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Figure 1: With a self-facing camera, a local AR user is teleconferencing with four remote users (Users 1-4) through their video
avatars overlaid in the local space, as shown on the right in (a-c). The remote users have the same setup as the local user. The left
images in (a-c) illustrate the layout of conversation groups and each user’s attention from a top-down view. The video avatar the
local user is looking at will “step up” onto the inner “Attention Circle” in (a-c) to align with the local camera. The “Attention Thumbnail”
annotates at whom each user is looking (examples are framed in (a) and (b) and can be found in similar positions in (c)). 2.5D video
avatars rotate to face the one being looked at, as annotated in (b). (a) The local user is not looking at anyone while Users 1-4 are
looking at the local user (the remote users’ Attention Thumbnails show a circle highlighted in white), standing in their initial position
on the outer circle. (b) The local user is looking at User 4, whose video avatar transforms onto the Attention Circle. User 4 (Attention
Thumbnail highlighted) is looking at the local user, User 1 turns around to look at User 2, and Users 2 and 3 are looking at User 1.
Their Attention Thumbnails show the corresponding users’ photos and names. (c) The local user and User 3 are looking at each

other while others are looking at User 3. (c) is left unannotated.

ABSTRACT

Augmented Reality (AR) teleconferencing aims to enable remotely
separated users to meet with each other in their own physical spaces
as if they are face-to-face. Among all solutions, the video-avatar-
based approach has the advantage of balancing fidelity and the
sense of co-presence using easy-to-setup devices, including only
a camera and an AR Head-Mounted Display (HMD). However,
non-verbal cues indicating “who is looking at whom” are always
lost or misdelivered in multiparty teleconferencing experiences. To
make users aware of such non-verbal cues, existing solutions explore
screen-based visualizations, incorporate additional hardware, or alter
to use a virtual avatar representation. However, they lack immersion,
are less feasible for everyday usage due to complex installations,
or lose the fidelity of remote users’ authentic appearances. In this
paper, we decompose such attention awareness into the awareness
of being looked at and the awareness of attention between other
users and address them in a decoupled process. Specifically, through
a user study, we first find an unobtrusive and reasonable layout
“Attention Circle” to retarget a looker’s head gaze to the one being
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looked at. We then conduct the second user study to find an effective
and intuitive “rotatable 2.5D video avatar with attention thumbnail”
visualization to aid users in being aware of other users’ attention.
With the design choice distilled from the studies, we implement
A3RT, a proof-of-concept prototype system that empowers attention-
aware 2.5D-video-avatar-based multiparty AR teleconferencing in an
easy, everyday setup. Ablation and usability studies on the prototype
verify the effectiveness of our proposed components and the full
system.

Index Terms: Computing methodologies—Computer graphics—
Graphics systems and interfaces—Mixed / augmented reality;
Human-centered computing—Human computer interaction (HCI)

1 INTRODUCTION

AR teleconferencing creates the illusion of meeting teleported re-
mote users in the local space. With AR HMDs considered a next-
generation personal computing platform, AR teleconferencing has
the potential to enter people’s daily lives and work with its signifi-
cantly improved sense of co-presence compared to current video con-
ferencing experiences. Existing teleconferencing solutions mainly
leverage volumetric capturing and reconstruction [35, 50, 78], vir-
tual avatars [1,43,44], and video avatars [5,6,8,17,27,69,75] to
represent remote users. Video-avatar-based approaches require only
commodity hardware, which is affordable and effortless to set up,
and is studied to be able to present high-fidelity remote users with a
relatively high level of immersion [69], thus being more feasible for



everyday teleconferencing in interaction-, social-, or user-oriented
scenarios [17,30,54,75].

Besides the representation of remote users, attention awareness,
i.e., knowing who is looking at, talking to, or referring to whom, is
crucial to the engagement of the teleconferencing experience [13,46].
Existing methods explore solutions based on 2D screens [23,25],
special hardware [35,53,78], virtual avatars [43,55], symbolic visu-
alizations [56,73], and telepresence robots [51,63]. However, there
are still gaps between them and our goal to achieve attention aware-
ness in a mono-camera setup in video-avatar-based multiparty AR
teleconferencing. 2D solutions lack immersion, special hardware
makes the system less generalizable and accessible, and synthesizing
novel views and motions for video avatars is much harder than con-
trolling virtual avatars. While symbolic visualizations are accurate
and rotating motions of telepresence robots are intuitive, they are
under-explored for life-size video avatars in AR.

To address such an attention awareness problem, we first break
it down into three parts. Taking a fundamental three-user (Users
A-C) scenario as an example, when an action of looking occurs, e.g.,
A is looking at B, as shown in Fig. 2 (a), A (looker), B (lookee),
and C (onlooker) should all be aware. 1) Looker’s awareness is
intrinsically ensured. However, when it comes to the 2) lookee’s and
3) onlooker’s awareness, spatial ambiguity would occur in a static
mono-camera setup for video-based solutions, as shown in Fig. 2
(b) and (c). Because A is captured only from the local camera’s
perspective, B and C would both see A looking to the left front. In
this case, B would feel like A is looking somewhere on her right back
instead of at her. C might can infer A’s attention but the perceived
spatial relation is misaligned. To correct the lookee’s (B’s) awareness
of being looked at, A’s video avatar should look straight at B. We
propose to decouple this process by inserting a head gaze retargeting
component. It dynamically transforms the lookee’s video avatar to
the center of the looker’s view, aligned with the local camera. This
ensures users are looking straight no matter who they are looking at.
This leads to our first question RQ1: How to adaptively transform
the video avatar being looked at to the center in front of the local
user unobtrusively and reasonably? To answer this question, we
conduct our first user study and find the “Attention Circle” layout
(see Fig. 1 (b) and (c)) to be the most reasonable and preferred, with
a high level of co-presence and low task loads.

In addition to the lookee’s awareness, we need to further address
the onlooker’s awareness. Without head retargeting, A’s attention in
C’s view is misaligned (Fig. 2 (c)), while with head retargeting, C
would perceive A is looking at him (same as B does) since A’s video
avatar looks straight at him. This thus leads to our RQ2: How to
visualize the attention between other users accurately, efficiently,
and intuitively? To answer this question, we conduct the second
user study to explore design choices and find the “rotatable 2.5D
video avatar with attention thumbnail” to meet the needs best.

With the design distilled from the two studies, we then implement
A3RT, a proof-of-concept prototype to demonstrate attention-aware
multiparty AR teleconferencing based on 2.5D video avatars. Be-
sides the basic video-avatar-based teleconferencing, it contains a
head gaze retargeting component and an attention synchronizing
component to support the lookee’s and onlooker’s attention aware-
ness mentioned above. Users can join the teleconferencing with a
setup similar to the current video conferencing, including only an
AR HMD and a commodity camera. We conduct ablation and usabil-
ity studies using the prototype to verify each proposed component’s
effectiveness and evaluate the full system’s performance. The results
show that both components are indispensable, and our proposed
system achieves full attention awareness and has high usability.

The main contributions of this work are threefold.

* We identify elements of full attention awareness in everyday
video-avatar-based AR teleconferencing and propose a feasible
solution paradigm that retargets users’ head gaze and visualizes
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Figure 2: Ambiguity of attention from the lookee’s (b) and onlooker’s
(c) perspectives. (a) A looks to the left front at B’s video avatar. (b) B
feels A’s video avatar is looking to B’s right back instead of at B. (c)
A’s video avatar’s looking direction is also misaligned in C’s view.

the attention between them.

* Through two user studies, we find the “Attention Circle” and
“rotatable 2.5D video avatar with attention thumbnail” tech-
niques as two key components in the proposed paradigm.

¢ We build the A3RT proof-of-concept prototype system that
implements the proposed techniques to achieve attention aware-
ness. The ablation study and usability study verity the effec-
tiveness of each component and the system.

2 RELATED WORK
2.1 Video-Avatar-Based Teleconferencing

A 2D video avatar (referred to as a video avatar) represents a re-
mote user as matted human-only real-time streamed images on a
2D plane in the 3D space. Compared to a complete volumetric
representation [35, 50, 78], it requires fewer and simpler instruments
to present high-fidelity human images. The ability to present authen-
tic human appearances makes video avatars a better representation
than virtual avatars [43,44] for work [30] and conversation-centered
scenarios [17,54,69,71,75]. Reconstructed avatars tailored for
HMDs such as Apple’s “Persona” for Vision Pro [1] and Meta’s
Codec Avatar [41] currently require complicated tracking modules
on the HMD to support upper-body-only avatars, making them not
applicable to life-size whole-body experiences on future lightweight
always-on AR HMDs, especially OST ones. Moreover, unlike the
effect of high-end solutions [35], these reconstructed avatars are not
clearly free of potential uncanny issues yet. Therefore, the video
avatar representation is an essential direction to exploring feasible
immersive AR teleconferencing solutions that can truly outperform
current video conferencing experiences under a configuration just as
simple and accessible, only replacing 2D screens with lightweight,
always-on AR HMDs.

Prior arts have explored using video avatars to incorporate real
humans into immersive experiences. One group of works embed
video avatars in VR environments [8,14,27,57,70,76]. For example,
Insley et al. [27] present video avatars in a CAVE VR environment.
Yura et al. [76] use a video avatar in a collaborative virtual exhibi-
tions. Wang et al. [70] and Cui et al. [14] fuse video avatars into
virtual scene models for surveillance systems. In HMD-based VR,
researchers use video avatars for social [57], education [8], and
teleconsultation [75] scenarios. A 3D mesh [8] or a point cloud [75]
captured by a single RGB-D camera presents users mainly from the
front view. Thus, they are more like video avatar solutions instead of
complete volumetric solutions. Another group of works integrates
video avatars into the physical space using AR HMDs [6,7,17,69].
For example, Billinghurst and Kato [6, 7] align half-body video
avatars with real objects for teleconferencing. Simone et al. [17] use
video avatars to enable users to watch TV together. Wang et al. [69]
study the quantitative video avatar placement in AR teleconferenc-
ing. However, these works in VR and AR focus on either comparing



different representations or system implementations, but do not ad-
dress attention awareness for life-size video avatars in multiparty
AR teleconferencing.

Another form of using video avatars in teleconferencing and
telepresence scenarios is telepresence robots such as Double [59].
Researchers explore using such robotic devices in teleconferenc-
ing [51, 63] and academic meetings [47]. To further blend such
robots into the surroundings, Furuya and Takashio [21] propose
to replace the background of a remote user’s video with the local
environment. Fuchs et al. propose to display a life-size remote user
on a transparent screen [20]. While being a practical solution, the
robot form makes it less similar to real humans and less integrated
with local surroundings than life-size video avatars in AR. Moreover,
the AR solution is more flexible regarding the physical space and
more scalable to multi-user scenarios.

2.2 Attention Awareness in Teleconferencing

Attention awareness is essential in offline conversations. It is often
naturally delivered by non-verbal spatial cues such as gaze and
facing directions [2]. Teleconferencing endeavors have explored
solutions to it from the following aspects.

Avatar-based solutions. It is straightforward to control a virtual
avatar’s head rotation to present attention in a shared virtual space
with a fixed coordinate system [43]. For dissimilar spaces, existing
solutions retarget avatars’ pointing and gazing directions [55] or
head gaze directions [34] to correct the attention. However, it does
not apply to video avatars because manipulating the viewing angle
of videos in real-time, especially for whole-body life-size portraits,
is much harder than controlling virtual avatars since it requires novel
view synthesis, for which SOTA solutions with relatively simple
setups are only able to generate upper-body-only effects [1,41,65].

2D-screen-based solutions. To convey attention on 2D screens,
the GAZE groupware system [66, 67] adopts a rotatable screen
metaphor and GazeChat [23] uses reconstructed profile photos with
rotatable eyes. OpenMic [25] indicates the intention to talk using 2D
proxemic metaphors. The use of 2D spatial cues in these solutions is
inspiring. However, they are less immersive compared to using life-
size video avatars in AR. Moreover, 2D spatial cues are constrained
in a screen-size 2D space with limited scalability. AR enables
presenting intuitive 3D spatial cues similar to offline conversations,
which can be further scaled due to the wide interaction space.

Symbolic visualizations. In task-oriented collaborative AR and
VR scenarios, existing solutions often use explicit visualizations
such as cursors, rays, circles, and cones to represent users’ atten-
tion [15,55,56,73]. While they can accurately express the attention
relation, how such visualizations perform in user-centered conversa-
tional AR teleconferencing is unexplored. We thus adopt this kind
of visualization for comparison in Sect. 4.

Additional instruments. One group of solutions uses multiple
cameras to recreate the spatial relation, e.g., Hydra [62], MultiView
[48], MMSpace [51], and others [18,27,53,76]. Some design special
displays such as eyeball- and face-shaped [45, 52] ones to present
the user’s gaze. There are also approaches based on big screens
[4,77,78], 3D projection [29], and cylindrical displays [33, 53].
These solutions keep the 3D relation unaltered in teleconferencing
to maintain spatial faithfulness and, intrinsically, present attention
awareness. However, the requirements of many cameras and special
displays make them not feasible for everyday usage. We propose
decoupling the spatial relation into the looker’s and lookee’s sides.
This allows the exploration of solutions in a mono-camera setup.

Telepresence robots. Actuated screens with swiveling motions
are used in teleconferencing [51, 63] and desktop configurations
[3,61] to indicate a remote user’s attention, leading to higher en-
gagement in conversations [63]. However, the Monalisa effect [60]
makes the rotation inaccurate, leading to errors in the perceived gaze
direction from the actual screen orientation [31]. While the rotating

motion is intuitive and has been proven efficient in these works
on indicating the attention of users on screens, how it performs on
life-size video avatars in AR is unexplored. Therefore, we explore
this visualization as a potential solution in Sect. 4.

2.3 Adaptive Ulin AR

Our goal is related to user-centered Ul adaptation research in terms
of dynamically adapting the transformation and visualization of
virtual content regarding both the local and remote users’ head gaze
input. Lindlbauer et al. propose Context-Aware adaptation [37]
to control UI components’ position and visibility according to the
user’s cognitive load. Lu et al. proposed head-gaze- and eye-gaze-
based Glanceable AR [16, 38, 39] to transform applications (e.g.,
calendar and weather) into the Field of View (FoV) of the HMD to
enable information access at a glance. Wysopal et al. proposed level-
of-detail AR [72] to adjust the object content based on a visual angle
dynamically. Lu and Xu [40] explore the control of Ul transitions
and find the semi-automated mechanism to be the most preferred.

Unlike these works, we explore the AR teleconferencing appli-
cation scenario, where the Ul components to adapt are life-size
video avatars. We adapt the transformation of video avatars semi-
automatically and let the attention synchronizing controller take full
control to broadcast attention and update visualizations.

3 HEeAD GAzZE RETARGETING

As mentioned previously, the looker’s side-looking image caused
by the mono-camera setup would confuse the lookee and reduce
the attention awareness of the group (Fig. 2). To address this issue,
we conduct the first study to explore adaptation approaches that
transform the lookee’s video avatar to align with the local camera to
retarget the local user’s head gaze. The results of this study answer
RQ1 and distill design choices for the proof-of-concept prototype.

3.1 Adaptive Video Avatar Layouts

To explore how video avatars should be centered regarding the local
user’s looking direction, we need to determine 1) the initial position
to place teleconferencing video avatars and 2) the center position of
a lookee’s video avatar. We keep only one video avatar centered at a
time. When a video avatar transforms to the center, the previous one
at the center will return to its initial position to make room.

There are certain Facing Formations (F-Formations) in physical
group conversations [42]. However, for HMD-based AR telecon-
ferencing, the existing quantitative studies in [69] have found spe-
cific circular video avatar layouts with larger radii than physical
F-Formations. Taking the local user as the origin and the right and
front direction respectively as the positive x-axis and y-axis, we
adopt the following video avatar initial placement data from the
previous study [69] and set the corresponding center top positions
(/m): (0.0, 2.2) for 1 video avatar; (-0.7, 2.0) and (0.7, 2.0) for 2
video avatars, leaving the center top of the circle at (0.0, 2.2); (-1.1,
1.8), (-0.5, 2.4), and (1.1, 1.8) for 3 video avatars, center top at
(0.0, 2.5); and (-1.4, 1.6), (-0.6, 2.6), (0.6, 2.6), and (1.4, 1.6) for 4
video avatars, center top at (0.0, 2.8). With these data, we develop
the Social-Distance-First (SDF) layout (Fig. 3 (a)) that naively sets
video avatars’ initial positions according to the user-generated data
and the center position at the center top of the circle, as listed above.

However, it is difficult to keep multiple video avatars in the FoV in
SDF. It could potentially harm the perception of attention since users
need to rotate their heads horizontally more often to keep aware of
the periphery due to HMD’s small FoV. Targeting this phenomenon,
we develop the FoV-First (FoVF) layout (Fig. 3 (b)). In this layout,
we keep the radius of the circular layout unchanged since it majorly
determines the vertical visible range of a video avatar and gather
video avatars more toward the center top of the circle to keep all
of them within the FoV. With the horizontal FoV of the HMD we
used in this work (Microsoft HoloLens 2) being 43°, video avatars’



Figure 3: Study conditions in Study 1 (4RU scenario). The images
present the local user’s view when looking at User 1 (the girl in orange,
whose initial position is on the leftmost) in (a) SDF, (b) FOVF, and
(c) AC layouts. User 1’s initial position is marked as orange dashed
silhouettes (not visible to the user) in (b) and (c) while it is out of view
in (a) along with the rightmost user. More illustrations can be found in
the supplemental file (Fig. 1) and video.

original positions (/m) are set to (-0.7, 2.0) and (0.7, 2.0) for 2 video
avatars; (-0.9, 2.2), (-0.3, 2.4), and (0.9, 2.2) for 3 video avatars; and
(-0.9,2.4), (-0.4, 2.8), (-0.4, 2.8), and (0.9, 2.4) for 4 video avatars.
The center position remains the same as in SDF.

Moreover, we consider a hybrid layout that maintains all video
avatars within the FoV by setting the initial positions the same as
in FoVF and keeps the one-to-one social distance between the user
and the lookee’s video avatar by setting the center position as the
1-video-avatar position. Because the center position in this layout is
on a smaller circle instead of the original one, we call it the Attention
Circle (AC) layout, as shown in Fig. 3 (c) and Fig. 1.

We conduct our first user study with these three layouts as the
conditions to explore how they perform in retargeting the local user’s
head gaze. We show their dynamic effects in the supplemental video.

3.2 Participants

We recruited 16 graduate students (11 males and 5 females; average
age: 25.6 (SD = 2.4)) from the local campus as the participants.
The sample size (along with that in the subsequent user studies
in Sect. 4 and Sect. 6) is in line with the suggestion by relevant
research in HCI studies [11] and is thus believed to be sufficient for
drawing our conclusions. We recruited young college students as
participants since they are sensitive to XR technology and are our
main target users. It is also a common sample composition in other
AR/VR studies [32,71,74]. We mainly focused on the diversity
of participants’ AR/VR experiences. Among them, 3 had no prior
AR/VR experience, 6 had experienced several times, 1 had used
HMDs extensively, and 6 were AR/VR application developers.

3.3 Study Scenario and Experiment Setup

We conduct our pilot study in the small-group AR teleconference
scenario, where users are located in different spaces and join a
teleconference using their AR HMDs as video avatars. We set three
scenarios with differences only in group sizes. We denote them as
2RU, 3RU, and 4RU scenarios, including 2, 3, and 4 remote users
(a total of 3, 4, and 5 participants, with the local user included),
respectively. In each scenario, participants need to finish a task
related to a lookee’s awareness. In the task, remote users’ video
avatars wave hello to the local user (the participant) one by one
as an explicit non-verbal message expressing their attention to the
participant. Participants need to look at the waving avatar and
activate the centering effect as soon as they notice the greeting.

We use Microsoft HoloLens 2 to present the AR experience. We
pre-record the videos of every remote user greeting the local user
and remove the background using MobileNetV3 [24]. To ensure

the video avatars are indeed life-size, we calibrate their sizes by
referring to the corresponding users through HoloLens.

3.4 Metrics

We record the Reaction Time for each video avatar position (ordered
from left to right starting from “Pos 1) as the objective task perfor-
mance measurement. It is calculated as the period from the start of
each greeting action to the moment the participant successfully looks
at the greeting video avatar and activates the centering effect. For
subjective measurements, we adopt 1) NASA-TLX [22] task load
metrics (six in total) and 2) three metrics regarding the teleconfer-
ence experience referring to previous works [12,30, 68, 75], namely
Reasonability, sense of Co-Presence, and Preference. Reasonability
indicates how reasonable the video avatar layout is. We describe
Co-Presence according to previous measurements [49]. Preference
is an overall subjective rating of the experience. We present the
nine metrics to the participants using five-point Likert scales ranging
from 1 to 5. For task load metrics, the lower the score, the better,
while for teleconferencing experience metrics, the higher, the better.

3.5 Procedure

First, we introduce the participants the basic concept of AR telecon-
ferencing and tell them their role as the local user. We then introduce
to them the task described in Sect. 3.3 and the metrics illustrated in
Sect. 3.4. Afterward, we walk them through a practice task to get
familiar with the operation and the experience. After completing the
preparatory work, we proceed to the formal experiment process.

The experiment has 9 trials (3 layout conditions X 3 scenar-
ios). The layout condition order and the video avatar greeting order
are counterbalanced hierarchically using a Balanced Latin Square.
After finishing all 9 trials, we have a 5-minute semi-structured in-
terview with each participant, discussing how they feel during the
experiment, what they think is the major reason for the described
experience, and suggestions on improving the system.

We make the following hypotheses (H2 and H3 are in scenarios
where the effects of the three conditions are significant):

H1: The significance of the difference among the conditions will
increase with the teleconferencing group size.

H2: AC and FoVF will have significantly less reaction time and
task load than SDF.

H3: AC will be significantly more preferred than FoVF and SDF,
with significantly higher reasonability and co-presence scores.

3.6 Results

With Shapiro-Wilk normality tests finding non-normal distributions
in the sample, we conducted non-parametric Friedman Tests and
Post-hoc Nemenyi Tests to compare the objective reaction time and
the subjective ratings, respectively. The same analysis process is
applied in Sect. 4.4 and Sect. 6.4.1 as well. We will elaborate on
specific results under the confidence interval of p < .05 in these
analysis sections. We mark results with significant difference be-
tween conditions at the top of each figure (x p < .05, *xx p < .01,
x%x% p < .001) in Fig. 4 and the subsequent Fig. 6 and Fig. 7.

Reaction Time We show statistical comparisons of reaction
time in the 4RU scenario in Fig. 4 (c) and the comparison of data
in the 2RU and 3RU scenarios in Fig. 2 and 3 in the supplemental
results. We list the Means (Ms) and Standard Deviations (SDs) of
reaction time on each position in each scenario in Table 1 in the
supplemental results. Friedman Tests show significant effects of
the three conditions only on position 1 in the 4RU scenario (2
statistic = 8.69, p = .013), but not in the other positions and sce-
narios. We discuss this lack of significance in Sect. 3.7. Post-
hoc Nemenyi Test results on data from position 1 in the 4RU sce-
nario show that AC has significantly less reaction time than SDF
(p = .011). There are no significant differences between FoVF and
SDF (p = .112) and FoVF and AC (p = .643).
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Figure 4: The comparison of [] SDF, [] FoVF, and [] AC layout
conditions regarding (a) NASA-TLX scores, (b) teleconferencing ex-
perience scores, and (c) reaction times in the 4RU scenario in Study
1. AC and FoVF result in generally less reaction time and significantly
lower task load than SDF. AC leads to a significantly better teleconfer-
encing experience than FoVF and SDF. We discuss the results more
in Sect. 3.6 and Sect. 3.7.

Subjective Ratings  Friedman Tests show significant effects of
the three conditions for all metrics in NASA-TLX and teleconfer-
encing experience metrics in 3RU and 4RU scenarios, but not in the
2RU scenario. We summarize the resulting Friedman p values and
%2 statistics (rows 1 and 2) and Post-hoc Nemenyi Test p values
(rows 3-5) for the 3RU and 4RU scenarios in Tables 5 and 6 in
the supplemental results, respectively. Statistical comparisons of
NASA-TLX and teleconferencing experience data from the 4RU
scenario are shown in Fig. 4. We list the Ms and SDs of each metric
in each scenario in Tables 2, 3, and 4, respectively, in the supplemen-
tal results. Statistical comparisons of data from the 2RU and 3RU
scenarios are shown in Fig. 2 and 3 in the supplemental results.

NASA-TLX. From the results shown in Fig. 4 (a) in the main
paper and Tables 5 and 6 in the supplemental results, we can see that
there are no significant differences in all task load metrics between
AC and FoVF in both 3RU and 4RU scenarios. AC has significantly
less task load in all metrics than SDF in the 4RU scenario, and
still has significantly lower physical and temporal demand, effort,
and frustration than SDF in the 3RU scenario. FoVF also has
significantly less task load in all metrics than SDF in the 4RU
scenario, but has only significantly less effort in the 3RU scenario.

Teleconference experience. From the results shown in Fig. 4 (b)
in the main paper and Tables 5 and 6 in the supplemental results,
we can see that there are no significant differences in reasonability,
co-presence, and preference scores between SDF and FoVF in both
3RU and 4RU scenarios. AC presents a significantly higher level of
co-presence and is significantly more reasonable and preferred than
SDF in both 3RU and 4RU scenarios. While having no significant
difference in the 3RU scenario, AC is perceived as more reasonable
and is more preferred than FoVF in the 4RU scenario.

3.7 Discussion

H1 is supported. The effects of the conditions are not significant in
the 2RU scenario, but are significant in the 3RU and 4RU scenarios.
The participants “can barely tell the difference when there are only
two remote users”, and can clearly feel the difference in the 3RU and
especially 4RU scenarios. This indicates that in multi-user HMD-
based AR teleconferencing, when there are three or more remote
users, the design of applications would often require additional

considerations compared to scenarios with only one or two remote
users. Accounting for the reason, in AR teleconferencing, the main
virtual content is the “teleported” remote user, which is commonly
presented in life-size. When the number of remote users increases
to three or more, the virtual content would be too much to present
due to the limitations of the AR HMD such as its limited FoV.
This becomes prominent to affect users’ attention awareness and
teleconferencing experience.

H2 is partially supported. Both FoVF and AC support faster
reaction and have lower task-load-related scores than SDF when
there are more than two remote users. However, the analysis only
shows a significant difference in reaction time on position 1 in the
4RU scenario. We consider the main reason for the lack of significant
difference is that occasionally, the participants are already looking
at the remote user who will be the next one to wave hello since they
are allowed to freely look at anyone during the study. Under this
circumstance, the logged reaction time is only a very small number
under 0.1s. This happened to nearly every participant several times
in random conditions, increasing the similarity of distributions in the
sample and thus, reducing the difference. Nonetheless, we can see
clearly longer reaction time of SDF than FoVF and AC on the side
positions (e.g., positions 1 and 4 in the 4 RU scenario) from Fig. 4.
So in line with H2, constraining remote users’ video avatars within
the FoV could significantly reduce the time and effort to realize
“who is looking at me”. When there are more than two remote users,
SDF is quite physically demanding and can cause obvious fatigue
and even sickness. This can be seen from the reflection of some
participants: “Although I feel they would stand more evenly on a
circle (referring to SDF) in reality, it is too tiring to rotate my head
around to check everyone’s status”.

H3 is supported. According to the reflections from the par-
ticipants, placing the center position in a one-to-one conversation
distance in AC can provide the “stepping forward or onto a stage
to talk” metaphor in real life, the “dialog box switching” metaphor
in games, and the “amplification effect in the MacOS dock” 2D Ul
metaphor. The participants are unaware of the original reason why
the system needs to move users to the center, so in SDF and FoVF,
they would ask why remote users need to go to the center. But in AC,
“its (AC’s) real-life metaphor gives such adaptation a meaning, which
greatly reduces the visual complexity caused by constantly moving
users to the center”. This means AC can conceal the true reason for
this adaptation (to correct the capturing perspective of the local user
for remote users) with its reasonable and natural metaphor, making
the process much less obtrusive and noticeable. Meanwhile, AC
could make attention information access easy enough because “other
users (remote users who are not being looked at by the local user)
stand right in the back, waiting to be looked at”. This is considered
to increase the reasonability and co-presence: “It is very important
and natural to be able to quickly notice who is looking at me at a
glance, similar to offline conversations”.

In conclusion, the results show that AC is the best layout to
adaptively transform the video avatar the local user is looking at to
the center to align with the local camera, and thus, retarget the user’s
head gaze. When there are more than two remote users, it leads to
significantly easier and faster access to the attention status of remote
users and makes the adaptation less obtrusive and more reasonable
with its natural metaphor.

4 ATTENTION VISUALIZATION

Following the reasoning in Sect. 1, after the head gaze retargeting,
onlookers may still be confused about the looker’s attention. We
thus conducted the second study to further explore visualizations to
help onlookers tell the attention relations. The results of this study
help us to answer RQ2 and distill visualization techniques for the
proof-of-concept.
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Figure 5: Study conditions in Study 2 (4RU scenario). The images
present the effects of (a) Rotation, (b) Arrow, and (c) Thumbnail
visualizations. Baseline is not shown here since it only has the
“AC” adaptation from Study 1 with no attention visualization. More
illustrations can be found in the supplemental file (Fig. 4) and video.

4.1 Techniques to Visualize Attention

Due to the conversational and interaction-oriented feature of our
video-avatar-based AR teleconferencing scenario, the design of the
attention visualization should follow the principle of being efficient,
accurate, and unobtrusive.

As introduced in Sect. 1 and Sect. 2.2, swiveling motions of
telepresence robots are intuitive and have been studied to benefit
attention awareness in teleconferencing. The effect of AR video
avatars is similar to the ultimate teleconferencing robot, which is
equipped with life-size transparent screens and no extra mechanical
parts. Therefore, we develop the Rotation visualization for video
avatars following the telepresence robot design to indicate attention
by a video avatar’s orientation (Fig. 5 (a)). The ability to rotate
in the 3D space like billboards makes the 2D video avatar 2.5D.
However, as discussed in Sect. 2.2, rotation itself cannot be per-
ceived accurately due to the Monalisa effect, and could potentially
be more confusing in multi-user scenarios. It is thus not enough to
present more subtle changes in attention. Referring to symbolic vi-
sualizations used in task-oriented collaborative scenarios (discussed
in Sect. 2.2), we further add annotations to the rotation motion to
improve the accuracy while keeping the head rotation metaphor. A
representative symbol for orientation indication is the Arrow. An
arrow explicitly identifies both the starting and ending points of the
looking action, i.e., pointing from the looker to the lookee (Fig. 5
(b)). However, this annotation on both sides might introduce extra
visual complexity and could bring distraction and discomfort since
it is quite obtrusive. Informed by previous work in robotics [10], we
develop an Attention Thumbnail (simply referred to as Thumb-
nail) that only adds annotation on the starting point to avoid being
obtrusive. It denotes who a remote user is looking at by showing
the corresponding lookee’s photo and name on the upper right to the
looker’s video avatar, as shown in Fig. 1 and Fig. 5 (c). When the
remote user is looking at the local user, we highlight the thumbnail
in a white circle to be as explicit as possible to further improve the
local user’s awareness as the lookee.

We conducted the second user study to explore how these visual-
izations perform in improving an onlooker’s awareness. We set the
approach having only the previous head gaze retargeting but no at-
tention visualization as Baseline (see Fig. 4 (a) in the supplemental
results). We show their dynamic effects in the supplemental video.

4.2 Study Scenario and Experiment Setup

We recruited 16 participants (12 males and 4 females; average age:
25.0 (SD = 2.6)). Among them, 2 had little prior AR/VR experience,
9 had experienced AR/VR several times, and 5 were AR/VR devel-
opers. Most (14) of them are from Study 1 and joined this study as a
follow-up. We believe there is no significant bias since there is no
overlap in the independent variables of these two studies, and the
design considerations are clearly distinct.

The scenarios and setup are the same as in Study 1, only the task
is different. In the task, remote users’ video avatars wave hello one

by one to one of the users in the teleconferencing, maybe to the local
user (the participant) or other remote users. The participants need
to identify the information about who is greeting whom as quickly
and accurately as possible and press the space key on a keyboard the
moment they have the answer in mind. After pressing the space key,
they report their answer to us for subsequent error rate analysis.

We record the Reaction Time and Error Rate as the objective
task performance measurement. Reaction Time is calculated as
the period from the start of the greeting action to the moment the
participants press the space key. We calculate the average Error Rate
by comparing the participants’ answers with the ground truth. We
adopt the subjective metrics used in Study 1 (Sect. 3.4).

4.3 Procedure

The preparatory procedure and the post-study interview are similar
to those in Study 1. The experiment has 12 trials (4 attention visual-
ization conditions x 3 scenarios). The order of the 4 visualization
conditions, and the looker’s and lookee’s order are counterbalanced
hierarchically using Balanced Latin Squares.

We make the following hypotheses (HS and H6 are in scenarios
where the effects of the three conditions are significant):

H4: All three visualizations will have significant lower error rates
than Baseline.

HS: There will be no significant difference among the conditions
in the 2RU scenario, but Arrow and Thumbnail will have signifi-
cantly lower error rates, shorter reaction times, and lower task loads
than Rotation in the 3RU and 4RU scenarios.

H6: Thumbnail will be significantly more reasonable and pre-
ferred, with little harm to the sense of co-presence.

4.4 Results

Objective Performance Error rate. The error rates in 2RU,
3RU, and 4RU scenarios respectively are 50.0, 66.7, 75.8 for Base-
line, 0.0, 18.1, 30.5 for Rotation, 0.0, 1.4, 6.3 for Arrow, and 0.0,
1.4, 1.9 for Thumbnail. We can see that while both Arrow and
Thumbnail have very few errors, Baseline leads to very high er-
ror rates since it has no attention awareness. Participants feel like
all remote users are looking at them all the time in Baseline. The
error rate of Rotation is low in the 2RU scenario, but increases
dramatically in the 3RU and 4RU scenarios.

Reaction time. We show statistical comparisons of reaction times
in the 4RU scenario in Fig. 6 (c) and the comparison of data in the
2RU and 3RU scenarios in Figs. 5 and 6 in the supplemental results.
We list the M's and SDs of reaction times on each position in each
scenario in Table 7 in the supplemental results. Friedman Tests
show significant effects of the three conditions on position 2 in the
3RU scenario (2 = 9.04, p = .011) and position 2 (y% = 16.41,
p < .001), position 3 (x% = 9.66, p = .008), and position 4 (y2 =
8.38, p =.015) in the 4RU scenario. Post-hoc Nemenyi Test results
show that Thumbnail has significantly shorter reaction times than
Rotation on all these positions (p = .009, .001, .010, and .013 for
position 2 in the 3RU scenario, and positions 2, 3, and 4 in the
4RU scenario, respectively). There are no significant differences
between Rotation and Arrow on all these positions (p = .128, .382,
.840, and .126, respectively). Thumbnail has significantly shorter
reaction times than Arrow on positions 2 and 3 in the 4RU scenario
(p = .022 and .045, respectively) but has no significant difference
on position 4 in the 4RU scenario and position 2 in the 3RU scenario
(p = .638 and .560, respectively).

Subjective Ratings. Since Baseline could achieve no attention-
awareness, we analyzed the rest three conditions for comparisons.
Friedman Tests show significant effects of the three conditions for
all metrics in NASA-TLX and teleconferencing experience metrics
in the 3RU and 4RU scenarios (except for PD in the 3RU scenario)
but not in the 2RU scenario. We summarize the resulting Friedman
p values and y?2 statistics (rows 1 and 2) and Post-hoc Nemenyi Test
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Figure 6: The comparison of [_] Baseline, [ ] Rotation, [] Arrow,
and [] Thumbnail conditions regarding (a) NASA-TLX scores, (b)
teleconference experience scores, and (c) reaction times in the 4RU
scenario in Study 2. Arrow and Thumbnail result in significantly
lower task load than Rotation. Thumbnail leads to a significantly
better teleconferencing experience and less reaction time than Arrow
and Rotation. We discuss the results more in Sect. 4.4 and Sect. 4.5.

p values (rows 3-5) for the 3RU and 4RU scenarios in Tables 11 and
12 in the supplemental results, respectively. Statistical comparisons
of NASA-TLX and teleconferencing experience data from the 4RU
scenario are shown in Fig. 6. We list the Ms and SDs of each
metric in each scenario in Tables 8, 9, and 10, respectively, in the
supplemental results. Statistical comparisons of the 2RU and 3RU
data are shown in Figs. 5 and 6 in the supplemental results.

NASA-TLX. From the results shown in Fig. 6 (a) in this paper
and Tables 11 and 12 in the supplemental results, we can see no
significant differences in all task load metrics between Thumbnail
and Arrow in both 3RU and 4RU scenarios. Thumbnail has a
significantly lower task load in almost all metrics than Rotation in
both 3RU and 4RU scenarios (except for MD in the 3RU scenario
and PD in the 4RU scenario). Arrow also has a significantly lower
task load in all metrics except PD and Fr than Rotation in the 4RU
scenario and has significantly better performance with significantly
less effort in the 3RU scenario.

Teleconference experience. From the results shown in Fig. 6 (b)
in this paper and Tables 11 and 12 in the supplemental results, we
can see no significant differences in reasonability, co-presence, and
preference scores between Rotation and Arrow in both 3RU and
4RU scenarios, except that Arrow is significantly more preferred
than Rotation in the 4RU scenario. Thumbnail is significantly more
reasonable and preferred than both Rotation and Arrow in both
3RU and 4RU scenarios. The level of co-presence of Thumbnail is
significantly higher than Rotation in both 3RU and 4RU scenarios
but is only significantly higher than Arrow in the 4RU scenario.

4.5 Discussion

H4 is supported. The participants struggled to identify whom
other users were looking at when there were no visual cues. It is
necessary to present additional effects to aid attention awareness in
AR teleconferences.

HS is supported. In the 2RU scenario, Rotation is clear enough
to identify a user’s attention. “It would be redundant to show arrows
and thumbnails here”. In line with H1 and the corresponding discus-
sion in Sect. 3, situations would differ when the number of remote
users exceeds two in HMD-based AR teleconferencing. In the 3RU

and 4RU scenarios, Rotation is not clear. Participants would spend
more time and effort to get the right answer (“I need to switch the
user’s position between center and back several times to determine
who he/she is looking at”) or give unconfident guesses (“I tend to
think he/she is looking at the nearest user in that direction”). Arrow
has clearly lower error rates and relatively shorter reaction times
than Rotation. The lack of significant differences in reaction times
between them might be due to the common situation where partici-
pants give answers with low confidence but in a relatively short time,
which can be reflected in error rates. Thumbnail has significantly
lower error rates and shorter reaction times than Rotation, and also
significantly outperforms Arrow. This is because Thumbnail is
more intuitive and less visually complex than Arrow. “Checking
the start and end of the arrow is cumbersome while the thumbnail
only requires a simple glance.”

H6 is supported. Thumbnail is significantly more reasonable
because, similar to real conversations, we can directly infer a per-
son’s attention by only checking the person, who is the start point of
the “looking” action. It is also a metaphor for presenting a person’s
thoughts in a bubble above their head in cartoons. “It (thumbnail)
is very intuitive and familiar because this kind of visualization is
usually used to describe one is thinking about a specific person.” It
is also not obtrusive and disrupting while Arrow “feels quite strange
and messy no matter where you put them”. Therefore, Thumbnail
is the most preferred visualization.

In conclusion, the results show that Thumbnail is the best visu-
alization to help identify other users’ attention. It leads to the best
performance, significantly lower task loads, and the most satisfying
teleconference experience.

5 IMPLEMENTATION

With the “Attention Circle” layout obtained from Study 1 in Sect. 3
addressing the lookee’s attention awareness and the “rotatable 2.5D
video avatars with attention thumbnail” visualization obtained from
Study 2 in Sect. 4 achieving the onlooker’s attention awareness, we
implement A3RT, an attention-aware video-avatar-based multiparty
AR teleconferencing system. We introduce the three major compo-
nents of this system namely, the teleconferencing component, the
head gaze retargeting component, and the attention synchronizing
component. We developed the full interactive system on Microsoft
HoloLens 2 OST AR HMD using Unity 2019.4. The full system
supports a four-user teleconferencing experience using four gaming
laptops (Intel Core 19 CPU and NVIDIA GeForce RTX 3080 Laptop
GPU) and four HoloLens 2 HMDs. Each user wears a HoloLens
2 to render the remote users’ video avatars, with a laptop and its
integrated webcam in the front, capturing and processing his/her
real-time image. It is accessible and effortless to set up, similar in
the current video conferencing, and can be easily scaled to more
users. We introduce the three components of the system below.

5.1 Teleconferencing Component

The teleconferencing component supports the basic video-avatar-
based teleconferencing experience. With the video captured by the
webcam, a background removal algorithm [24] runs on the PC to
separate the human from the background in real-time. We build
point-to-point TCP connections to broadcast the matted human-only
video from one user to all others frame by frame. Symmetrically,
each user receives other users’ image frames through another group
of TCP connections. Upon receiving the images, the HoloLens
updates the texture for corresponding video avatars. The bandwidth
requirement for a single video avatar channel is around 200Kb/s.
We manually adjust virtual light sources to match the physical
lighting and set a virtual floor to receive shadows. This makes the
video avatar’s lighting and shadowing effects similar to those of
physical objects in the AR environment (as shown in Fig. 1). This
process can be further automated following relative research [58].



5.2 Head Gaze Retargeting Component

The head gaze retargeting component implements the Attention Cir-
cle design obtained from Study 1. We choose head gaze instead of
eye gaze as the input to determine where a user is looking and the
video avatar selection technique for two reasons. First, eye tracking
on HMD still suffers from jitter problems, which would result in er-
roneous activation. Second, the rotation of the video avatar billboard
is perceived as a metaphor more similar to the head rotation rather
than saccades of eyes, which increases behavioral consistency and
reasonability of 2.5D video avatars. To determine whether the user
is looking at a video avatar (select) or just looking past one (not se-
lect), we adopt a speed-based target selection approach to avoid the
“Midas Touch Effect” [28]. Specifically, the system determines the
user is looking at a video avatar when the head gaze intersects with
the video avatar and the current head rotation speed is lower than
a threshold (6°/s in our implementation). Since the group size in
our current implementation is 4, we adopt the corresponding layout
parameters (/m) derived from the previous studies in [69] and intro-
duced in Sect. 3.1, i.e., (-1.1, 1.8), (-0.5, 2.4), and (1.1, 1.8) for the 3
video avatars and AC center top at (0.0, 2.2), in the implementation.
The retargeting is semi-automatic, with the looking action initiated
by the user. The video avatar then automatically transforms to the
center in 0.4s with an initial velocity of 5D; m/s and an acceleration
of -12.5D; m/ s2, where D; is the distance between video avatar i’s
initial position and the center position. Simultaneously, the previous
video avatar on the attention circle transforms back to its initial
position, keeping only one centered video avatar at a time.

5.3 Attention Synchronizing Component

The attention synchronizing component is used to keep the attention
relations between users consistent in all users’ views and update
the visualization according to the design obtained from Study 2
in Sect. 4. The head gaze retargeting component updates the lo-
cal user’s attention in real-time, and the attention synchronizing
component broadcasts it to all others through another group of
point-to-point TCP connections. Meanwhile, each user maintains a
directed global attention graph to cache all users’ attention. It serves
as the reference to update local 2.5D video avatars’ orientations
and attention thumbnails. The synchronizing component updates
the corresponding edges in the graph upon receiving the attention
message from other users. Due to this decoupled design, our system
is robust to the heterogeneity of spaces [32,68,74].

6 EVALUATION

After developing the A3RT running prototype, we conducted a user
study to evaluate the effectiveness of each component and the full
system through an ablation study and a usability study, respectively.

6.1 Participants

We recruited 14 graduate students (10 males and 4 females; average
age: 27.4 (SD = 2.6)) from the local campus as the participants.
Among them, 1 had no prior AR/VR experience, 9 had experienced
AR/VR several times, and 4 were AR/VR developers. We invited
4 participants of Study 1 to join the evaluation. We believe this
involves no significant bias since the number of reused users is small
and video avatars in Study 1 are pre-recorded, but the evaluation
here is based on a real-time running system.

6.2 Study Conditions

For the ablation study, we have four conditions. Full System is
the complete system with all components. Thumbnail Only re-
moves the head retargeting component, leaving only the attention
visualization. Centering Only removes the attention visualization
component, leaving only the head retargeting feature. Basline re-
moves both components, leaving only the basic video-avatar-based
experience. For the usability study, we use the condition selected to

be the best by the participants in the ablation study (all participants
chose the Full System).

6.3 Study Scenario and Experiment Setup

We divide the participants into 2 groups of 4-user teleconferencing
and 2 groups of 3-user teleconferencing for the evaluation. The
preparatory procedure and the interview are the same as those in
Study 1. There are two tasks: one is focused on attention awareness,
and the other is a conversational task. In the first task, all participants
are asked to randomly choose a remote user to look at, and we ask
one of the users to report other users’ attention and get feedback
from them on whether the corresponding report is correct. Users
change the target in each round until they go through every video
avatar and then proceed to the next user to report until finished.
We record the number of errors for the subsequent calculation of
error rates. In the second task, the participants are asked to play a
debate-like conversational game referring to previous research [23].

We use Error Rate as the objective task performance measurement.
Subjective metrics for the first task are the same as those in Study 1
in Sect. 3.4. We adopt the System Usability Scale (SUS) [9] as the
measurement for the second task.

The experiment setup follows the introduction in the implementa-
tion in Sect. 5. We designated each participant a user number as the
name and the thumbnail for simple reference. The participants first
complete the attention-related task and rate the conditions regarding
the task load and the teleconferencing experience. After they select
the best functioning condition, they play the debate-like game using
the system in the selected condition and rate the SUS metrics.

6.4 Results
6.4.1 Ablation Study

The error rate is 58.3% for Baseline, 59.4% for Centering Only,
and 0.0% for both Thumbnail Only and Full System.

Friedman Tests show significant effects of the four conditions for
all metrics in NASA-TLX and teleconferencing experience metrics.
We summarized the resulting Friedman p values and x2 statistics
(rows 1 and 2) and Post-hoc Nemenyi Test p values (rows 3-8)
in Table 14 in the supplemental results. Statistical comparisons
of NASA-TLX and teleconferencing experience data are shown in
Fig. 7. We list the Ms and SDs of each metric in Table 13 in the
supplemental results.

NASA-TLX. From the results shown in Fig. 7 (a) in the paper
and Table 14 in the supplemental results we can see that there are
no significant differences in all task load metrics between Base-
line and Centering Only or between Full System and Thumbnail
Only. Thumbnail Only has significantly lower temporal demand,
better performance with less effort and frustration than Baseline and
Centering Only. Full System is significantly less demanding than
Baseline and Centering Only in all metrics except physical demand
with Centering Only.

Teleconference experience. From the results shown in Fig. 7 (b)
in the paper and Table 14 in the supplemental results we can see that
there are no significant differences between Baseline and Centering
Only, Centering Only and Thumbnail Only, or Thumbnail Only
and Full System. Full System is significantly better than Baseline
and Centering Only in all metrics. Thumbnail Only has a higher
level of co-presence and is more preferred than Baseline.

Discussion The results show the necessity of each component
for achieving full attention awareness in AR teleconferencing. In
the Thumbnail Only condition, users would not maintain frontal
head orientations due to the ablation of the retargeting component.
It did cause confusion to the lookee due to the “looking away” prob-
lem, which the retargeting component was designed to tackle. Most
participants discovered the ambiguity where the thumbnail shows a
remote user is looking at them but he/she is actually looking away.
This would make the experience quite unreasonable. However, there



is only a borderline significant difference in reasonability between
Full System and Thumbnail Only. We consider the reason to be
the lack of direct eye contact caused by the AR HMD. Although
HoloLens 2 is semi-transparent, it still occludes users’ eyes, un-
dermining the feeling of eye contact. This is confirmed by the
participants: “It would feel more interactive if I could see other
users’ eyes.” and “Because I cannot see their eyes, I would pay more
attention to the thumbnail since it is more reactive when someone
is looking around”. It reduces the difference between Full System
and Thumbnail Only. However, the participants agree that if the
AR HMD becomes smaller and more transparent, such ambiguity
would certainly become more obvious.

In Centering Only, users would no longer be able to tell other
users’ attention, similar to the Baseline condition in Sect. 4. “It feels
like everyone is constantly looking at me with occasional random
head rotations”. Similar things occur in Baseline. “I can only see
remote users looking in a certain direction with no meaning”.

In conclusion, the ablation study verifies that our full system can
truly support full attention awareness in AR teleconferencing, and
each one of the two components is indispensable.

6.4.2 Usability Study

Fig. 7 (c) shows the SUS scores. The prototype system can achieve
high scores in positive questions: Q1 (M =4.3, SD =0.6), Q3 (M =
4.5,8D=0.6),Q5(M=4.6,SD=0.5),Q7(M=4.5,5SD=0.5),Q9
(M =4.6, SD = 0.5) and low scores in negative questions: Q2 (M
=14,5D=0.6),Q4 M =1.7,SD=0.9), Q6 (M =1.4,SD=0.5),
Q8 (M =1.6,SD =0.6), Q10 (M = 1.4, SD = 0.6). Participants find
the interaction intuitive and easy to get used to. “It uses only head
rotation as the input to adapt the virtual content, requiring no special
training.” “Rotating my head to look around is what I would do in
real-life conversations.” Participants find the system quite responsive
and engaging. “It feels good that I can notice someone is looking at
me and look back to him/her and start talking.” “The rotation makes
the video avatar feel quite embodied by the remote user because
I know when he/she is looking around”. The participants think
enabling eye tracking to replace the head gaze with the actual eye
gaze as the input would make the system more agile and lively.

7 CONCLUSION, LIMITATIONS, AND FUTURE WORK

In conclusion, we have explored the solution to achieving attention
awareness in video-avatar-based AR teleconferencing in a mono-
camera setup. We have decomposed such awareness from the
lookee’s and onlooker’s perspectives. For the lookee’s awareness,
we have proposed to retarget the looker’s head gaze to present a cor-
rected head gaze and distilled the “Attention Circle” layout through
the first user study. For the onlooker’s awareness, we have proposed
to visualize users’ attention and distilled the “rotatable 2.5D video
avatar with attention thumbnail” visualization through the second
user study. Based on the obtained design choices, we have imple-
mented the A3RT attention-aware multiparty AR teleconferencing
prototype, consisting of a video-avatar-based teleconferencing com-
ponent, a head gaze retargeting component, and an attention syn-
chronizing component. It empowers full attention awareness in an
unobtrusive, reasonable, intuitive, and efficient manner. We have
validated the effectiveness of the system through ablation studies
and usability studies. Next, we address the limitations of our work
and discuss the corresponding potential future work.

Visibility of 2.5D video avatars. There are occasions where a
video avatar rotates to around 90° to the local user and appears as a
thin line, undermining the experience. To avoid this, we can further
consider such visibility to dynamically optimize the layout. We can
also explore designs that help improve the visibility of video avatars
such as increasing the thickness of the billboards.

Large-scale and hybrid scenarios. In this work, we only focus
on teleconference scenarios with less than 5 separately located users.
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Figure 7: The comparison of [] Baseline, (] Centering Only, []
Thumbnail Only, and [l Full System conditions regarding (a) NASA-
TLX and (b) teleconference experience scores in the ablation study.
(c) SUS scores of the full system in the usability study. Odd-numbered
SUS questions are positive (higher scores are better), while even-
numbered ones are negative (lower scores are better). Full System
results in significantly lower task load and better teleconferencing
experiences than Baseline and Centering Only. Thumbnail Only
results in significantly lower task load than Baseline and Centering
Only and better teleconferencing experiences than Baseline. We
illustrate and discuss the results more in Sect. 6.4.1.

We can further adapt our Attention Circle layout and the attention
visualization to scenarios involving more users (e.g., tens and hun-
dreds) with more than one co-located user. It will benefit broader
applications such as augmented classrooms and mixed-reality events.
Potential fatigue and distraction caused by more intense rotating and
moving motions in these scenarios should be explored. We are also
interested in exploring the system’s performance among users with
greater background diversity.

Egocentric setup. We explore the problem under a static camera
setup. With the miniaturization of commodity 360° cameras and
advances in image distortion correction techniques [19,26], we can
explore egocentric setups, e.g., attaching a 360° camera to the HMD
or onto the user’s body for capturing.

Interaction with the physical environment. We currently only
focus on teleconferencing in the standing pose. We can explore
more poses (e.g., sitting and leaning) or even allow video avatars to
move around in the local space referring to avatar motion adaptation
works [36, 68,74]. We can relight video avatars [64] according to
the local lighting condition to better immerse them in the physical
environment.
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