”

The results from both ideal and minimum head scales indicate that the Big Head technique is effective for scaling
AR human heads up to perceive facial expressions.

Eye Gaze Detection. As can be seen in Figure 10(b), in line with Hypothesis H2, participants selected larger
heads for the eye gaze detection and facial expressions detection tasks compared to the face detection task for the
minimum and ideal target scales, and from our post-questionnaire we found that eye gaze was rated the toughest
detection task followed by facial expressions and face detection. We can also see that participants selected the
largest head scale at 90 m among all other tasks. Most participants’ reasoning was the size of the details, since
eye gaze movements were the smallest compared to facial expressions and facial features in the face detection
task (non-verbatim reproduction; corrected for language):

P3: “Eyes were hard to detect since what I am trying to recognize is smaller”
P18: “Eye gaze is the smallest part amongst the three, so it was the toughest one”

Another interesting possible reason stated by P1 could be the color contrast of the eye:

P1: “T think the eye gaze was the most difficult. Partly because it is a very small feature and partly
because the color of the pupil was slightly difficult to discern.”

As discussed in Section 2.4, the additive light model of OST-HMDs makes it difficult to perceive dark pupils as
the physical background is visible through these rendered screen areas [60]. Specifically, if the background is
bright, it can wash out the pupil.
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Face Detection. In line with our Hypothesis H2, the face detection task was rated the easiest among the three
detection tasks on our post-questionnaire. From Figure 10(c), we can even see values below normal head scales
for the minimum task at 30 and 60 m. This means that when selecting the minimum head scales to detect the
different faces, participants reduced the head scales even below their normal size. However, at 90 m, we can see a
steep increase in head scales. We can say that the minimum threshold distance beyond which participants have
to increase head scale to detect faces is between 60 and 90 m.

Some common reasons given for this apparent ease to detect faces by our participants were hairstyles, eye
socket depth, and styles of ears, among others. A few example comments by our the participants were the fol-
lowing (non-verbatim reproduction; corrected for language):

P1: “Virtual faces were the easiest because all the features were changing so I didn’t need to look for
a specific feature.”

P16: “Virtual faces were easiest because all of them had different features and different hairstyles. It
made it easier to recognize them at any distance”

P20: “For virtual faces it was easy to recognize from far away due to their hairstyle, eyebrow style,
eye socket depth. It allowed me to see more of the face from far away and even closer”

This detection task showed the largest range between minimum and maximum head scales. Although the max-
imum head scales for this task are consistent with the other detection tasks, it has the lowest minimum head
scales among all tasks.

4.6.2 AR Human Head Scales Increased over Distance for Comfortable Proportions. In Hypothesis H3, we pre-
dicted that participants would keep the head scales constant over the three distances for the comfort level task,
assuming that normal human head scales will appear the most comfortable independent of distance. We based
this hypothesis on the Uncanny Valley [55] effect, where a disproportionate AR human would appear “uncanny”
and uncomfortable. However, again, similar to Experiment E1, our results do not match this prediction. In this
task, where we asked participants to select the AR human’s head scale and proportions that feel the most com-
fortable to them, we can see an increase in head scales as distance increased in Figure 10. We believe this may
be related to the lighting conditions, low resolution, and additive light model of the OST-HMD (see Section 2.4)
that may have caused the AR human’s head to appear less than natural and comfortable to start with, which
could be “lessened” by increasing their scale.

Experiment E1 found a similar effect, although with a large difference in magnitude. For ideal head scales,
participants in Experiment E1 increased the VR heads to twice their size beyond 10 m distance, whereas partic-
ipants in Experiment E2 increased the AR heads to twice their size only after 60 to 90 m. Our results show that
the participants’ head scale judgments are influenced by the factors that differed between our Experiments E1
and E2, suggesting that future research may try to isolate the corresponding factors in controlled comparative
studies.

Our results also show a large range from minimum to maximum head scales, giving developers room to explore
different head scales on AR humans without participants feeling uncomfortable. Specifically, the minimum head
scales for the three detection tasks for facial expressions, eye gaze, and faces fall below the maximum head scales
indicated for the range of comfortable head scales.

4.6.3 Applications and Guidelines. We asked our participants in our post-questionnaire where they believe
this kind of scaling method in AR would be most useful, and we received some very interesting answers. The
most common application proposed by our participants was the identification of friends and family in a crowded
area. Another application proposed was directed at finding or identifying criminals for the police. One participant
also suggested that this would be a fun game mechanic for AR games. A few statements from our participants
were the following (non-verbatim reproduction; corrected for language):
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P10: “Tt could be used by the Army to identify the facial expression of the enemy.”

P16: “Identifying suspects or any person of interest in crowds, beneficial for people with vision prob-
lems”

P19: “[...] finding your loved one in a crowd or a theme park or to look for a lost child in a crowd or
to look for a possible suspect/criminal who has committed a felony.”

One participant expressed a potential concern about this technique in AR that we found particularly interest-
ing. This participant talked about privacy issues that may arise due to this technique, if it involves scaling of
other peoples’ heads without them being aware of it. Another interesting concern mentioned by the same partic-
ipant was about information overload, as bigger heads may convey more information than one would normally
receive:

P12: “Magnifying heads feels a little like an invasion of privacy if not everyone is aware that it is
happening. Like, I shouldn’t be able to see if someone who is far away from me is sad. If we are
friends, we would move closer together to interact and share those emotions. If we are not friends,
I would feel like I know too much about them. More than privacy, any place with many people in it
would be overwhelming. Seeing a lot of facial information (eye gazes, expressions, etc.) would cause
an information overload for me. I would just want to tell people apart, but not have to think about
where they are looking or how they are feeling”

In particular, for real-time high-resolution camera-based magnifications of other people’s heads, such as sup-
ported by the AR prototype presented by Choudhary et al. [15], those are important considerations to keep in
mind for future work in this direction.

4.6.4 Limitations and Future Work. The Big Head technique has shown some interesting effects of AR human
head scales on the perception of facial expressions, eye gaze, faces, and comfort at different distances in an
outdoor AR setting. However, there are also limitations of our current work, which can lead to additional study
ideas that may be investigated in future work.

First, since our experiment was set in an outdoor environment, sunlight exposure, shadows, and so forth could
not be fully controlled. To fully understand these effects, we believe it will be important to triangulate [67] our
results in future studies in different environments, from urban streets to empty fields or the desert.

Second, our experiment only used female humans with a specific set of facial expressions and basic eye gaze
movements, which are representative for a subset of human faces and facial features, but of course we make no
claims that these results will hold true for all situations that may occur in practical applications. We refer to sev-
eral works on facial expressions [23-25, 58, 72], different rendering styles for humans [48, 83], and appearances
based on gender, age, race, skin color, and so on [22, 49, 84] that may be important topics for future work.

Third, our experiment did not give participants any time limit for the detections. This might be an interesting
topic to explore in time-critical situations, where a time limit may affect their accuracy or cognitive load [20, 52].

Fourth, we used the HoloLens 1 OST-HMD, and our results are dependent on this device. Different displays,
such as the HoloLens 2, provide a resolution of 2048 X 1080 pixels per eye at a 54-degree field of view. Future
cross-device studies may determine how much of the variance in the head scales we may be able to explain by
the characteristics of these devices, such as their resolution or contrast.

Fifth, our experiment used a static spatial configuration, whereas other tasks may involve linear and/or rota-
tional movements. Future work may study similar detection tasks at different rotations of the virtual heads and
at different motion states.

Finally, we propose looking into possible effects of scaling other body parts. Possible scenarios could be scaling
one’s hands for conveying gestures over longer distances, or a dynamic scaling system that may scale body parts
based the type of non-verbal signal one tries to convey. Scenarios may also involve verbal communication, such
as up-scaled heads for lip reading applications.
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5 GENERAL DISCUSSION

In this section, we summarize some of our main findings from both experiments and discuss possible use cases
for the Big Head technique.

Our two experiments were designed to explore a broad range of XR scenarios from indoor VR to outdoor AR.
Even though VR and AR are different display technologies, we found some commonalities along with differences
in our main findings from both experiments.

First, distance is an integral factor for humans to discern facial cues from a virtual human, whether we use
VR or AR. This falls in line with the results of Hager and Ekman [35], where humans were able to discern facial
expressions (in real life) up to 30 to 45 m, although their accuracy declined as distance increased.

In Experiment E1 (see Section 3), we investigated distance as a factor to discern facial expressions in VR and
to test the Big Head technique for fully virtual humans. Participants were able to discern facial expressions up
to only 3 m. Beyond 3 m, they had to up-scale the virtual human’s head to sufficiently make out facial details
(see Figure 3). Although there may be more factors, we believe the VR-HMD’s limited screen resolution was the
primary factor that took social cues away for longer distances, whereas increasing the head scale could “bring
them back”

In Experiment E2 (see Section 4), we investigated human perception of facial features in an outdoor setting
with an AR-HMD and tested the Big Head technique for partial (hybrid) virtual humans. We generally observed
similar correlations, although with largely different magnitudes. Participants up-scaled heads to twice their size
after 10 m in Experiment E1; however, they did that only beyond 60 to 90 m in Experiment E2. This could have
been heavily influenced by the higher AR display resolution but may also have been affected by the outdoor light-
ing conditions and the additive light model of the OST-HMD, warranting future work to isolate the contributing
factors.

Second, participants felt overall more comfortable with head sizes that were up-scaled over their natural size
at longer distances. This was observed in both VR and outdoor AR. Although identifying the causes of this
preference of slightly bigger-than-normal heads needs further exploration, it is an interesting and promising
observation that application developers in XR are not limited by true-to-scale human proportions. Further, if
slightly bigger heads are not perceived as entirely uncomfortable, the Big Head technique could indeed be a
stepping stone for the near future in the field of XR before the display resolution of commercial devices can be
increased to reach the visual acuity of the human eye.

Third, in VR (see Section 3), we compared two alternative head scaling methods and found that maintaining
the eye height of the virtual avatar was generally slightly preferred over the other method, where the head was
scaled upward from the neck. This is specifically interesting with hybrid mixed reality applications—for example,
if we use computer vision algorithms to detect and magnify heads in real time with real humans [15], this real-
world dynamic AR scaling could be either fixed eye height, fixed neck height, or more. Since fixed eye height was
preferred (see Section 3.5), we would suggest developers to use this technique over fixed neck height; however,
future work is needed to gain a better understanding about a wider range of possible scaling methods.

Last, in outdoor AR (see Section 4), among three facial cue detection tasks (facial expressions, eye gaze, and face
detection), detecting eye gaze was rated the toughest, followed by facial expressions and finally face detection.
This can be observed in the lower minimum head scales selected by our participants for the face detection task
(see Figure 10). In applications where facial details are important to understand and discern, it is important to
understand that different facial details, like facial expressions or eye gaze, have different levels of difficulty.

Potential Applications and Use Cases of the Big Head Technique. For both experiments, the Big Head technique
has shown to be useful in enhancing facial information at longer distances. After Experiment E2 (see Section 4),
we asked participants what possible applications or use cases the Big Head technique may have. We received some
very interesting feedback in Section 4.6.3. The most common answers were about identification of humans in XR
situations where it may be important, such as identifying suspects or friends in crowds, and it could also benefit
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people with vision problems. This technique could be used along with computer vision algorithms to detect,
segment, and magnify certain faces in real time. One may then display the magnified head over the location of
the real head on an AR HMD or even in 2D video conferencing [12, 15]. Another interesting application could
be in virtual events, like virtual conferences or meetings. In such events, if speakers are trying to reach out to
their audience, the Big Head technique could help express their facial information better, and it could even shift
the audience’s attention to the person with the “biggest head.”

Alternative Methods. There are other alternative methods to enhance facial information specifically when the
source is at long distances. Another technique could be showing an icon above the avatar. This icon could have
a larger image of their face, or it could have immediate information about the facial information, like their mood
or their facial expression. Another alternate could be using the mini-me approach [63]. A mini-me or a small 3D
visualization of the avatar up close to the user could provide similar enhanced facial information. Last, one could
walk closer to the person or teleport the person closer to the user. Teleportation may work with virtual humans;
however, this would not be possible with a real human with AR. These techniques (including the Big Head
technique) may be more useful in certain situations over others. To fully understand the differences between
these techniques, further research is required.

6 CONCLUSION

In this article, we present two human-subject experiments in indoor VR and outdoor AR, where we investigated
the impact of an increased or decreased virtual human’s head scale on participants’ ability to perceive facial
details, and to assess their sense of comfort. Our results from both experiments suggest that as distance
increased between participants and virtual humans, they increased the virtual human’s head scale to improve
their perception of facial details. This indicates that the Big Head technique can be an effective means for
recovering a user’s perception of a virtual human’s facial features, which deteriorates over longer distances.
When we tested participants’ sense of comfort with respect to the Big Head technique, our results even indicated
that they felt more comfortable with head sizes that were slightly up-scaled over their natural size at longer
distances. We discussed potential explanations, implications, and applications to guide practitioners aiming to
leverage this technique in VR and AR, and we discussed limitations of our experiments and future avenues for
research.
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