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Abstract— Mobile Telepresence Robots (MTR) are an emerging technology that extend the functionality of telepresence
systems by adding mobility. MTRs nowadays, however, rely on
stationary imaging systems such as a single narrow-view camera
for vision, which can lead to higher operator error rates due to
view-related deficiencies in situational awareness. We therefore
developed an improved imaging and viewing platform that
allows immersive telepresence using a Head Mounted Device
(HMD) with head-tracked mono and stereoscopic video. Using
a remote collaboration task to ground our research, we examine
the effectiveness head-tracked HMD systems in comparison to
a baseline monitor-based system. We performed a user study
where participants were divided into three groups: fixed camera
monitor-based baseline condition (without HMD), HMD with
head-tracked 2D camera and HMD with head-tracked stereo
camera. Results showed the use of HMD reduces task error
rates and improves perceived collaborative success and quality
of view, compared to the baseline condition. No major difference
was found, however, between stereo and 2D camera conditions
for participants wearing an HMD.

I. I NTRODUCTION
Mobile telepresence robots (MTR) are devices that extend
the functionality of telepresence systems by adding mobility
that can be controlled by remote operators (or teleoperators).
The advantage of mobility is that it adds flexibility in the
location of the telepresence system, which does not need to
reside at a fixed location anymore, and more personal styles
of communication are possible [1] due to the teleoperator embodying the MTR platform. MTRs have long been present in
research [2], and have recently become increasingly popular
in consumer or business applications [3], domestic care [4],
[5], education [6], [7], or healthcare [8], [9].
The design of most contemporary MTR simply transplants
the existing stationary (i.e., desktop-based) designs onto a
moving robotic base, thus bringing with them many of the
affordances of stationary systems: a typical configuration
is mounting a video tele conferencing screen on a mobile
robotic base [10], [11].
As demonstrated in previous work, using MTRs can
augment the remote users’ feeling of presence in local spaces
[12] and improve the sense of engagement in collaborative
work scenarios [3], [13]. However, Johnson et al. [14]
argue that simply replicating existing paradigms from fixed
telepresence setups is not enough to be beneficial for all
collaborative tasks. They state that collaborative tasks, in
particular, require improved user interfaces for teleoperation.
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Fig. 1. Mobile telepresence robot system used in our study. Upper left:
stereo camera pair and pan/tilt rig. Lower left: robot base and control laptop.
Right: Strut assembly with mounted tablet and stereo pan/tilt rig.

In essence, they argue that teleoperation interfaces need to
go beyond just showing a fixed, 2D view for the remote
operator. Furthermore, Johnson et al. state that, although new
video technologies (e.g., wide-angle lenses, pan-tilt setups,
etc.) have been evaluated in terms of “operator efficiency and
awareness”, there have not been many in-depth studies of
novel teleoperation interfaces in collaborative work settings.
A further issue which confronts users of MTRs is that very
few of the available MTR platforms incorporate autonomous
navigation capabilities. Thus, the remote operator’s task of
manually navigating the robot through a space (e.g., to the
next meeting) can be one of the major problems in the user
experience of these devices.
What makes manual teleoperation difficult is that on most
MTRs the teleoperation UI shows one or more fixed camera
views (e.g., forward and forward-down on the VGO [11]). In
this type of configuration, the orientation of the camera view
follows that of the robot base in a fixed manner. We believe
that using fixed camera views can be problematic both for
navigating MTRs as the fixed viewpoint allows the user only
a limited field of view, and for orientation of the camera view
as the whole robot needs to be reoriented to change the view
direction. Furthermore, with 2D camera views it is difficult
to effectively judge distances in the image, due to a lack of
depth perception. The result is that the remote operator may

have a reduced awareness of the position of the robot in a
space, the position of obstacles relative to the robot or the
best trajectory to take to navigate through a space.
To address this problem, we propose increasing the immersiveness of MTR navigation by using a head-mounted
display (HMD) with head tracking. Previous work by Draper
et al. [15] supports this approach. They argue that immersion
is a predictor of telepresence success.
Thus, in a prototype we developed for this paper, head
tracking is used to control a robot-mounted pan/tilt servo
system on which a stereo camera pair is mounted to provide a stereo video feed to a user wearing an HMD. We
implemented an AR overlay for the HMD that shows taskrelevant information. We did this to compensate for the fact
that although immersive HMDs such as Oculus Rift [16]
improve the awareness of the remote environment, they shut
the user off from the local environment, making context
switches between the local and remote environments (e.g.,
to look at local paper instructions) unwieldy.
Overall, this work contributes to human-robot interaction
and the design of mobile telepresence systems by examining
the usability of head-tracked, head-mounted displays in the
context of remote collaboration tasks. Our experimental
results show that such HMD-based systems can have some
key task-relevant advantages over a baseline, desktop-based
teleoperation user interface. We furthermore highlight how
several key UI design features for the HMD system (wider
camera viewing angle, transparent overlay of task-relevant
reference material, and a visual robot pose indicator) help
significantly improve task performance and user ratings
vs. the desktop-based baseline system.
We now proceed with a discussion of related work. We
then establish our hypotheses and present the results from a
user study with our system. Finally, we provide a discussion
of our findings and their consequences for future research
and design work.
II. R ELATED WORK
Rae et al. describe several design dimensions for telepresence [17]. Within their framework, our work contributes
mainly to better understanding of the aspects of vision
and communication within telepresence systems: we propose
the use of an immersive video system for mobile robot
teleoperation and study how the use of this system affects
a collaborative task. In the following, we review prior work
and discuss how the present contribution builds upon and
extends past efforts.
A. Robot Teleoperation
A number of past works have focused on mobile robot
teleoperation interfaces, i.e., looking at techniques that allow
operators to move their robots. Fong et al. provide a broad
overview of teleoperation interfaces [18], [19], covering various graphical operation UIs and gesture, haptic and tabletbased interfaces for robot navigation. In addition, voicebased [20] and even indirect, fiducial-based [21] operation interfaces have been suggested. Although substantial progress

has been made in the field of autonomous robot navigation
[22], a study conducted by Takayama et al. [23] showed
that although autonomous navigation assistance is useful to
avoid local navigation errors (e.g., avoid obstacles), it can
also increase the total time required for navigation tasks. We
therefore believe that improving user interfaces for manual
robot teleoperation is still an important and valuable field of
research.
In the present work, we deliberately keep to a baseline
input technique for robot motion commands, i.e., using
keyboard arrow keys for motion commands. Because some
of the most common pitfalls of robot operations are “loss
of situation awareness, poor attitude and depth judgment,
inadequate perception of the remote environment, and failure
to detect obstacles” [19], we focus in this paper on drastically
improving the operator’s view system in order to increase
overall situation awareness. With a better view system, the
number of errors and the overall workload for the operator
should be decreased.

B. Use of Pan-Tilt Camera Systems and Stereo Vision
A number of fixed-location telepresence systems used a
pan/tilt configuration to change the remote camera view
angle. Venolia et al. used a pan-tilt camera when studying
telepresence communication in distributed work scenarios
[3]. Biehl et al. studied the affordances of a telepresence
system, that, besides the camera view, can pan/tilt its entire
display [24]. They analyze the perception of telepresence of
the remote operator and participants of a meeting who are
collocated with the aforementioned embodied telepresence
system. Polly [25] is a semi-mobile system that can be used
either in a stationary configuration or worn by a local guide
to gain mobility. Field evaluations of Polly indicated that the
ability to actively control the remote viewpoint increased the
sense of presence at the remote location.
Several previous projects have proposed using a usercontrolled pan/tilt camera on mobile robots, e.g., Fiala et
al. [26] or Zalud et al. [27]. These, however, did not
use stereo imagery or head-mounted displays. Martins et
al. [28] conducted a user study of teleoperation with a
robot that had a stereo camera pair which was mounted
rigidly on the robot, thus, in contrast to our system, the
camera orientation was coupled to the robot’s pose, which
could cause latency problems when executing head-tracking
motions. Notably, the usability study they conducted with
their system yielded positive results for a search-and-rescue
task. Lawson et al. [29] proposed a stereo pan-tilt robot
with head tracking for remote environment exploration, very
similar to the setup used in our paper. Pittman et al. [30]
studied immersive control of aerial robotic vehicles using an
HMD as an alternative viewing technique in order to improve
the user’s immersion level. Finally, the Dora Platform [31] is
a commercial 6 DOF head tracking telepresence robot, which
provides higher-fidelity head tracking than the solution used
in this paper.

C. Study of Collaborative Tasks for Telepresence

B. Participants and Confederate

Recently, Johnson et al. [14] studied the effects of different camera viewing angles for collaborative telepresence
tasks. Their results favorize wider viewing angles, although
extremely wide viewing angles did increase usage difficulty
in some cases. In the present work, we study immersive
head-tracked video using an HMD as a further method of
improving the view quality for telepresence, and how this
affects remote collaboration tasks.
Rae et al. [12] studied the effects of mobility on the
outcome of collaborative telepresence tasks. They found that
mobility contributes to an understanding of the remote space,
due to the ability of generating multiple camera angles.
However, they did also observe disorientation effects due to
the fixed camera on their telepresence robots. The results
of our studies suggest that using a head-tracked display
has advantages over a fixed 2D camera for collaborative
telepresence tasks and reduces the perceived difficulty of
the task, which might also be due to less viewpoint-related
disorientation experienced by the users.

A total of 21 participants (15 male, 6 female) took part
in our study, where each group condition was composed by
5 males and 2 females. Participants were aged 18–58 (M
= 29.56, SD = 9.75). Participants in each condition (i.e.,
the telepresence users) were asked to operate the MTR,
drive it to a particular remote location and then collaborate
with a confederate on a furniture assembly task. The same
confederate, a 24-year-old male student, participated in all
trials, from a different room in the same building complex.
During the task, the confederate did not initiate any action,
but followed orders and engaged in discussion, fully cooperating with current participant (remote user) while trying
to maintain consistency across participants by, mostly, just
answering questions (in the best possible way) and asking
for clarifications if there were any doubts in what actions to
take and how.

III. U SER S TUDY
The goal of this user study is to compare the use of an
HMD with head-tracked stereo and mono camera systems,
and a fixed monitor-based (without HMD) baseline condition
for a collaborative assembly task using a mobile telepresence
robotic platform.
A. Method and Choice of Conditions
We conducted a between-participants controlled laboratory
experiment with three groups of three different conditions:
C1: Using a fixed 2D camera view displayed on a
monitor.
C2: Using an HMD with a Monocular Tead-Tracked
pan/tilt camera View (MHTV) system.
C3: Using an HMD with a Stereo Head-Tracked pan/tilt
camera View (SHTV) system.
Condition C1 (without the use of any HMD), was intended
as a baseline condition, to simulate commercially available
robots in the market today, such as [10], [11]. The two other
conditions, with the use of an Oculus Rift DK2 [16], were
intended to evaluate how this technology can improve upon
robotic telecollaboration by offering new capabilities. We
designed our experiment to study the effects of view type
(C1, C2 and C3) in a collaborative telepresence task. Our
study is inspired by the results of a previous preliminary
study [32] that suggested a higher SUS rating for the use
of a standard 2D camera compared to head-tracked stereo
display for the task of driving the robot. The main focus of
this previous work, however, was a pure driving task. In the
studies presented in the current paper, we want to analyze the
full user experience: driving the robot to a remote location,
and, most importantly, completing a collaborative task with
a remote person.

C. Collaborative Assembly Task
Participants were assigned a task in which they had to remotely control a telepresence robot to help a confederate (at
a remote location) assemble a piece of IKEA furniture. Our
choice of remote collaboration task was grounded by similar
task designs utilized by recent related works [12], [14].
Specifically, we selected a furniture assembly task because it
requires a broad skill set of cognitive abilities, requiring the
telepresence user to be fully engaged in the remote place,
paying attention to the details of the object and its parts
while interacting with the confederate and interpreting the
instructions provided by the furniture assembly manual. For
completion of the task, the telepresence user is required to
correlate a relatively large amount of information between
the local and remote contexts. For instance, participants in
our study needed to identify objects and parts, pictured in
the assembly manual and match those within the visual feed
provided by the MTR system.
The selected furniture was the VILDAPEL Plant Stand
[33], shown in Figure 2, which also had components of
different shapes and sizes. We chose this particular piece
because it seemed to balance our requirement of having a
relatively short assembly time, but still have a nontrivial
amount of parts in different shapes and sizes that could
be placed in many different positions. For instance, the
orientation of the crossbars on each leg, were easy to be
be assembled in a mis-oriented way if the user was not
paying full attention to the manual and constantly checking
the confederate’s assembly process. Therefore, participants
were forced to genuinely try to identify the orientation of
each object in order for it to be mounted correctly.
D. System design
Our mobile telepresence robotic system for the user study
was based on a modified version of the Pioneer P3-DX
Mobile Robot [34]. For hardware mounting, we affixed an
aluminum truss structure of approximately 120 cm of height
onto the robot’s base, as shown in Figure 1. This height was
consistent for all participants in all experiments. At the top

Fig. 2. VILDAPEL plant stand used for the collaborative assembly task
in the study. Disassembled (left) and assembled (right).

of the robot, we mounted a pan/tilt servo system in which a
stereo camera pair is fixed to provide a stereo video feed to
the user wearing an HMD.
The Oculus Rift DK2 provides an overall resolution of
1080p (960 x 1080 per eye), 60 Hz refresh rate, and a wide
field of view. It has full 6 degree of freedom rotational and
positional tracking. We used the Oculus Rift SDK [35] to
obtain real-time rotational tracking (head tracking) and to
render images on the headset.
We used a pair of GoPro Hero 4 cameras for the stereo
vision system. We used the analog video output of the GoPro
cameras and digitized it using an Analog to USB video
capture device, the Hauppauge USB-Live2 [36]. Each of the
camera signals captured by the USB-Live2 were broadcasted
over the network using the WebcamXP [37] video streaming
software, running on a dedicated Windows laptop used only
for the vision system. In total, we used two robot laptops,
one for the vision system, other for robot control.
We mounted the GoPro cameras on a pan/tilt servo servo
rig on top of the robot to provide the stereo video feed to the
user wearing the HMD. To control the pan and tilt system
via PWM signals, an Arduino board [38] was used. The Pan
and Tilt servomotors were connected to the analog pins of
the Arduino. We used the RosSerial package [39] to send
the head tracking data to the Arduino board via ROS (Robot
Operating System) [40] Messages. The head tracking data
provided by the Oculus Rift had to be parsed, in real time,
to value ranges that made sense to the servos before sent to
the Arduino board.
For the fixed-view baseline condition only, we used a HTC
Nexus 9 tablet [41] fixed to the front of the robot (Figure
1). The tablet provides a 8.9 inch IPS LCD, 1536 × 2048
(QXGA) with a 1.6MP front (fixed) camera. However, all
experiment conditions used the tablet to provide the audio input and output for the videoconferencing application (Google
Hangouts [42]) that we used to transmit and receive audio
between the participant and confederate.
Study participants remotely controlled the P3-DX mobile
robot base using a desktop (Windows) computer which
communicated with the robot control laptop (Figure 4) using
ROS [40]. We implemented a custom web application for
the additional user interface features used in the Study. The

Fig. 3.
Screenshots of the overlays developed for the HMD viewing
conditions in the study. (a) Green dotted lines represent the robot’s forward
direction. (b) Part of the assembly manual shown as a semi-transparent
overlay on the HMD.

Fig. 4.

System architecture used in the study.

keyboard arrow keys were used as main control keys for
driving the robot, and the head-tracking data provided by
the Oculus Rift was accessed via the Java Oculus SDK and
sent to the robot laptop via ROSBridge. The left and right
camera images, broadcasted from the vision system laptop
using WebcamXP, were captured and rendered back to the
Oculus Rift within the same web application.
The web application allowed the overlay of assembly
manual pages on top of the camera feed with an opacity
set to 0.5 (Figure 3 (b)). Users could control which page
of the manual they wanted to see using the Page Up and
Page Down keyboard keys. They were also able to toggle
the display of the instruction manual overlay using the Enter
key. To improve the participants’ awareness of the relative
orientations of the robot base front and the HMD view
direction, we added an overlay of two vertical green lines
(Figure 3 (a)) that showed the center orientation of the robot
base (i.e., the robot’s direction of forward motion).

Participant at Control Station

E. Hypotheses
To study the effects of the use of HMDs and the use of
stereo and mono camera systems in robotic remote collaboration, we evaluated a number of objective and subjective
measures relevant to the outcome of collaborative tasks: task
error rates, perceived collaboration success, perceived visual
quality, and perceived task difficulty. We had the following
hypotheses prior to the experiment:
H1: The use of a monocular head-tracked pan/tilt camera
view system (MHTV) together with an HMD will improve
overall user’s task performance relative to the fixed 2D
camera monitor-based baseline condition. By increasing the
user’s situational awareness, it will reduce the number of
collisions, reduce the number of assembly mistakes and
reduce the total task time.
H2: The use of a stereo head-tracked pan/tilt camera view
system (SHTV) will improve user’s overall task performance
relative to fixed 2D camera monitor-based baseline condition
with the same particular effects as stated in H1.
H3: The use of SHTV will improve user’s overall task
performance relative to MHTV condition with the same
particular effects as stated in H1.
H4: The use of MHTV will increase user’s feelings of
engagement in the collaboration task, improving communication and improving the perceived collaborative success.
In particular, it will improve the perceived view quality,
perceived feeling of presence at the remote site, and reduce
perceived task difficulty in comparison to the fixed 2D camera
monitor-based baseline condition.
H5: The use of SHTV will increase user’s feelings of
engagement in the collaboration task, improving communication and improving the perceived collaborative success, with
the same particular effects as stated in H4.
H6: The use of SHTV will increase user’s feelings of
engagement in the collaboration task, improving communication and improving the perceived collaborative success, with
the same particular effects as stated in H4, over MHTV.
F. Procedure
To test our hypotheses, we conducted a controlled laboratory study with a between-participants design. Figure 5
shows an overview of the spatial layout of the experiment.
Study participants were asked to sit in front of a desktop
computer in an office room and operate the mobile telepresence robot, which, at the start of the study task, was present
in the same room as the participant. Participants were given
ten minutes of instruction on how to operate the system
and navigate the robot, so that they were able to familiarize
themselves with the controls and to practice driving the MTR
while personally looking at it. Participants were then shown
which path to drive the robot (Figure 5, red dashed line)
in order to get to the room where the confederate person
was waiting. The experimental remote room simulated a
regular office room, with a big desk and a chair. The route
between the participant’s room and the experimental remote
room was about 25 m in length, and involved three 90

Robot Path

5m

Mobile Robot

Confederate

Work Area

Fig. 5. A sketch of the spatial layout used in both experiments, showing
the locations of the mobile robot control station and the assembly area in
relation to each other. The red dashed line is the path along which the
participants were asked to navigate at the start of the experiment.

degree turns. After providing instructions to the participants,
the experimenter started the audio conferencing system and
participants of both HMD conditions (C2 and C3) were
asked to put on the goggles, test the head-tracking system.
They were then instructed on how to control the virtual
assembly instructions overlaid on top of the camera feed.
Participants of the baseline C1 condition (without HMD)
were given paper assembly instructions and also tested the
video conferencing system prior to start of the activity. Each
session took between 15–25 minutes in total.
G. Measures
To capture and analyze the outcomes of the collaborative
task, we used several objective and subjective measures.
These measurements allowed us to quantify and qualify the
experience, which after an statistical analysis provided the
results and insights we discuss in the sections below.
1) Objective Measures: We measured task performance
and situation awareness using three variables: task completion time (beginning from when the robot left the room
to when the participant indicated task completion), number of assembly mistakes/errors (incorrectly placed or misoriented parts) and the number of collisions (the participant
running into something with the robot while driving it).
Task completion time, number of collisions and number
of assembling mistakes were measured manually by the
experimenter during each session.
2) Subjective Measures: After completing the task, participants were asked to answer a questionnaire designed
to assess the perceived collaborative success, quality of
view/visualization, sensation of telepresence and task difficulty. Perceived collaborative success and quality of
view/visualization were measured via participants’ agree-

ment on a ten-point Likert scale, e.g., “I was able to visualize
all furniture parts” (1 = Strongly Disagree to 10 = Strongly
Agree). Participants were also asked to measure how difficult
they thought it was to complete the assembling task in the
current experiment condition on a ten-point Likert scale (1
= Very Easy to 10 = Very Hard). We also asked participants
open-ended questions about their thoughts and feelings on
several aspects of the system.
H. Results
H1 and H2 predicted that the use of an HMD with
MHTV and SHTV conditions would improve the users’
overall task performance relative to the fixed 2D camera
monitor-based baseline condition. We found partial support
for these hypotheses. The average task completion time, in
seconds, was 581.43 (SD = 66.13), 602.57 (SD = 43.90)
and 595.14 (SD = 50.85) for the “no HMD” (C1), MHTV
(C2) and SHTV (C3) conditions, respectively. Users reported
that using the HMD made it easier and faster to drive the
robot, compared to the fixed monitor condition, since they
had the liberty to look around and see obstacles better. After
arrival at remote room, however, the assembly part of the task
was done faster with the ability to look at the paper manual
without HMD, compared to the virtual (overlaid) manual,
wearing the HMD. This resulted in no significant difference
for final average times for task completion, due to different
experiences in different parts of the task, F(2,18) = .271, p =
.765. The Average number of collisions and Average number
of assembly mistakes, however, showed a slight advantage
for the use of an HMD. Users wearing the HMD made fewer
collisions: .86 (SD = .69) for C1 condition, .57 (SD = .79) for
C2 and .43 (SD = .53) for C3 condition and fewer mistakes
.71 (SD = .76), .14 (SD = .38) and .14 (SD = .38).
H3 predicted that users in the HMD with SHTV condition
group would outperform MHTV in terms of user’s task performance. We did not find support for this hypothesis. In all
metrics, SHTV and MHTV averages were not significantly
different.
H4 and H5 predicted that the use of an HMD with
MHTV and SHTV conditions would improve the perceived
collaborative success and view quality in comparison to the
fixed 2D camera monitor-based baseline condition. As shown
below, we did find support for these hypotheses. The average
answers for the perceived collaborative success scale were
6.29 (SD = 1.50), 8.14 (SD = 0.69) and 8.43 (SD = 1.13) for
the C1, C2, and C3 conditions respectively, F(2,18) = 7.107,
p = .005. Average responses to the Quality of View scale also
indicated a better visualization for both HMD conditions.
Average responses were 4.00 (SD = 1.41) for C1 condition,
6.86 (SD = 1.21) C2 and 6.86 (SD = 1.46) for C3, F(2,18)
= 10.169, p = .0011.
H4 predicted that the users in C2 would have a higher
overall perception of collaborative success compared to C1.
We found support for this hypothesis, F(1,12) = 8.894, p
= .011. It also predicted that users would perceive a better
quality of view. We found support for this hypothesis, F(1,12)
= 16.438, p = .001.

H5 predicted that the users in C3 condition would have a
higher overall perception of collaborative success compared
to C1. We found support for this hypothesis, F(1,12) = 9.121,
p = .010. It also predicted that users would have better quality
of view. We found support for this hypothesis, F(1,12) =
13.793, p = .002.
H6 predicted the users in C3 would perceive an improved
view quality relative to C2, given they should have a better
visualization by the addition of depth. We did not find
support for this hypothesis, F(1,12) = .00, p = .99. In the
post task questionnaire, users reported perception of 3D, but
were not sure of how useful it was to complete the task.
Responses to the perceived collaborative success scale also
showed no difference between the two groups, F(1,12) =
.324, p = .579.
The average responses on task difficulty showed no big
difference between any of the three groups. Responses were
6.57 (SD = 1.51), 5.29 (SD = 1.50) and 5.14 (SD = 2.12) for
C1, C2, and C3 conditions respectively. We can see a small
variance between the perceived difficulty by users in C1 and
users in C2 and C3, but no significant difference was found,
F(2,18) = 1.444, p = .261.
I. Discussion
As expected, the results from this study confirmed our
prior assumptions, showing that the use of an HMD does
improve overall task performance, perceived collaborative
success and perceived quality of view in comparison to the
fixed 2D camera monitor-based baseline condition.
Participants in both groups wearing the Oculus Rift
(SHTV and MHTV conditions), perceived improved view
quality. The average task completion time was about the
same for all groups, but major differences could be found
in the full task experience: in the driving part of the task,
participants wearing the HMD were faster, and made less
collisions, since they had a better view of the path. In
the assembly part of the task, participants in C1 were
faster, but they also made more assembly mistakes. Because
participants in C1 had a lower viewing quality due to the
fixed view, they had to stay further away from the table to
visualize the entire working area, and thus did not have the
same ability to look around and focus on different parts
of the furniture as in C2 and C3. These facts seem to
have influenced the higher perceived collaborative success
between users in C2, and C3.
The second user study also confirmed that there was no
significant difference between participants in C2 and C3.
The average number of collisions and average number of
assembly mistakes were about the same for both groups.
The average ratings for perceived collaboration success and
quality of view were also about the same for them. Contrary
to our initial hypothesis, we discovered and confirmed that
the addition of depth using stereo cameras played no major
role for the task of collaboratively assembling a furniture, in
comparison to the condition using a monocular head-tracked
display.
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IV. C ONCLUSION
We presented the results of a user study with the goal
of evaluating the use of head mounted devices for remote
collaboration in robotic telepresence. More specifically, we
evaluated the use of HMD with stereo and 2D camera feeds
in comparison with each other and in comparison with a fixed
2D monitor-based baseline condition. We designed, proposed
and implemented a mobile telepresence system that was used
for assembling an IKEA furniture in collaboration with a
remote confederate.
We conclude that the use of stereo and 2D cameras
mounted on top of a pan tilt servo rig along with the use
of an HMD does improve perceived collaborative success
and perceived quality of view compared to the baseline
condition. Task error rates (collisions and assembly mistakes)
were also lowered—users wearing an HMD made fewer
driving errors that resulted in collisions and, furthermore,
made fewer assembly mistakes in the furniture assembly part
of the task.
The ability to look at different points at the remote location
by just moving the head, specifically looking down to see
specific parts of the furniture, made it easier to complete
the collaborative task with the HMD and the servo pan/tilt
system setup. Participants in the baseline condition, however,
were faster in the assembly part of the task, since they could
easily read and interpret the paper manual without the HMD,
but they also made more mistakes, because of the worse view
of the remote location.
The perceived collaborative success was higher for users
wearing an HMD, in comparison to users in the baseline

condition. Results also showed a better quality of view, which
definitely contributed to the perceived success of the task for
HMD users.
In the user study, participants were provided with a switchable semi-transparent overlay of the assembly manual on top
of the camera feed. The majority of the participants enjoyed
the virtual manual. In particular, they liked the ability to
control the page display via the keyboard and the ability to
overlay it on the camera feed semi-transparently
A further interesting result was our finding that the use
of stereoscopic cameras did not significantly affect the user
experience for the collaborative task, in comparison to a
monocular camera setup. There was no significant difference
in all measured variables between C2 and C3. In informal
comments, participants reported no major usefulness of 3D
for the specific given task. This may also be an indication
that the task did not require stereoscopic depth cues to the
extent we had imagined beforehand.
V. F UTURE W ORK
The studies presented in this work have highlighted the advantages of using immersive, HMD-based viewing interfaces
for remote collaboration task. Consequently, this also shows
deficiencies of desktop-based approaches. In future work, it
would be interesting to study similar HMD-based setups in
different, richer environments (perhaps field deployments)
with more complex tasks, in order to establish if the results
of this paper hold up under such conditions. Secondly, we
also aim to re-design approaches for desktop-based viewing
interfaces, in order to achieve similar usability results in
comparison to HMDs, which are not preferred by all users.

Thus, in a future publication, we plan to discuss and study
new non-planar image mappings of panoramic video in order
to increase view awareness desktop-based robot control user
interfaces. We are also exploring new “through-the-screen”
user interfaces for sending semi-autonomous movement commands to the robot, as an alternative to driving the robot
manually. This may lower the overall view immersiveness
requirements for successfully navigating a mobile robot
through an environment.
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