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ABSTRACT

Robot teleoperation is a traditional form of human-robot interac-
tion. One of the challenges in this type of interaction is for the robot
operator to have appropriate situational awareness of the robot’s
surroundings. Streaming videos from cameras to screen displays
has been the main approach so far for understanding the remote en-
vironment and controlling the robot. In this work, a virtual reality
interface for controlling a remote robot is analysed through a user-
study with 40 participants. The task of the participants in the study
is to teleoperate a robot to pick and place five barrels on predefined
target positions. The aim of the study is to analyse and compare the
effectiveness of three different camera setups, namely: one-fixed
camera, two-fixed cameras with the ability for the user to switch
between the two, and a moving camera. The setups are compared
subjectively using NASA Task Load Index and System Usability
Scale. As an objective measure, the participants’ performance is
also measured based on their precision and task completion time.
The study results suggest that using a virtual reality interface with a
moving stereo camera can significantly improve teleoperation preci-
sion and completion time. Using a moving camera also significantly
decreased the workload of the participants. The results also show
that the participants were able to use the interface with minimum
training, suggesting this interface is intuitive for operators.
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1 INTRODUCTION

Remote robot teleoperation is one of the first forms of human-robot
interaction. Traditionally, an operator in the control room uses a
joystick to control the robot and uses streaming videos to screen
displays from cameras, either mounted on the robot or at a different
point in the remote environment to gain situational awareness.
Such a setup has been used in many sensitive applications such
as search and rescue missions and remote inspection tasks. Any
mistake of the operator can cause serious damage to the robot or
destruction in the environment. Hence, it is very important for the
operator to have the highest possible situational awareness.

In our research, the main application is decommissioning of
old nuclear facilities. According to the World Nuclear Association,
there are over 115 commercial reactors, 48 experimental reactors
and 250 research reactors that are no longer functional and need to
be dismantled and decommissioned [19]. In the UK alone, “the 2019
forecast is that future clean-up across the UK will cost around £124
billion spread across the next 120 years or so” [17]. Using robots
for this application will increase efficiency as well as the safety of
human operators [14]. However, the structure of a typical nuclear
facility imposes the constraint of having minimal visibility of the
robot’s environment, as there are thick walls between the operators
and the robot. Therefore, gaining appropriate situation awareness
is a challenge for the operators. Using a multiple camera system
and switching between cameras to monitor the environment from
different viewpoints could be a way forward. Such systems have
been successfully used in other applications; however, changing
viewpoints will increase cognitive load and slows the process [15].

As an alternative to multiple fixed camera systems, researchers
have investigated novel systems with moving cameras for teleop-
eration. As such, a camera is mounted on a separate robotic arm
and this arm movement, either autonomously controlled [15, 20]
or manually controlled by a human operator [4], provides the best
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viewpoint on a screen display. Such novel interfaces have signifi-
cantly improved teleoperation performance [15].

Augmented Reality (AR) has also been used for robot control. So
far, most interfaces using AR were mostly screen-based or tablet-
based. For instance, “TouchMe” was developed to remotely control
a mobile robot equipped with a manipulator, through a touchscreen
[9]. This interface was tested in an experimental setup for a remote
pick-and-place task in which participants, controlling the robot,
had not seen the setup of the remote room in which the robot
was operating. As a result, among 12 participants all but one could
complete the task without training. In another research work, an
AR interface was developed to control and program an industrial
ABB IRB140 robot arm [3]. The interface shows the robot view on
a computer screen and when the operator gives a command using
keyboard and mouse, simulated actions of the robot for completing
the task is displayed on the screen so the operator can observe
the trajectory, motion and the result of the action. The operator
can then either confirm or cancel the command. This interface was
tested for stacking and sorting of small block tasks in which inex-
perienced operators completed the tasks with no significant time
difference from professional operators. This system could be safely
deployed in our application; however, a clear downside of such an
interface could be increased time of the operation, as the operator
first needs to evaluate the simulated action before performing the
actual one. In addition, while these studies reported the number of
people who successfully completed the task, the performances of
the participants in terms of their precision in manipulating objects
is not reported. Most recently, Lin et al. [12] developed an AR in-
terface to remotely control a Kinova JACO Assistive Robotic Arm
using hand motion and gestures. Their teleoperation interface is
designed so that the operator can handle objects virtually and the
gesture, created as a result of virtual object manipulation, is used
as a command for manipulating the real object or executing a spe-
cific behaviour. This provides a more intuitive grasping approach
compared to using a joystick to control a robot arm. However, with
a very small workspace this setup is not suitable for large scale
industrial applications like nuclear decommissioning.

Virtual Reality (VR) has also been investigated as an immersive
medium to tele-control robots. While many AR cases are screen-
based, VR interfaces are implemented using Head-Mounted Dis-
plays (HMDs). For example, researchers at MIT have developed
Baxter’s Homunculus, an interface for remote controlling a Baxter
dual-arm robot over a long distance [13]. The interface uses a com-
mercial off-the-shelf game engine, an Oculus Rift VR headset and
touch controllers. The operator does not work directly with the
robot in the virtual environment, as the environment is designed to
be only like a virtual control room inside the robot similar to a cock-
pit of a plane. Baxter’s Homunculus was reported to outperform
automated and in-hand object localisation systems in grasping,
pick-and-place and assembly tasks. Another similar research work
was done at the Brown University Humans to Robot Laboratory
using a Baxter dual-arm robot and HTC Vive HMD [18]. In this
work, the operator was allowed to switch between two viewpoints:
either the robot view or a third-person view, which is similar to
our two camera experiment condition. This system was tested and
compared to conventional interfaces like a joystick, or keyboard
and mouse for a cup stacking task. The result of this comparison
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Figure 1: Teleoperation using 360°camera video stream on HMD.

was a 16% increase in accuracy with a 62% decrease in the time to
complete the task, compared to the next best system using conven-
tional interfaces. Closely related to our approach, these works are
good examples of VR application for teleoperation, provided that
the interface is used with a more precise robotic arm.

There are also many more examples of VR application in robot
control like Toyota’s third-generation T-HR3 humanoid, which
is also being controlled through VR using a HTC Vive and an
exoskeleton interface, to provide a full-body intuitive control so
that the robot can mirror the operator’s movements [2]. In the field
of medical robotics, aiming to provide surgeons with a third hand
controlled by their foot during laparoscopic surgeries, researchers
at EPFL introduced a third hand along with two others (representing
the surgeon’s “own” hands) in a series of VR experiments to analyse
if people can coordinate these three virtual hands to complete a
task [1]. Further examples are: VR interfaces being investigated for
teleoperation and robot compliance control using a haptic feedback
device [10], wheeled mobile robot for remote real-time assembly
[11], and for inspection and maintenance processes in the aviation
industry [7].

In our own previous work [16], we used a Ricoh Theta V 360°
camera placed in front of a robot arm to stream video to a VR
headset, in a mirrored robot teleoperation setup (Figure 1). This
setup was designed considering our project requirement for nuclear
decommissioning using robotic arms to sort nuclear waste which
is mostly stored in barrels. However, considering the monocular
nature of the Ricoh 360 camera, we found that the operator strug-
gled to safely perform a waste sorting task due to the lack of depth
perception. Considering the sensitivity of the task, a monocular 360
camera was considered insufficient. One of the advantages of using
VR headsets is the possibility of having a stereo camera streaming
video directly on a HMD, which increases the immersion of the
operator with the remote robot. Having stereo vision can improve
the operator’s depth perception.

In this paper we compare the efficiency of three stereo camera
setups through a user study. In the firs setup, the user has only
one stereo camera at a fixed position. In the second setup, the
user has two-fixed stereo cameras with the possibility to change
between them. In the third setup, the user has a moving camera,
which corresponds to having the camera mounted on another robot
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arm that is synchronised with the VR HMD, so that the operator’s
movements are translated to camera movements. In all three setups,
the operator has a third person view with respect to the robot
manipulating objects and there is no camera mounted on the tele-
operated robot arm. This covers all current screen-based methods
apart from first-person view, where the camera is mounted on the
robot. In the following section, we introduce the details of the user
study carried out to compare the effectiveness of these camera
placements for a teleoperation task.

2 METHOD

To investigate different interfaces for a teleoperation scenario, a
virtual environment was developed to test the three camera setups:
one fixed camera, two-fixed cameras with switching, and a moving
camera synchronised to the operator’s head movements. This sec-
tion describes the experimental setup, experiment hypotheses, user
tasks, measurements, and participant demographics.

2.1 Experiment Setup

The experiment virtual environment was designed using the game
engine Unity 3D by integrating open source CAD models of a 6DoF
robotic arm and of industrial complexes. The Unity basic physics
properties, such as gravity and collision, were used to make the
environment more realistic. The manipulator end-effector position
was controlled with a joystick-like 3Dconnexion Spacemouse, with
robot joint values calculated using inverse kinematics. Two keys of
the Spacemouse were used for grasping (closing the gripper) and
releasing (opening the gripper) objects. Five cylinders of different
colours were used as objects to be moved in the pick-and-place
task. The environment was designed with similar features for all
the conditions, apart from the cameras. For the single and double
fixed camera, HMD movement did not result in camera movements
as it normally does in VR environments. Participants could switch
between the front and side (having a camera 90°rotated and placed
at the left of the scene 3.2m from the robot arm base and 1.2m
above the floor) cameras at any time in the two-fixed camera condi-
tion, using an allocated key on the 3Dconnexion mouse. The front
camera position was the same for the single and two-fixed cam-
era conditions, and for the starting point of the moving camera
condition located 1.5m to the left and 0.8m behind the robot arm
base, and 1m above the floor. The position of the second camera
in the two-camera condition was chosen based on participant be-
haviour from a preliminary experiment with our 360°camera setup
(Figure 1) in which people tended to bend to the left when trying
to get a side-view of the scene. The experiment setup and virtual
environment are depicted in Figures 2 and 3.

2.2 Hypotheses

The main aim of our study was to investigate the effect of the differ-
ent camera setups on task efficiency, workload and system usability.
Based on this, we formulated the following two hypotheses:

H1 The moving camera interface will outperform the setup
with one fixed camera.

H2 Since teleoperation systems traditionally use setups with
more than one screen, we expect that the performance of
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Figure 2: Experimental setup.

Figure 3: Virtual environment view from the front fixed camera.

the two-fixed camera setup is similar to the setup with the
moving camera.

2.3 Task, Instructions and Procedure

Participants were asked to wear an HTC Vive VR Headset and to use
a 3Dconnexion mouse to move the robot arm and pick five coloured
cylinders and place them on five coloured circles. Participants were
instructed to move each cylinder to the circle of the same colour and
place it as accurately as possible to cover the circle. This task was
designed in a way to be similar to a nuclear waste sorting procedure
in which a high degree of accuracy is expected. Participants were
told their performance was measured based on time and how precise
they place each cylinder on the target circle. Before starting the
main experiment, participants had a chance to test the interface
and to learn how to use the 3D mouse and get used to the VR
environment with the two-fixed camera condition. After that, each
person completed all three experiment conditions (each condition
once) in a randomised order to counterbalance any learning effects.
At the end of each condition, participants were asked to fill out
two questionnaires (as explained in Section 2.4). After completing
all three experiment conditions, participants were debriefed and
interviewed with the following three questions:

e Can you rank the interfaces, please?
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e Which interface do you recommend to be used in the real
industrial application?

If the answer to the second question was the moving camera inter-
face the next question was:

o Considering that implementing a moving camera adds sig-
nificantly to cost and complexity of the system, as it needs a
separate robotic arm to move the camera, which interface do
you recommend to be used in the real industrial application?

If they chose any other interface when answering the second ques-
tion they were only asked why they chose that interface.

2.4 Objective and Subjective Measures

In terms of objective measures the precision and task completion
time were considered. The cross-sectional area of the cylinders
was the same as the area of the target circles. Participants scored
precision points, between 0 and 100, proportional to the ratio of
intersection area of these two circles with respect to the target circle
area, meaning full coverage of the target circle by cylinder resulted
in 100 points. The overall score was calculated by averaging the
score for all cylinders.

In terms of subjective measures, two questionnaires, namely the
System Usability Scale (SUS) [6] and NASA Task Load Index (NASA
TLX) [8] were used. The SUS is a questionnaire that measures the
usability of systems, including hardware or software. It consists
of 10 item that are rated on a 5 point Likert scale ranging from
1 (“strongly disagree”) to 5 (“strongly agree”). NASA TLX is an
assessment tool used to measure workload in different tasks and
systems. It includes a workload rating scale of 6 categories: Mental
Demand, Physical Demand, Temporal Demand, Performance, Ef-
fort, and Frustration. Participants also ranked contribution of these
categories in the next phase, providing an overall weighted score
for the workload.

2.5 Participants

40 participants took part in the experiment 30 of which were male.
Participants were staff and student members of the university and
had an average age of 31.78 (STD = 10.17) ranging between 22
and 63 years old. Participants were mainly right-handed, apart
from 4 reported left-handed and 2 ambidextrous participants. All
participants reported normal or corrected-to-normal eyesight (17
wearing glasses). Before taking part, participants were asked to
rank their pre-existing experience in 5 categories on a scale ranging
from 0 (for no experience) to 100 (for highly experienced). The
experience categories were VR (Ave = 33.50, STD = 28.72), 3D
gaming (Ave = 28.50, STD = 33.38), 3D CAD Design (Ave = 46.13,
STD = 34.30), 3Dconnexion Spacemouse (Ave = 14.00, STD =
22.42) and Teleoperation (Ave = 19.88, STD = 26.66). Informed
consent was obtained from all individual participants included in
the study. The study was reviewed and approved by the Ethics
Committee of the University of the West of England, Bristol.

3 RESULTS

A one-way analysis of variance (ANOVA) and further Tukey test
were performed on the data to compare the mean precision scores
of participants and task completion time for each interface. For the

Sobhani, et al.

Mean Point

100
91.12

90
80 7231
70
60
50
40 34.16
30
20
10
0

Fixed Camera 2 Fixed Camera Moving Camera

Figure 4: Mean precision scores of three camera conditions. Error
bars are +1SEM.
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Figure 5: Mean task completion time of three camera conditions in
seconds. Error bars are +1SEM.

precision score, visualised in Figure 4, tests revealed a significant
difference between interfaces (F = 159.55, p < 3.75¢ — 34) with
the precision score for the moving stereo camera interface being
significantly higher than the one-fixed camera and two-fixed stereo
camera interfaces, and the two fixed camera having a significantly
higher precision score than the fixed camera interface. In terms of
mean completion time, visualised in Figure 5, an ANOVA showed
a significant difference between interfaces (F = 8.51, p < 0.0004)
with the moving camera interface significantly faster than the one
fixed camera and two fixed camera interfaces, and the two fixed
camera setup being significantly slower than both other interfaces.

For the subjective measures, a one-way ANOVA was carried out
for the results of the NASA TLX and SUS questionnaires. For the
NASA TLX, visualised in Figure 6, a difference in the workload was
revealed (F = 53.27, p < 3.56e — 17) with the moving camera inter-
face having significantly less workload than both other interfaces.
The analysis of the SUS scores, visualised in Figure 7, shows that
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Table 1: Mean values, standard deviation and standard error of mean
for all objective and subjective measures.

Fixed Camera 2-fixed Camera Moving Camera
Mean STD SEM Mean STD SEM Mean STD SEM
Precision Score 3416  19.13 12 7231 14.5 3.02 9112 7.57 23
Completion Time (sec) 295.15 127.86 20.22 383.45 267.27 42.26 216.48 103.28 16.33
NASA-TLX Workload 7049  16.03 253 5471 20.00  3.16 294 17.63  2.79
SUS Score 46.88 1365 2.16 63.94 20.13 3.18 8881 11.06 175

Measures

the usability of the moving camera setup was rated significantly
higher compared to both other interfaces (F = 74.72, p < 1.23e—21).
The SUS scores can also be interpreted semantically based on the
mean score [5] and, therefore, the moving camera interface is con-
sidered as “Excellent”, the two-fixed camera interface as “OK” and
the one-fixed camera interface as “Poor”.

Mean Workload
100
90
&0 70.49

50 54:71

Fixed Camera 2 Fixed Camera Moving Camera

Figure 6: Mean workload scores of three camera conditions. Error
bars are +1SEM.

The mean, standard deviation and standard error of mean (SEM)
of the all objective and subjective measures are also presented in
Table 1.

Participants answered all three interview questions at the end
of the experiment, with 37 out of 40 choosing the moving camera

Mean SUS Scores
100

88.81
90 -

70 63.94

46.88

Fixed Camera 2 Fixed Camera Moving Camera

Figure 7: Mean system usability scores of three camera conditions.
Error bars are +1SEM.
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interface, and 3 chose the two-fixed camera setup as the best inter-
face. Those three selecting the two fixed camera as the best setup
chose the moving camera as the second best, along with another
31 participants who chose the the two fixed camera setup as the
second best. Six others chose the single fixed camera interface as
the second best. Consequently, 34 participants selected the single
fixed camera and 6 others chose the two-fixed camera interface as
the worst interface.

Answering to the second question, 35 out 40 participants rec-
ommended the moving camera interface for the real industrial
application, while 5 others chose the two fixed camera setup, giving
their main reasons as “no need for physical movement” and “easier
implementation”. Finally, 35 participants who recommended the
moving camera interface answered to the third question with 22
people still choosing the moving camera and 13 others decided to
change to the two fixed camera as a “cheaper” option.

4 DISCUSSION

The experiment results prove our first hypothesis and showed the
moving camera interface outperforms both other two interfaces.
Even for a simple pick-and-place task in this experiment, the results
strongly suggest that having a moving camera will significantly
improve teleoperation performance. Not only did participants have
better depth perception (hence higher precision) but also they could
complete the task faster. It is noteworthy that faster task completion
can be interpreted to cost reduction, and higher precision means
safer teleoperation when it comes to safety-critical applications.
In addition, the moving camera interface scored the lowest mean
workload of 29.40 (STD = 17.63) and highest SUS mean score of
88.81 (STD = 11.06). The moving camera interface seems to be the
most intuitive one, as participants could easily perform the task in a
faster and more precise way without any previous training. Interest-
ingly, further analysis showed no correlation between participants
performance and past experiences in the five areas (see Section
2.5) in which they had assessed their experience level before the
experiment. The two fixed camera interface was second in terms of
precision score; however, it was significantly slower than both the
fixed camera and moving camera interface. Our second hypothesis,
therefore, is being rejected as the two fixed camera interface was
not close to the moving camera interface in any of the objective
and subjective measures.

While 37 out of 40 chose the moving camera interface as the
best, when answering the second post experiment questions, 5 peo-
ple recommended the two fixed camera interface for an industrial
application: three giving “no need of physical movement” as their
reason and two mentioned “easier implementation” of the two-fixed
camera setup as their reason. Considering their age (Ave = 41.80,
STD = 11.32), it can potentially mean that older operators with
experience of traditional screen-based systems may find VR inter-
faces physically demanding, as they need to move around to gain
situation awareness rather than just pressing a button to change a
camera view.

In terms of complexity and cost, it is important to note that even if
a moving camera system requires more expensive equipment, such
as an extra robotic arm, a deeper analysis is required to assess the
net cost of all the systems. For instance, the moving camera interface
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has reduced the task completion time (meaning reduced man hours
cost), while the two fixed camera interface requires longer time,
hence adding to the cost. Also, as many participants mentioned,
the two-fixed camera interface needs more training. This is despite
the fact that all the participants had a training session with the
two fixed camera interface, and yet they needed more training.
Extra training can also increase the net cost of the interface as
well. Responding to the last post-experiment question, even though
18 participants recommended the two-fixed camera interface as a
cheaper option, it might not necessarily be truly cheaper as it was
significantly the slowest and required more training.

In terms of system limitation, apart from the equipment cost,
the moving camera interface can potentially add complexity. It is
important to assess the complexity of this system as having two
robotic arms could increase probability of a collision. Hence, an
evaluation and validation of the system is required to assure safety
of the interface in the nuclear environment. One solution is to have
an array of stereo cameras, instead of the second arm, and develop
an algorithm to switch at appropriate times between camera views
to provide a virtual moving camera. Nonetheless, even such a virtual
moving camera system will still be complex and computationally
extensive.

One may argue that testing the interfaces in the VR environment
does not produce a realistic result, as communication delays are
likely in real systems. However, our previous experiment using a
ZED stereo camera to stream to a VR environment with a NVIDIA
GeForce GTX1060 GPU provided a good example of near real-time
video stream, therefore, justifying the use of a VR environment.

5 CONCLUSION

In this paper, a user study for a virtual reality interface for teleop-
eration is presented. The virtual environment is used to simulate
real applications in which the operator has no or little direct visual
information of the remote workspace. It was expected that having
a stereo camera streaming video to the HMD will improve the op-
erator’s depth perception compared to a traditional screen display.
Therefore, different camera conditions were compared with the
operator wearing a HMD and using a 3D mouse (similar to a tradi-
tional joystick) for teleoperation control. Participants performance
was measured based on their precision and task completion time,
along with subjective measures from the questionnaires. Consider-
ing both objective and subjective measures, the study results show
that the moving camera interface outperforms the other tested in-
terfaces. This is, therefore, depending on the application and its
required level of safety, precision and time that one can choose the
right interface for a specific task. In terms of our application of
nuclear decommissioning, a moving camera interface has a clear
advantage as safety is of high importance. So, in the next steps,
this interface will be implemented using two robotic manipulators
and will be thoroughly examined and evaluated in terms of real net
cost and any safety requirement to comply with nuclear industry
standards.
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