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Abstract—For successful teleoperation, an operator must be able
to accurately inscribe the desired movement to the manipulandum.
The goal of manipulating an image display for teleoperation is to
perform visual transformations that minimize mental fatigue,
performance time, and enhances the compatibility between the
operator and the teleoperated system for successful task
completion. A concept based on multiple physical and virtualized
displays will identify the areas in which the increasing mental
demand reduces the effectiveness of the operator. The effect of
physical and virtual display configurations was investigated in an
experimental study. A total of 18 participants teleoperated an
industrial robot under three display configurations. The results of
the study revealed that the virtualization of the display is a more
effective way to present information to the operator of a
teleoperated system when the goal-to-goal times and the total
distance traveled during a task were considered.
Index Terms—teleoperation; mental workload; virtualization

I. INTRODUCTION AND BACKGROUND
Teleoperation allows users to remotely control robots and
apparati in environments that could otherwise be inaccessible.
Teleoperated systems have increasingly been used in
critical domains such as urban search and rescue, exploration
tasks (space, deep-sea, volcanoes, etc.), remote surgery, and
high-cost industrial inspections (e.g., with nuclear reactors)
[1,2]. Many skilled operators are required to fill the increasing
demand for robotic teleoperation.
Teleoperation is mentally challenging for users in part
because of the limited and often unintuitive visual feedback [3].
The user must use limited video images of the remote
environment and robot. If using a joystick (or similar device) to
control the robot, the user is often forced to learn the hand-eye
mapping between inputs and the visual feedback – e.g., pushing
right on the joystick does not necessarily move the robot to the
right in all, if any, video images. Such hand-eye alignment has
been shown to increase mental workload [4], task time and errors
[5]. The more joints of the teleoperated robot, the higher the
user’s mental workload [6]. While much research involves
automating the robots and increasing the information fed back to
the user (visual or otherwise), much less attention has been given
to simplifying that information or making it more intuitive.
Immersing the operator in an augmented reality or using a head
mounted device is not always feasible and has even been shown
to be ineffective [7].
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Previous work has shown that properly aligning video
images on separate, moveable displays can significantly
improve teleoperation task time and performance [5].
Introducing haptic feedback has also been shown to improve
operator performance within the range of 50-100ms [8].
However, many teleoperation interfaces do not or cannot include
multiple moveable monitors to allow for proper video alignment
and cannot include bulky haptics modules. Robots such as the
ones used in the military field require a light simple system of
no more than 25lbs [9]. With the limitations of weight and space,
maximizing the reliability of the system and minimizing the
system weight and dimensions give the operator increased
information while reducing the equipment load [10].
Exploring the factors that affect the mental demand an
operator must endure is imperative to create a more suitable
interface regardless of whether it is an augmented environment
with haptic feedback or virtualizing the display on a monitor. In
that direction, this study aims to investigate if displaying
multiple video images on a single stationary display has similar
benefits as physically rotating displays. We hypothesize that, by
manipulating the visual feedback provided to the operator, task
times and performance can be improved without significantly
increasing the mental workload.
The following sections present and discuss a human-subject
experiment into whether virtualized displays improve
teleoperation.
Section 2 discusses system setup and
experimental methods. Section 3 presents results. Section 4
discusses the results, conclusions and lessons learned, and future
work.
II. METHODS
A. Participants
This study included a total of 18 self-selected participants
(14 male, 4 female). The average age of the participants was
32.9±11.3 (mean ± S.D.). The participants did not have any
previous experience in comprehensive teleoperation.
B. System Setup
The system (shown in Fig. 1) consisted of a computer with
proprietary user interface, an input device, and one or more
monitors depending on the interface being tested. The users
viewed the teleoperated robot via two video images displayed
and distorted following the experimental protocol. In addition,
the user wore noise canceling headphones to minimize
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Fig. 1. Teleoperation setup consisting of (a) the user interface and (b) remote
robot and environment.

distraction and auditory cues from the robot; the user could not
see or hear the robot directly. The input device used by the
participants was a six-degree-of-freedom 3Dconnexion Space
Navigator which controlled the robot’s end effector in world
coordinates. The computer read the user’s input, commanded
motions of the robot via direct connection to its controller,
received position and video feedback, and distorted and
displayed the video images on the monitor(s).
The robot, task environment, and video cameras were
arranged remotely from the user. The teleoperated robot was a
six-degree-of-freedom Fanuc LR Mate 200 iC with attached
(deactivated) gripper. The robot had integrated force sensing
and automatically stopped during collisions. Two CCTV video
cameras were mounted on tripods and connected via a frame
grabber video card to the interface computer. In addition, two
industrial floodlights were used to illuminate the task
environment; the resulting faint shadow allowed the user to
estimate the robot’s distance from the objects.
C. Experimental Procedure
This study tested three video image setups, shown in Fig. 2.
The first setup was a Physical Normal (PN) arrangement
consisting of video images on two separate display that were
physically rotated for proper hand eye alignment (using the
technique discussed in [11]). Thus, pushing right on the
joystick, for example, moved both robot images to the right as
seen by the user. The second and third setups displayed the
video images on a single, larger display but at the same pixel and
physical size. The images were distorted to mimic the physical
rotation of the separate displays, either in a pseudo-properlyaligned (Virtual Normal; VN) or improperly-aligned (Virtual
Transposed; VT) arrangement. In the VT setup, pushing right
on the joystick, for example, moved the robot images in
misaligned directions.
Virtualizing the images does not generate the same
visualization of the task scene as physically rotating the displays
– the “distant” part of the images are distorted with some loss of
pixel information, and the alignment does not change with user
movement (as it does with the PN setup). However, these setups
represent the common use of a single monitor in many
teleoperation applications. Thus, the three setups allow for two
useful comparisons:
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Fig. 2. The three setups tested in the experiment: Physical Normal
(PN), Virtualized Normal (VN), and Virtualized Transposed (VT).

(1) Comparison between physical and virtualized displays
(PN versus VN).
(2) Comparison between virtualized aligned and misaligned
displays (VN versus VT).
The task environment consisted of six standard light
switches arranged on a vertical wall (see Fig. 1.a). The backside
of the switchboard was weighted down to reduce the movement
from the robotic arm encountering the switchboard surface. The
user’s task was to activate each switch using the robot’s end
effector as prompted by the computer. For each test, the
switches on the board began oriented towards the center of the
workspace. The user was then prompted to move to a specific
switch designated by a green augmented reality arrow on the
display. They would continue to move and follow and switch the
designated switches.
For the experiment, subjects were briefly introduced to the
components and protocol. They were not informed about the
specific goal of the test. They were given an initial survey on
their teleoperation and gaming experience.
Each participant completed three tests with different
interface setups and task sequences. The presentation order was
pseudo-randomized for each participant for no repeats. At the
start of each test, participants were allowed up to five minutes to
familiarize themselves with the control and video feedback.
Once satisfied, the participant would then manipulate the robotic
arm and complete the tasks. The computer recorded and timed
user input and position feedback for post processing. After each
test, the participant completed a Setup Survey including a NASA
TLX mental workload questionnaire [12].
Upon completion of all three tests, the participant filled out
a final survey asking their overall impressions of the interfaces.
D. Statistical Analyses
The data were analyzed using repeated-measures ANOVA.
The dependent variables were the goal-to-goal times, distance
traveled, and the variables obtained from the NASA TLX mental
workload questionnaire (mental demand, physical demand,
temporal demand, performance, effort, and frustration level).
The ANOVA was preceded by a Mauchly’s sphericity test to
check whether the variances were homogeneous. If this test was
significant (p < .05)—indicating a violation of the assumption of
homogeneity of variance—Greenhouse-Geisser correction

B. Test and Goal-to-Goal Times
The average total test times (time to flip all switches) are
shown in Fig. 3. There was no significant difference between
the test times across the setups (F (2,34) = 1.560). They show that
there were significant reductions in time when performing on a
virtualized display over a physical display. The total time it took
a participant to perform a setup did not show any significant
difference regardless of the display being virtualized or physical.
There was also no significant difference based on operators’
video game experience.
The Goal-to-Goal times for each setup (time from one switch
to the next) are shown in Fig. 4. Results show significant
differences between the Physical Normal (PN) and Virtual
Normal (VN) as well as Virtual Transposed (VT) ( < 0.05 for
both cases) setups. There was no significant difference between
the setups VN and VT.
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Setup: Physical Normal (PN), Virtual Normal (VN), and
Virtual Transposed (VT); n=18
Fig. 3. Average total test times for the tested setups (mean ± standard
error)

C. Distances
The average distance traveled for each setup is shown in Fig.
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A. Surveys
The initial survey results showed that the average participant
had 12 years of video game experience ranging from 0 to 35
years. Participants with experience on consoles made up 85% of
all subjects. The other participants had their video game
experience on a PC or both. 13% of the subjects did not have any
video experience at all. Thirty percent of the participants had
some type of Remote Control (RC) experience — one
participant had experience related to the control of an RC robot.
The repeated-measures ANOVA revealed no significant
difference across the setups when the variables (mental demand,
physical demand, temporal demand, performance, effort, and
frustration level) obtained from the NASA TLX mental
workload questionnaire are considered. The results of the initial
and final surveys indicated that there was not a clear bias towards
one setup or another. The participants found all the screen
orientations to feel similar to them and in the case of the
virtualized display, most did not realize what change had been
made to the display orientation.
In the final surveys the participants did not indicate any clear
preference to one setup over another overall. Most subjects
mentioned in their surveys that they felt more comfortable with
their final setup regardless of the setup (PN, VN, or VT). Despite
what the analysis of the data shows, most participants reported
that they performed the best on the PN setup, only one
participant reported better performance on the VN setup.
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III. RESULTS
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Fig. 4. Quartile plot showing the distribution of goal-to-goal times for the
three setups.
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procedure was used to adjust the degrees of freedom. Followup post hoc comparisons (LSD) were applied when necessary to
identify statistically significant changes. A three-sigma test was
performed on all data before analysis for outlier detection. The
effect of the setup order (between PN, VN, and VT) on each
dependent variable was initially tested and no significant order
effect was reported.
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Setup: Physical Normal (PN), Virtual Normal (VN),
Virtual Transposed (VT); n=14

Fig. 5. Average three-dimensional distance traveled for the tested setups
(mean ± standard error)

5. There was a significant effect of setup on the distance traveled
= 0.292). The follow up post hoc
(F(2,26) = 5.356, p<0.05,
comparisons revealed that the participants traveled significantly
more during the Physical Normal (PN) setup as compared to
both Virtual Normal and Virtual Transposed setups (p<0.05 for
both cases). There was no significant difference between the
setups VN and VT. The different total distances traveled in each

setup show a significant bias towards a virtualized setup. Both
the VN and VT setups were similar in results and showed no
significance in the difference of the distances traveled during
those setups for the participants. In addition, participants’ video
game experience had no significance on the distances.
IV. DISCUSSION AND CONCLUSIONS
The results indicate that the virtualized screens perform
better than multiple physical screens. This may be due to the
complexity of the procedure, the time and fatigue caused by
working out three separate setups and finally the apparent ease
of interacting with a virtual setup.
Anecdotally, there was a large difference in the participant’s
bodily movement between physical and virtualized setups. The
virtualized displays had almost no movement, however when
participants had multiple physical displays they would shift their
bodies side to side, and forward. The physical displays were
oriented so that a participant had the freedom to move in and out
of the image plane, which they did frequently during this setup.
They also found themselves moving their heads and bodies
around to gain a better perspective outside of the image plane.
This was not the case when the images were virtualized. The
participants remained mostly still, not being able to move
through the image plane. This could increase the focus on both
images.
Interacting with the flat surface of the switches was a
relatively straightforward task for the operator to complete. In
the future, a more complicated task might help distinguish
between setups. Forcing the participant to interact with multiple
challenges that vary not only in a single plane, but also into a
space might provide more useful results. Since it was shown that
it does not take a significantly different amount of mental effort
to perform this task with the virtualized displays inverted,
removing that from the next study would save time and open the
direct comparison between physical displays and a virtualized
system of displays.
The use of two virtualized displays on a single monitor
seems to be the more effective way for an operator to interface
with the system. This is the most ideal outcome for this study as
it implies that the reduction in information when simulating a
display does not increase mental workload, task time, or task
performance. A virtualized setup – even a misaligned one – may
be easier for an untrained operator to use than a physical one.
However further research is needed to fully understand if the
results will carry over and whether a trained operator would see
the benefits while using virtualized displays.
In the future, it might be beneficial to select operators to
represent a sampling of typical teleoperators, for more
applicable results. Furthermore, a longer experiment into mental
fatigue may enhance the distinction between screen orientations.
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