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We evaluate the ability of locally present participants to localize an avatar head’s gaze
direction rapidly in hosted telepresence. We performed a controlled user study to test
two potential solutions to indicate a remote user’s gaze. We analyze the influence of the
user’s distance to the avatar and display technique on localization accuracy. Furthermore
we examine the effect of the avatar head’s rotation around the pitch and yaw axes on
the localization accuracy.
Our experimental results suggest that all these factors have a significant effect on the
localization accuracy with different extent. The results also verified that people had a
better perceptive and localizing ability when interacting with a 3D AR-displayed avatar.
In addition, participants preferred to interact with a 3D avatar displayed using a simulated AR technique instead of with a 2D avatar displayed in a tablet because of its
high realism. Our findings motivate a need of 3D avatar display in the further design of
telepresence systems.
Keywords: Rapid localization; gaze direction; telepresence; avatar display; augmented
reality.

1. Introduction
Traditional telepresence platforms consist of a display that depicts the face of
the teleoperator so that bystanders feel an enhanced sense of teleoperator presence 28,31,42,20 . In some cases, the teleoperator is accompanied by a host. e.g. A
telepresent doctor is making a house call accompanied by a family member; a telepresent building site inspector or industrial safety inspector accompanied by the
locally present foreman; an apartment viewing, where a real-estate agent is attending to show the property to a remotely telepresent client. We refer to these as
hosted telepresence. With a traditional telepresence platform, because the camera
is mounted facing forward, when teleoperators wish to change their view direction,
they rotate the platform manually. This change of heading by the platform is an
important gaze cue for the bystanders. However, this means that in hosted telepresence there are occasions when the display is facing away from the host, and as such,
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the head or face of the guesta is not visible. As a result, this will cause a loss of
visual cues (especially in vertical dimension) for the host to localize gaze directions
of the guest (Figure 1a).
Moreover, the usage of single webcams for capturing the remote environment
on the telepresence platform can only provide the guest with a very narrow field
of view and a limited illusion of immersive and spatial presence. For this reason,
360◦ video-based telepresence platforms are increasingly prescribed for creating an
immersive full-viewed user experience 26,14,11,39 . When the guest uses a 360◦ videobased telepresence system, they are normally required to wear a head-mounted
display (HMD) to obtain an immersive virtual exploration 44 , and the scene of
remote environment on the HMD is projected and displayed on the inner-surface of
a spherical space. Because of the HMD, it is technically complicated 27 to capture
an accurate reconstruction of the teleoperator’s head and face. In addition to this,
since the teleoperator has a 360◦ video sphere surrounding them, the robotic base
does not need to rotate when he or she looks around thereby conserving battery
and avoiding extra noise and collision. The platform would rotate only to move to
a new heading. If the locomotion mechanism is holonomic/omnidirectional 32 , the
rotation of the base is not necessary at all. In this case, the host has no visual cues
from the platform for the gaze directions of the guest in both horizontal dimension
and vertical dimension (Figure 1b).
Nevertheless, if the host can effectively and rapidly localize the gaze directions
of the guest like in an aforementioned apartment viewing scenario, he or she could
proactively offer additional information or description to make the communication
more interactive. “This vase comes from 17th century Qing dynasty...” or “... don’t
worry about that damaged part on the wall, we will have it repaired before you
move in”.
All of the aforementioned problems (i.e., display occasionally facing away from
the host, teleoperator’s face obscured due to HMD, platform not rotating to give
heading cues) impede gaze localization by the host, hinder his or her ability to
offer proactive information and devalue the hosted telepresence experience for both
parties.
We propose two potential solutions to this problem: In the first solution, after the
robot completes travel following the teleoperator’s command, the platform rotates so
that the display faces the host. On the display, an avatar head is depicted to indicate
the guest’s gaze direction (Figure 2a). The pose of the avatar is synchronized with
the teleoperator’s HMD pose and is therefore always “looking” at the correct point.
The second solution is to display a stereoscopically rendered avatar on top of the
robotic platform (Figure 2b). In both cases we assume that the robot is equipped
with sensors that can track the host and, in the latter case, that the host is wearing
an AR display to view the avatar.
a the

teleoperator will be occasionally referred to as “guest” throughout the paper depending on
the context

November 12, 2019

12:39

WSPC/INSTRUCTION FILE

output

Think Fast: Rapid Localization of Teleoperator Gaze in 360◦ Hosted Telepresence

(a) Traditional telepresence robot: the
host could localize a guest’s gaze directions by the rotation of platform, but the
head or face of the guest is invisible in
some situations.

3

(b) 360◦ telepresence robot: in 360◦ video
teleoperation, the teleoperator (guest) has
a 360◦ video sphere surrounding them, so
the robotic base does not need to rotate
when he or she looks around.

Fig. 1: Comparison of two telepresence platforms in the perspective of bystanders.
The goal of the study in this paper is to determine the performance improvement of these two potential solutions, if any, relative to a traditional telepresence
platform. In order to test this, we conduct a formal user study in a simulated AR
environment. We hypothesize that in a rapid localizing case the second solution, a
stereoscopically rendered avatar, will allow the host to localize the remote guest’s
gaze with more accuracy. Furthermore, we assume there will be a “sweet spot” for
distance that the telepresence robot must be positioned from the host to enable the
highest localization accuracy of the host and that this sweet spot is different for
the two methods. The study results in this paper will serve as baseline reference for
augmented reality telepresence system designers.
2. Related Work
2.1. Telepresence systems
Telepresence systems allow users to explore a remote place and perform interactive
activities with people and the environment remotely in a highly realistic sensation
without physical travel 40 . After the original concept of telepresence was proposed
in 1980 22 , many relevant works have focused on the design of various telepresence
systems and techniques for telepresence interaction.
Some works 6,3,27 include telepresence systems centered around human to human communication considering some social factors such as eye contact, gaze and
facial expression. Yu et al. proposed an immersive stereoscopic 3D tele-conference
system with hand tracking 45 , which generated stereoscopic images based on depth
images and applied 3D hand tracking and AR technology in remote interaction.
However, these telepresence systems consist of complicated tracking and rendering
setups, which limit the users movement to a small tracking or projection space and
do not allow users to explore the remote environment freely. Other telepresence
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(a) Solution I: present a 2D avatar on a constantly host-oriented
tablet and synchronize guest’s gaze directions after the robot completes its travel movement.

(b) Solution II: display a stereoscopically rendered 3D avatar on
top of the robotic platform using AR technology to synchronize
guest’s gaze directions.

Fig. 2: Two proposed solutions to the current limitation in this paper.

systems like inFORM 20 aim to establish a physical interaction between local and
remote users based on a shared workspace by directly transmitting the teleoperator’s arms through an actuated table. In these systems the authors typically use a
standard display fixed in world coordinates, which offers limited social characteristics. In other examples, researchers attempt to break the barrier of distance between
local and remote users by applying some robot-assisted technology. For example,
Fusion 38 enables body surrogacy by sharing the same point of view between two
people: a surrogate and an operator. They extend limb mobility and actions of the
operator using two robotic arms mounted on the surrogate body.
Recently, more and more telepresence systems aim to create an immersive experience for the user when exploring a remote environment by using 360◦ omnidirectional capture and display devices. For example, JackIn Head 14 uses an omnidirectional wearable camera to capture local videos and broadcast them via the network
to enable immersive exploration. In other similar works 44,26 , telepresent operators
use a mobile robot with a 360◦ camera as their surrogate to explore remote environ-
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ment. With these telepresence robots, teleoperators receive an omnidirectional live
stream on their VR headset. However, a limitation of these aforementioned works is
that for the host, who is co-located with the telepresence robot, it is challenging to
perceive the remote user’s social behaviour and predict their intent or target, and
that limits the quality of communication.

2.2. Perception and localization of avatar gaze directions
Gaze is an important cue for localizing another person’s focus or interest in space
and can help make communication more effective 31,42 . A number of researchers have
already tried different solutions to support gaze awareness in video-based display
communication. Gemmell et al. 7 developed a software approach for gaze awareness in video tele-conference, in which the head and eye movements of participants
were tracked using computer vision techniques and then placed graphically in a 3D
environment. Some works have tried to find solutions by creating novel hardwarebased user interface. For example, Otsuki et al. 28 used a simulated eyeball display
to create an interface for a video communication system to present gaze directions
of remote user. Similarly, Misawa et al. 23 used a face-shaped screen to reflect the
user’s head gestures. They performed a series of studies on facial expressions, head
gestures and perception of eye gaze based on it. Kawaguchi et al. 16 conducted a
study on gaze perception of a face image presented on a flat display that could
rotate. The results of this work suggest that both the rotation of avatar in the
display and the rotation of display device could influence people’s estimation, and
lead to an overestimation on the avatar gaze direction. Kawaguchi et al. 15 additionally investigated the effect of embodiment presentation on social telepresence and
found that the embodiment could improve social presence, familiarity and directivity of a remote person. Moubayed et al. 48 presented a back-projected human-like
robot head Furhat using state-of-the art facial animation, and conducted a series
of experiments on the measurement of perceptive accuracy of Furhat’s gaze based
on eye design, head movement and viewing angle. In addition, some works used a
projector to highlight gaze from a remote user by using a spotlight-like method in
GazeTorch 1 or a colorful arc 42 . Targeting perceived naturalness, Liu et al. 49 proposed a model for generating head tilting and nodding on humanoid robot, with this
generation model they verified that the proposed method could perform equally to
directly mapping people’s original motions with gaze information. All of these aforementioned methods bring something new to the teleoperation domain but can only
depict teleoperator gaze in a limited range, with less than optimal social interactive
cues.
Some researchers proposed to use virtual avatars to synchronize remote user’s
gaze directions, so as to help local host understanding and localizing remote user’s
focus more effectively. For example, Pan et al. 30 introduced a cylindrical videoconferencing system which could display a perspective-correct avatars for multiple
viewpoint applications. The authors verified the effectiveness of gaze perception by
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(a)

(b)

(c)

Fig. 3: Depiction of our telepresence setup and experimental environment in Unity.
(a) The tablet variant of the telepresence robot. The host is looking towards the
same direction according to the localization of guest’s gaze. (b) AR display: The
guest is superimposed on top of the robot. Image captured through HTC Vive Pro
HMD. (c) Experiment in virtual reality space: AR display and tablet display.

multiple participants simultaneously. They also performed a study 31 with a random hole display system by measuring the accuracy of avatar gaze perception with
different horizontal and vertical viewing angles in a multiple observer situation. Lee
et al. 19,33,34 performed a series of studies on how to further improve shared live
panorama based collaborative experiences by applying mixed reality technology.
The results indicated that the view awareness cues and the collaborative gaze were
helpful for understanding the remote collaborators focus.
In summary, although many works exist about gaze perception and localization,
to the best of our knowledge, there is no relevant research about perception and
localization on avatar gaze directions in 360◦ video-based telepresence system, and
our study attempts to fill a gap in the literature.
3. Avatar Display and Prototype Systems
We adopted two display methods to show the avatar to the host. The first solution
is showing a 2D avatar on a host-oriented tablet placed perpendicular to the host,
which is similar with most commercial telepresence robots. In our case, because the
robot is equipped with a 360◦ camera and does not have to rotate when remote user
(guest) with HMD seeing around, the direction of the avatar on tablet is no longer
consistent with the direction of the robot. Instead, the avatar is consistent with the
remote user’s HMD heading. And every time after the robot travels following the
user’s command, the platform rotates so that the tablet display keeps facing the
host during user’s gazing process.
Based on this method (Figure 2a), we developed a prototype system (Figure 3a).
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In this prototype, the telepresence robot consists of a Ricoh Theta S 360◦ camera
for capturing a full-view live stream, an iPad used for showing a 2D torso avatar to
the host and a Pioneer 3-DX robot working as the mobile base. On the user side,
the reconstruction and rendering of the virtual host space captured by 360◦ camera
is implemented based on a spherical space modelled in Unity3D. The live stream
from the host space is rebuilt and projected as a video-texture on the inner surface
of this spherical space. A virtual camera is positioned in the center of this sphere
to provide the user (guest) a perspective-correct view of the host space. Thus, the
user can get a 360◦ real-time telepresent view on the HMD with the live stream
from host side and see around flexibly. In addition, user’s gaze direction is available
through the HMD orientation sensors. The orientation data is then transmitted to
the host side via network, and used for synchronizing the avatar’s head orientation
displayed on the tablet. Meanwhile, we assume that the sensor on robotic platform
is tracking the host consistently, and after the user drives the telepresence robot
to a new location or the host changes his or her position, the mobile base turns so
that the tablet display always faces the host. The avatar displayed on the tablet,
however, remains fixed in world coordinates. Unless the user moves his or her head,
the host sees the avatar maintain its gaze direction. This first solution is designed
so that it can be used with existing tablet-equipped telepresence platforms, with
the simple addition of a 360◦ camera.
The second solution (Figure 2b) is to display a 3D-rendered avatar with AR
technology, superimposed on the robot platform. Again, the avatar is consistent
with the guest’s heading and its heading is, similar to the tablet solution, completely
detached from the heading of the robot. In this solution, because the avatar display
would be in AR mode, the host is required to wear an AR glasses and the robotic
platform does not need to rotate at all after travelling to a new location to keep
the avatar in view for the host.
On the basis of the telepresence prototype system for the first solution, we
prototyped this thought with an HTC Vive Pro HMD which works in AR mode with
two see-through cameras to display a 3D avatar together with the real environment
(Figure 3b) instead of the tablet display. The AR 3D avatar is rendered in Unity3D
and essentially a puppet, controlled by the user’s HMD orientation. In addition, a
Vive tracker was attached on the robotic platform and used for locating the AR
avatar at the correct position.
For the telepresence prototype systems above, the communication between host
and user side was implemented by the ROSbridge node 46 which offered a websocketbased communication via the network and a ROS2Unity library 47 based on it.
In both solutions we displayed a neutral expression adult torso avatar with the
same size and purposely avoided an elaborate haircut to eliminate cues from the
hair. We included the shoulders of the avatar torso because the shoulder line is an
additional perspective cue as opposed to the neck which is cylindrical and offers no
cues regardless of orientation. In addition to this, the torso acts as a canvas to cast
a shadow from the avatar’s jawline, further giving cues about the head orientation.

November 12, 2019

8

12:39

WSPC/INSTRUCTION FILE

output

Jingxin Zhang, Nicholas Katzakis, Fariba Mostajeran, Paul Lubos, Frank Steinicke

The avatar wore no clothes to avoid perspective cues from patterns on the clothes
and to avoid attenuating the jawline shadow (clothes would make the shadow less
salient).
4. Experiment
4.1. Hypotheses
The goal of the user study was to evaluate the gaze localization differences for the
3D stereoscopically rendered avatar and the 2D flattened tablet avatar. This helps
evaluate if this solution is possible to implement on current telepresence platforms
and if the performance benefit of the 3D avatar vs. the tablet merits mounting an
AR HMD for the host.
We designed the experiment in order to test the following hypotheses:
H1: Participants will have better performance (lower error) in localizing the
avatar gaze direction with the AR display rather than with a tablet display,
as well as higher subjective evaluation.
In order to verify this hypothesis, display technique and distance were chosen as
manipulated factors in the study.
H2: Localization ability of the host will have an asymmetric nature when the
avatar faces towards or away from the host, as well as for the pitch axis
when the avatar gazes upwards or downwards.
We assume this is due to the asymmetric visual cues the host would receive
from the avatar’s facial structure in the respective perspectives. In order to verify
this hypothesis, avatar gaze horizontal angles yaw and vertical angles pitch were
introduced as manipulated factors in the study.
4.2. Participants, apparatus and environment
15 participants were recruited from local department to take part in the experiment.
14 participants (ages 20-26, mean age 23.36, SD = 1.946) completed the experiment,
1 participant quit because of cybersickness. 16.7% of the participants were lefthanded while 83.3% were right-handed. All participants had normal or corrected to
normal vision and had prior experience with VR.
During the experiment, participants stood in the center of a 5 × 5 meter room,
mounted an HTC Vive HMD, which has a resolution of 2160 × 1200 pixels (1080 ×
1200 pixels per eye), a refresh rate of 90 Hz and a 110 degree field of view, and
held the Vive controller in their dominant hand (Figure 4). The real environment
was kept quiet and participants were required to wear silencer earphones, such that
no voice cues or communications is available during the process, because the study
in this paper focuses on a rapid gazing localization only based on visual cues. The
experiment lasted around 45-50 minutes, and participants were free to have a break
at any time during the process.
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(a) Avatar rotation axes. Only
yaw and pitch were used in our
study.
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(b) Participant and space coordinates during the experiment.

Fig. 4: Avatar rotation axes and experimental setup.
4.3. Design, stimuli and procedure
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Fig. 5: Schematic layout of the experimental setup. (a) Top-down view showing yaw
angles tested. (b) Side view showing pitch angles tested. (c) Distances tested based
on Hall’s Proxemic zones: intimate space (D = 0 - 0.45m); personal space (D =
0.45m - 1.2m); (3) social space (D = 1.2m - 3.6m).

The virtual environment consisted of a spherical space with a radius of 5 meters.
The sphere was always anchored to the avatar on the robot (Figure 5). A tiny polka
dot texture was applied to the inside surface of the sphere to allow participants to
feel the size and bounds of the space (Figure 3c).
During the experiment, participants were asked to stand on a target spot. The
distances between virtual telepresence robot and participants in the spherical space
were chosen based on Hall’s research in proxemics 9 . We used 0.2m as the minimum
possible distance in the intimate space, while 0.45m, 1.2m and 3.6m are the boundary distances between intimate space, personal space, social space and public space
respectively (Figure 5c).
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In addition, according to the hypothesis we proposed above, the avatar attached
on top of the robot were displayed with two techniques, which were 3D stereoscopically rendered avatar (AR) and 2D flattened tablet avatar (tablet) respectively. The
height of displayed avatar with both two techniques are fixed at 1.5m, which is also
widely adopted by current commercial telepresence platforms in standing situation
such like Double Roboticsb . We manipulated the avatar’s gaze by rotating about
the yaw (axis defined by the spine) and pitch angles (axis defined by the ears)
(Figure 4a). Angles were 0◦ , 30◦ , 60◦ , 90◦ , 120◦ , 150◦ , 180◦ for clockwise yaw; -45◦ ,
-30◦ , -15◦ , 0◦ , 15◦ , 30◦ , 45◦ for pitch (Figure 5b and 5a). Figure 6 offers a combined
overview of all the poses used. The rotation angles were chosen based on Youdas
et al. 43 the normal range of motion of the human cervical spine and Y.Pan et
al.’s study 31 on head gaze estimation with a multiview autostereoscopic display.
Additionally, previous research 25,29 suggests that because the face is symmetric,
the ability of participants to assess avatar gaze directions is independent of the side
of the face and therefore there was no need to test counter-clockwise yaw rotations.
i.e., the avatar head only turned clockwise to the right.
In summary, the experiment was a within subjects design with 7 horizontal
angles (yaw) × 7 vertical angles (pitch) × 4 distances between avatar and participant
× 2 avatar display techniques (AR and tablet) × 2 trials for each position for a
total of 784 trials. All trials were shuffled randomly. 14 participants × 784 trials per
participant = 10976 total trials collected.
When the experiment started, an avatar attached to the telepresence robot appeared directly in front of the participants in four specific distances (D = 0.2m,
0.45m, 1.2m, 3.6m) with two display techniques (AR and tablet) respectively (Figure 3c). The avatar was displayed for 2 seconds after which it disappeared. We set
this parameter because in pilot test, we noticed that some participants used controllers as a reference by making the ray from controller go through the avatar. We
hope participants to finish the task only depending on localizing with visual cues
and prevent them from using some strategies. In addition to this, controlling avatar
display time could keep participant’s localizing time in every gazing directions same
and force them to concentrate on the avatar and localize rapidly, which is similar
with some real scenarios like an sold apartment viewing where the gazing direction
of guest changes very frequently and the dwelling time is short. Participants then
had to point to indicate, using their wand, which point on the sphere they thought
the avatar was looking at. A pink sphere was displayed on the sphere surface as
cursor at the participant’s wand intersection point. Participants would click the
trigger button on the controller to confirm their estimation of the gaze point and
one second later the avatar would appear for the next trial. Since some of the gaze
points in the 0◦ - 30◦ yaw range were behind the participants, they were allowed to
pivot in place to point.
Data was analyzed with a repeated-measures ANOVA. Display technique, disb https://www.doublerobotics.com
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Fig. 6: Screenshots of all yaw angles (from left to right: 0◦ , 30◦ , 60◦ , 90◦ , 120◦ ,
150◦ , 180◦ ) and pitch angles (from up to down: -45◦ , -30◦ , -15◦ , 0◦ , 15◦ , 30◦ , 45◦ )
for avatar gaze directions in 0.45 m distance. Here, the avatar torso was implemented
based on the research of Hietanen et al. 12 .

tance, yaw, pitch were the manipulated factors. We investigated their effects on
angular error. i.e. the angle between the line defined by the avatar’s gaze direction
and an avatar gaze line to the point the participant pointed. Angular error will
simply be referred to as Error (symbol e) for the remainder of the paper.
Having described the experiment above, now we can explain the rationale why
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this experiment is being conducted in simulated AR 17,36,35,41,2 instead of VideoSee-Through or Optical-See-Through AR with real setup: when the experiment is
conducted in a standard laboratory room, even if the room had been completely
clear of furniture, there would still be wall outlets, windows, doors, light fixtures
etc. These would act as salience hot-spots and therefore when the avatar’s gaze
landed in their vicinity, participants would most likely be biased to think that the
avatar is looking at those hot-spots and thus skew the results. Even if the space was
completely covered with curtains or other partitions, the partition frames or curtain
rings etc. would be salience hot-spots. In addition to this, if a non-spherical room
had been used, some pitch/yaw angles would result in the avatar’s gaze intersecting
the room at different distances and thus participants would be tasked to make
estimations at different distances.
5. Results
We performed a normality check for all factor levels using Shapiro-Wilk test 37
before the analysis, and the results did not show a strong indication of normal
distribution. However, as shown in some previous research 8,10,21 , a moderate deviations from normality is allowed by ANOVA, especially when considering a large
sample pool of our study (10976 total trials).
The results of ANOVA for all factors are presented in Table 1. For the main effects, Distance had a significant effect on Error (F3,39 = 4.77, p < 0.01, η 2 = 0.013).
A plot for distance can be found in Figure 7; Technique also had a significant effect
on Error (F1,13 = 26.47, p < 0.001, η 2 = 0.060). A plot for technique can be seen in
Figure 8; Yaw also had a significant effect on Error (F6,78 = 11.89, p < 0.001, η 2 =
0.080), a plot can be seen in Figure 9a; Finally, Pitch had a significant effect on
Error (F6,78 = 5.00, p < 0.001, η 2 = 0.038) as seen in Figure 9b. The error bars in
figures indicate the standard error (SE). For the interaction effects, we found that
most of the interaction effects had a significant effect on Error, except for Technique:Distance, Technique:Distance:Pitch and Technique:Distance:Pitch:Yaw (Table 1).
In order to confirm the reliability of the ANOVA results above, we also ran a
Friedman test 13 for a double check of the data and got same results that all main
factors had significant effects on Error. In addition to this, pairwise t tests were
conducted to check if there was significant difference between each levels of every
factors. The results of pairwise t tests on Distance, Yaw and Pitch are listed in
Table 2, Table 3 and Table 4 separately.
In a post-experiment questionnaire, participants were asked to rate the avatar
display technique on a 5-point Likert scale (1 - I do not like it at all; 5 - I like it
very much.). Results suggest that participants preferred the AR technique (µAR =
3.64, SD = 0.84) over the tablet (µT ablet = 2.29, SD = 0.91). We used a Wilcoxon
signed rank test to have a further analysis on the data. The results also present
a significant difference between AR preferred rating and tablet preferred rating
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Table 1: The results of analysis of variance (ANOVA).
Main effects
Technique
Distance
Pitch
Yaw

F
26.473
4.773
4.996
11.888

p
1.883e-04
6.285e-03
2.235e-04
1.975e-09

p < .05
∗
∗
∗
∗

η2
0.060
0.013
0.038
0.080

Interaction effects
Technique:Distance
Technique:Pitch
Distance:Pitch
Technique:Yaw
Distance:Yaw
Pitch:Yaw
Technique:Distance:Pitch
Technique:Distance:Yaw
Technique:Pitch:Yaw
Distance:Pitch:Yaw
Technique:Distance:Pitch:Yaw

F
2.139
17.027
6.426
4.919
17.062
3.694
1.513
1.819
2.105
2.186
1.150

p
1.108e-01
1.814e-12
7.607e-13
2.585e-04
3.372e-33
3.767e-11
8.624e-02
2.407e-02
2.786e-04
2.182e-10
1.477e-01

p < .05

η2
0.001
0.019
0.019
0.009
0.074
0.037
0.003
0.004
0.010
0.028
0.013

∗
∗
∗
∗
∗
∗
∗
∗

Table 2: The results of paired t-test on distances.
0.45m
1.2m
3.6m

0.2m
0.35
1.8e-07
9.1e-12

0.45m
1.9e-05
3.9e-09

1.2m
0.15

Table 3: The results of paired t-test on yaw angles.
30◦
60◦
90◦
120◦
150◦
180◦

0◦
0.70964
4.7e-05
3.2e-15
7.1e-12
1.1e-15
< 2e-16

30◦
6.3e-08
< 2e-16
< 2e-16
< 2e-16
< 2e-16

60◦
0.00037
0.02987
0.00037
< 2e-16

90◦
0.51969
0.77149
< 2e-16

120◦
0.56457
< 2e-16

150◦
< 2e-16

(p < 0.05). In addition, when asked to comment about their choice, most of them
(11/14) commented on the realistic and natural avatar display in the AR mode.
e.g.: “It was easier to follow person’s gaze in AR”; “It seemed to be more natural in
AR, and in some orientations it was really hard to estimate the direction in tablet
mode”; “In the AR mode, the orientation of the avatar was easier to perceive”.

Table 4: The results of paired t-test on pitch angles.
-30◦
-15◦
0◦
15◦
30◦
45◦

-45◦
0.06413
1.0e-05
< 2e-16
4.7e-15
3.9e-16
2.2e-09

-30◦
0.06413
< 2e-16
6.9e-08
9.3e-09
0.00051

-15◦
3.8e-12
0.01847
0.00617
0.37229

0◦
1.3e-05
0.00011
3.2e-09

15◦
0.67316
0.24660

30◦
0.13400
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intimate

personal

social

public

Angular error

20

18

16

Technique

Tablet (2D)
AR (3D)

14
0.2 0.45

1.20

3.60

9.00

Distance

Fig. 7: Effect of robot distance on error (lower is better). Dotted line is linear
regression results according to the measurement data at distances of 0.2m, 0.45m,
1.2m and 3.6m. Based on this, we have a predicted extrapolation beyond distance
of 3.6m, which were not tested in our experiment.

6. Discussion
6.1. Distance and Technique

Distance
0.2
0.45
1.2
3.6

Angular error

18

16

14
Tablet (2D)

Technique

AR (3D)

Fig. 8: Effect of display technique on angular error (lower is better).

The results confirm our hypotheses to some extent. Figure 7 suggests that the
mean error showed a rising trend in general as the avatar distance increases. In
addition, for every tested distance, the mean angular error for the AR technique
had an obviously lower error than the tablet, which is also illustrated clearly in
Figure 8. An avatar displayed stereoscopically in the AR technique has depth and
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(a) Effect of yaw angles on angular error.
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(b) Effect of pitch angles on angular error.

Fig. 9: Effects of yaw and pitch angles on angular error (lower is better).
volume. On the tablet technique the avatar is “flattened” and therefore the volume
of the avatar is lost. In addition, in the AR mode participants get added parallax
effects from slightly translating their head horizontally.
However, the two display techniques showed different trends in specific proxemic
distances. Both display techniques had the smallest angular error in the minimum
distance of 0.2m (AR: 14.220◦ , tablet: 17.601◦ ). In the intimate space (0.2m-0.45m),
the angular error for the AR technique had a slight increase with distance, while the
angular error for the tablet technique increased faster within this distance interval.
i.e. in the intimate space, the difference of angular error between the two techniques
became larger (Tablet: +0.4◦ > AR: +0.06◦ , difference = +0.366◦ ). In the personal
space, the angular error for both techniques started to increase more rapidly. In
the social space, the angular error for the AR display continued to increase rapidly,
while the angular error for the tablet display showed a modest decrease.
In summary, the AR display technique maintained a steady error throughout
the intimate space and then degraded in personal and social space. Conversely, the
tablet technique had the largest error at the border between personal and social
space (1.2m). Extrapolating beyond 3.6m, it is reasonable to predict that the difference of angular error between AR and tablet will dissipate because of the gradual
loss of cues as both the tablet and the avatar become smaller (Figure 7).
6.2. Yaw
Analysis of the yaw angles (Figure 9a) suggests that yaw angles had a different
effect and distribution on the error of the two display techniques. Overall, the error
exhibited a decreasing trend as the yaw angle increased (i.e. as the avatar torso
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turned to the right and eventually backwards) with a sizable drop from 150◦ to
180◦ for both display techniques. i.e. Participants could best localize the avatar
gaze when the avatar was facing away from them (participant and avatar line of
sight is practically co-linear). We postulate that avatar geometry accounts only
partially for this result. Perhaps due to this position being directly across from the
participants, they could point to it from a rest pointing position (elbow resting on
the ribs) without moving their forearm much and as such their accuracy does not
degrade as much as when making large sweeping motions 18 . This is a limitation of
this study and a solution to this is perhaps instead of indicating the estimated gaze
point with the wand, to control a cursor that rolls on the sphere using some sort of
trackball.
In order to verify our hypothesis of asymmetry around the yaw axis (H2), we
reorganized the yaw levels into a new factor called horizontal heading with two levels
based on the avatar’s horizontal direction: towards host, when the avatar faced the
participant (0◦ , 30◦ and 60◦ ) and away from host, when avatar faced away from the
participant, (120◦ , 150◦ and 180◦ ). Side trials were excluded (90◦ ).
The reorganized factor horizontal heading was subjected to an ANOVA test. We
found a significant difference between the avatar’s horizontal heading: towards host
and away from host (F1,13 = 14.20, p < 0.05, η 2 = 0.108). Furthermore, for both
display techniques, when the avatar faces away from the host the error is much
smaller than when the avatar faces the host (towards host: eAR = 16.39◦ , etablet =
20.98◦ ; away from host: eAR = 13.79◦ , etablet = 16.61◦ ). This confirms our towardsaway from host asymmetry hypothesis. This report of gaze estimation asymmetry
data for when an avatar is facing towards or away from a VR user, to the best of
our knowledge, is the first of its kind in the literature.
Another possible explanation for this asymmetry and for the best performance at
180◦ in our experiment is that participants perhaps localize better when the avatar
head and the gaze point on the sphere all fit within the bounds of the participant’s
FOV. If they do, participants could be better at estimating the relative spatial
attributes. Conversely, if participants need to shift their FOV (and their torso in
many cases) to find the target and thus the avatar leaves their field of view, they
could be performing worse. In an attempt to verify this, we plotted the effect of
avatar gaze point Z coordinate on error (Figure 10). i.e. the Z coordinate of the point
where the avatar’s gaze half-line intersected the sphere. During the experiment,
participants stood at the origin (0, 0, 0) of the virtual space facing the avatar. So
essentially, when the gaze point Z coordinate was positive, both the avatar and the
corresponding gaze point would be located in front of the participant; Conversely,
when the Z coordinate was negative, the target gaze point would be located in some
area behind the participant, outside their FOV, and therefore localization would be
more challenging. Added to this, positions behind the participant demanded a pivot
in place by the participants which further exacerbates localization error.
The data for the tablet and AR display were fitted using local regression 5
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Fig. 10: Effect of gaze point Z coordinate on error. Curves are a product of fitting
with local regression (α = 1).

(α = 1). The fitted curves support our hypothesis to a certain extent, nevertheless
more rigorous study is needed before firm conclusions can be made.

6.3. Pitch
Regarding pitch, Figure 9b shows that generally, the slope of the error for the AR
technique had a symmetric distribution and the best performing pitch for both
techniques was 0◦ , i.e. when the avatar head was level. Surprisingly the tablet
display exhibited greater asymmetry; beyond 0◦ , there was only a minor increase
in error as the avatar looked downwards.
Considering the hypothesis on the asymmetry about the pitch axis, we reorganized the data into a new factor vertical heading with two levels: up (when avatar
faced upwards i.e. -45◦ , -30◦ and -15◦ ) and down (when the avatar faced downwards
i.e. 15◦ , 30◦ and 45◦ ).
Again, the reorganized data vertical heading was analyzed with ANOVA. A
significant difference between the avatar’s vertical heading: up and down was found
with F1,13 = 4.85, p < 0.05, η 2 = 0.070. In addition, for the AR display, there was
no obvious difference of angular error when the avatar faced upwards or downwards
(for AR: eup = 15.42◦ , edown = 15.56◦ ); However, for the tablet technique, there
was a sizable difference in angular error (for tablet: eup = 20.80◦ , edown = 16.96◦ ).
This is also visible in Figure 9b, when the tablet technique error levels off beyond
0 degrees pitch. This finding means that H2 regarding pitch was only partially
verified; it was only true for the tablet technique. Hence, it seems that with the
flattened tablet technique, there was poor estimation of the gaze point when the
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avatar looked downwards compared to the AR technique.
A potential explanation for this is that for pitch angles beyond 0◦ , there is poor
visibility of the jawline and its shadow on the neck as well as the fact that the eyes
are partially occluded by the forehead. Given an AR avatar participants were more
sensitive to those minor differences.
6.4. Applications
The findings from this experiment should serve as guidelines for telepresence system designers. E.g. in the apartment viewing scenario, since the environment is not
dynamic, the teleoperator could be supplied with a static image of the room; he or
she could also jump back to previously captured positions using some VR teleportation technique 4 . The physical robot/avatar would then be free, considering the
available surrounding space and the gaze estimation performance of each pose, to
continuously re-position itself to cater for gaze perception by the host and his or
her proxemic preferences. Conversely, in a museum there might be numerous people
walking around. In this case, the live stream from the remote environment is very
important for the teleoperator to understand the surroundings as well as interact
and converse with other people. In such a situation the robot would most likely
not be able to re-position itself continuously and the host would adjust his or her
position to get an ideal perception of the avatar gaze direction.
Gaze estimation by the host is only one of the many factors that contribute to
an effective hosted telepresence session. The importance for the host to be able to
localize the guest’s gaze direction is heavily dependent on the scenario. Some of the
high performing avatar poses were facing away from the host; in these positions
eye-contact, facial expressions and therefore emotions are unavailable to the host.
It should potentially be left up to the host to choose how he/she wants the robotic
platform and avatar to behave. If the host is interested in gaze localization then
the host interface should provide some option to focus on that; in which case the
robot/avatar should dynamically re-position itself to cater for this. If the host is
interested in facial expressions/emotion then the tablet/avatar should always face
the host and display the face of the guest.
6.5. Limitations
This study does not take into account minor errors introduced by pointing with a
wand 24,18 . As mentioned earlier an alternative pointing method based on a trackball
could be devised to alleviate this problem. It should be also noted that eyelids and
eyebrows were static on the avatar’s face. In practice, however, gazing upwards or
downwards modulates the opening of the eyelids and the position of the eyebrows.
These cues could be added in future studies to enhance accuracy of the results.
Also, fixing avatar height at 1.5m during the experiment was another limitation of
this study, the avatar height should be able to change correspondingly according to
participant height.
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In addition, conducting user study in a simulated environment might have some
limitations in terms of ecological validity. In real applications, the localizing errors
would be slightly lower than the results of our experiments, since the layout of the
environment the features of specific objects (like colors and materials) and voice
communication between teleoperator and the host could also provide people with
unique cues to help them localize the avatar gaze more accurately. The results of our
experiments are conservatively measured in a virtual ideal environment without any
other information except for visual cues from avatar gaze, hence, the localizing errors
in this article should be used as a strict baseline for short-time gaze localization of
an avatar.
7. Conclusion - Future Work
We presented two methods for improving gaze direction estimation of a teleoperator
in 360◦ hosted telepresence systems; constantly orienting the tablet to face the host
and an AR avatar method. We contributed a formal user study (simulated AR) that
shed some light into the performance of these two proposed display techniques. A
summary of our findings:
• Telepresence “hosts” were 19% better at estimating the gaze of a stereoscopically
rendered avatar over a flattened avatar image.
• Certain combinations of yaw, pitch, distance were better for the host to estimate
the gaze direction (e.g., yaw = 180◦ /pitch = 0◦ @1.2m with the AR display has
the least localization error 4.84◦ among all the tested conditions). This is the first
time such results have been reported in the literature.
• Yaw of the guest avatar head can affect localization accuracy by as much as
22.05◦ for a tablet display and 17.04◦ for an AR display.
• Pitch of the guest avatar head can affect localization accuracy by as much as
22.08◦ for a tablet display and 16.42◦ for an AR display.
• Host localization error exhibits an increasing trend with distance from the guest,
but not a linear one.
These results should provide reference for hosted telepresence system designers
but also for any social VR system where participants are required to estimate the
gaze of an avatar.
Many open questions remain for further research. For example, The current
study only focuses on a one-to-one application between teleoperator and host. But
in some real scenarios, normally there are multiple hosts who need to localize teleoperator’s gaze simultaneously. In this case, we assume that for every host, the
localizing error would be lower comparing with the results of single host study in
this paper. Because the host would get reference from other hosts to help them
fixing the localization error. However, this has to be verified in further study. Furthermore, if the robot reconstructs a 3D mesh of the room as it travels along, and
the guest teleports to a previously visited spot, the robotic platform does not need

November 12, 2019

20

12:39

WSPC/INSTRUCTION FILE

output

Jingxin Zhang, Nicholas Katzakis, Fariba Mostajeran, Paul Lubos, Frank Steinicke

to travel back to that point. The guest would then be “detached” from the physical robot, creating a triangle of host-robot-guest, thus creating entirely new social
dynamics in that space, raising further questions about telepresence.
References
1. Deepak Akkil, Jobin Mathew James, Poika Isokoski, and Jari Kangas. Gazetorch: Enabling gaze awareness in collaborative physical tasks. In Proceedings of the 2016 CHI
Conference Extended Abstracts on Human Factors in Computing Systems, pages 1151–
1158. ACM, 2016.
2. Ronald Azuma, Howard Neely, Mike Daily, and Jon Leonard. Performance analysis
of an outdoor augmented reality tracking system that relies upon a few mobile beacons. In Mixed and Augmented Reality, 2006. ISMAR 2006. IEEE/ACM International
Symposium on, pages 101–104. IEEE, 2006.
3. Stephan Beck, Andre Kunert, Alexander Kulik, and Bernd Froehlich. Immersive groupto-group telepresence. IEEE Transactions on Visualization and Computer Graphics,
19(4):616–625, 2013.
4. Doug A Bowman, David Koller, and Larry F Hodges. Travel in immersive virtual
environments: An evaluation of viewpoint motion control techniques. In Virtual Reality
Annual International Symposium, 1997., IEEE 1997, pages 45–52. IEEE, 1997.
5. William S Cleveland, E Grosse, and WM Shyu. 1992local regression models. Statistical
models in S, edited by John M. Chambers and Trevor J. Hastie, pages 309–376, 1992.
6. Allen J Fairchild, Simon P Campion, Arturo S Garcı́a, Robin Wolff, Terrence Fernando, and David J Roberts. A mixed reality telepresence system for collaborative
space operation. IEEE Trans. Circuits Syst. Video Techn., 27(4):814–827, 2017.
7. Jim Gemmell, Kentaro Toyama, C Lawrence Zitnick, Thomas Kang, and Steven
Seitz. Gaze awareness for video-conferencing: A software approach. IEEE MultiMedia,
7(4):26–35, 2000.
8. Gene V Glass, Percy D Peckham, and James R Sanders. Consequences of failure to meet
assumptions underlying the fixed effects analyses of variance and covariance. Review of
educational research, 42(3):237–288, 1972.
9. Edward T Hall, Ray L Birdwhistell, Bernhard Bock, Paul Bohannan, A Richard
Diebold Jr, Marshall Durbin, Munro S Edmonson, JL Fischer, Dell Hymes, Solon T
Kimball, et al. Proxemics [and comments and replies]. Current anthropology, 9(2/3):83–
108, 1968.
10. Michael R Harwell, Elaine N Rubinstein, William S Hayes, and Corley C Olds. Summarizing monte carlo results in methodological research: The one-and two-factor fixed
effects anova cases. Journal of educational statistics, 17(4):315–339, 1992.
11. Yasamin Heshmat, Brennan Jones, Xiaoxuan Xiong, Carman Neustaedter, Anthony
Tang, Bernhard E Riecke, and Lillian Yang. Geocaching with a beam: Shared outdoor
activities through a telepresence robot with 360 degree viewing. In Proceedings of the
2018 CHI Conference on Human Factors in Computing Systems, page 359. ACM, 2018.
12. Jari K Hietanen. Social attention orienting integrates visual information from head
and body orientation. Psychological Research, 66(3):174–179, 2002.
13. Myles Hollander, Douglas A Wolfe, and Eric Chicken. Nonparametric statistical methods, volume 751. John Wiley & Sons, 2013.
14. Shunichi Kasahara, Shohei Nagai, and Jun Rekimoto. Jackin head: Immersive visual
telepresence system with omnidirectional wearable camera. IEEE transactions on visualization and computer graphics, 23(3):1222–1234, 2017.
15. Ikkaku Kawaguchi, Yuki Kodama, Hideaki Kuzuoka, Mai Otsuki, and Yusuke Suzuki.
Effect of embodiment presentation by humanoid robot on social telepresence. In Pro-

November 12, 2019

12:39

WSPC/INSTRUCTION FILE

output

Think Fast: Rapid Localization of Teleoperator Gaze in 360◦ Hosted Telepresence

21

ceedings of the Fourth International Conference on Human Agent Interaction, pages
253–256. ACM, 2016.
16. Ikkaku Kawaguchi, Hideaki Kuzuoka, and Yusuke Suzuki. Study on gaze direction
perception of face image displayed on rotatable flat display. In Proceedings of the 33rd
Annual ACM Conference on Human Factors in Computing Systems, pages 1729–1737.
ACM, 2015.
17. SeungJun Kim and Anind K Dey. Simulated augmented reality windshield display
as a cognitive mapping aid for elder driver navigation. In Proceedings of the SIGCHI
Conference on Human Factors in Computing Systems, pages 133–142. ACM, 2009.
18. Regis Kopper, Doug A Bowman, Mara G Silva, and Ryan P McMahan. A human motor behavior model for distal pointing tasks. International journal of human-computer
studies, 68(10):603–615, 2010.
19. Gun A Lee, Theophilus Teo, Seungwon Kim, and Mark Billinghurst. Mixed reality collaboration through sharing a live panorama. In SIGGRAPH Asia 2017 Mobile Graphics
& Interactive Applications, page 14. ACM, 2017.
20. Daniel Leithinger, Sean Follmer, Alex Olwal, and Hiroshi Ishii. Physical telepresence:
shape capture and display for embodied, computer-mediated remote collaboration. In
Proceedings of the 27th annual ACM symposium on User interface software and technology, pages 461–470. ACM, 2014.
21. Lisa M Lix, Joanne C Keselman, and HJ Keselman. Consequences of assumption
violations revisited: A quantitative review of alternatives to the one-way analysis of
variance f test. Review of educational research, 66(4):579–619, 1996.
22. Marvin Minsky. Telepresence. 1980.
23. Kana Misawa, Yoshio Ishiguro, and Jun Rekimoto. Livemask: A telepresence surrogate
system with a face-shaped screen for supporting nonverbal communication. Information
and Media Technologies, 8(2):617–625, 2013.
24. Brad A Myers, Rishi Bhatnagar, Jeffrey Nichols, Choon Hong Peck, Dave Kong,
Robert Miller, and A Chris Long. Interacting at a distance: measuring the performance of laser pointers and other devices. In Proceedings of the SIGCHI conference on
Human factors in computing systems, pages 33–40. ACM, 2002.
25. David Nguyen and John Canny. Multiview: spatially faithful group video conferencing.
In Proceedings of the SIGCHI conference on human factors in computing systems, pages
799–808. ACM, 2005.
26. Yeonju Oh, Ramviyas Parasuraman, Tim McGraw, and Byung-Cheol Min. 360 vr
based robot teleoperation interface for virtual tour. In Proceedings of the 1st International Workshop on Virtual, Augmented, and Mixed Reality for Human-Robot Interactions (VAM-HRI), pages 78–82. ACM/IEEE, 2018.
27. Sergio Orts-Escolano, Christoph Rhemann, Sean Fanello, Wayne Chang, Adarsh Kowdle, Yury Degtyarev, David Kim, Philip L Davidson, Sameh Khamis, Mingsong Dou,
et al. Holoportation: Virtual 3d teleportation in real-time. In Proceedings of the 29th
Annual Symposium on User Interface Software and Technology, pages 741–754. ACM,
2016.
28. Mai Otsuki, Taiki Kawano, Keita Maruyama, Hideaki Kuzuoka, and Yusuke Suzuki.
Thirdeye: Simple add-on display to represent remote participant’s gaze direction in
video communication. In Proceedings of the 2017 CHI Conference on Human Factors
in Computing Systems, pages 5307–5312. ACM, 2017.
29. Oyewole Oyekoya, William Steptoe, and Anthony Steed. Sphereavatar: a situated
display to represent a remote collaborator. In Proceedings of the SIGCHI conference
on human factors in computing systems, pages 2551–2560. ACM, 2012.
30. Ye Pan and Anthony Steed. A gaze-preserving situated multiview telepresence system.

November 12, 2019

22

12:39

WSPC/INSTRUCTION FILE

output

Jingxin Zhang, Nicholas Katzakis, Fariba Mostajeran, Paul Lubos, Frank Steinicke

In Proceedings of the SIGCHI Conference on Human Factors in Computing Systems,
pages 2173–2176. ACM, 2014.
31. Ye Pan and Anthony Steed. Effects of 3d perspective on head gaze estimation with a
multiview autostereoscopic display. International Journal of Human-Computer Studies,
86:138–148, 2016.
32. Pin, Francois G and Killough, and Stephen M. A new family of omnidirectional and
holonomic wheeled platforms for mobile robots. IEEE transactions on robotics and
automation, pages 480–489, 1994.
33. Thammathip Piumsomboon, Arindam Day, Barrett Ens, Youngho Lee, Gun Lee, and
Mark Billinghurst. Exploring enhancements for remote mixed reality collaboration. In
SIGGRAPH Asia 2017 Mobile Graphics & Interactive Applications, page 16. ACM,
2017.
34. Thammathip Piumsomboon, Gun A Lee, Jonathon D Hart, Barrett Ens, Robert W
Lindeman, Bruce H Thomas, and Mark Billinghurst. Mini-me: An adaptive avatar
for mixed reality remote collaboration. In Proceedings of the 2018 CHI Conference on
Human Factors in Computing Systems, page 46. ACM, 2018.
35. Eric D. Ragan, Curtis Wilkes, Doug A. Bowman, and Tobias Höllerer. Simulation of
augmented reality systems in purely virtual environments. 2009 IEEE Virtual Reality
Conference, pages 287–288, 2009.
36. Patrick Renner and Thies Pfeiffer. Attention guiding techniques using peripheral vision and eye tracking for feedback in augmented-reality-based assistance systems. In
3D User Interfaces (3DUI), 2017 IEEE Symposium on, pages 186–194. IEEE, 2017.
37. J Patrick Royston. An extension of shapiro and wilk’s w test for normality to
large samples. Journal of the Royal Statistical Society: Series C (Applied Statistics),
31(2):115–124, 1982.
38. MHD Saraiji, Tomoya Sasaki, Reo Matsumura, Kouta Minamizawa, and Masahiko Inami. Fusion: full body surrogacy for collaborative communication. In ACM SIGGRAPH
2018 Emerging Technologies, page 7. ACM, 2018.
39. Samarth Singhal and Carman Neustaedter. Bewithme: An immersive telepresence
system for distance separated couples. In Companion of the 2017 ACM Conference on
Computer Supported Cooperative Work and Social Computing, pages 307–310. ACM,
2017.
40. Susumu Tachi. Telexistence. In Virtual Realities, pages 229–259. Springer, 2015.
41. Wolfgang Vogl, Bernice Kai-Lam Ma, and Metin Sitti. Augmented reality user interface for an atomic force microscope-based nanorobotic system. IEEE transactions on
nanotechnology, 5(4):397–406, 2006.
42. Bin Xu, Jason Ellis, and Thomas Erickson. Attention from afar: Simulating the gazes
of remote participants in hybrid meetings. In Proceedings of the 2017 Conference on
Designing Interactive Systems, pages 101–113. ACM, 2017.
43. James W Youdas, Tom R Garrett, Vera J Suman, Connie L Bogard, Horace O Hallman, and James R Carey. Normal range of motion of the cervical spine: an initial
goniometric study. Physical therapy, 72(11):770–780, 1992.
44. Jingxin Zhang, Eike Langbehn, Dennis Krupke, Nicholas Katzakis, and Frank
Steinicke. A 360 video-based robot platform for telepresent redirected walking. In Proceedings of the 1st International Workshop on Virtual, Augmented, and Mixed Reality
for Human-Robot Interactions (VAM-HRI), pages 58–62. ACM/IEEE, 2018.
45. Sunjin Yu, Eungyeol Song, and Changyong Yoon. Immersive stereoscopic 3D system
with hand tracking in depth sensor. In International Journal of Fuzzy Logic and Intelligent Systems, pages 146–153. 2018.
46. Russell Toris, Julius Kammerl, David Lu, Jihoon Lee, Odest Chadwicke Jenkins, Sarah

November 12, 2019

12:39

WSPC/INSTRUCTION FILE

output

Think Fast: Rapid Localization of Teleoperator Gaze in 360◦ Hosted Telepresence

23

Osentoski, Mitchell Wills, and Sonia Chernova. Robot web tools: Efficient messaging
for cloud robotics. In 2015 IEEE/RSJ International Conference on Intelligent Robots
and Systems (IROS), pages 4530–4537. IEEE, 2015.
47. Dennis Krupke, Frank Steinicke, Paul Lubos, Yannick Jonetzko, Michael Görner, and
Jianwei Zhang. Comparison of Multimodal Heading and Pointing Gestures for CoLocated Mixed Reality Human-Robot Interaction. In 2018 IEEE/RSJ International
Conference on Intelligent Robots and Systems (IROS), pages 1–9. IEEE, 2018.
48. Samer Al Moubayed, Gabriel Skantze and Jonas Beskow. The Furhat Back-projected
Humanoid Head-lip Reading, Gaze and Multi-party Interaction. International Journal
of Humanoid Robotics, pages 1350005. World Scientific, 2013.
49. Chaoran Liu, Carlos T. Ishi, Hiroshi Ishiguro and Norihiro Hagita. Generation of
Nodding, Head Tilting and Gazing for Human-Robot Speech Interaction. International
Journal of Humanoid Robotics, pages 1350009. World Scientific, 2013.

