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CA, USA, 3Intelligent Systems Division, Mountain View, CA, USA

Objective: We assessed operator performance during
a real-time reactive telerobotic lunar mission simulation to
understand how daytime versus nighttime operations might
affect sleepiness, performance, and workload.

Background: Control center operations present factors
that can influence sleepiness, neurobehavioral performance,
and workload. Each spaceflight mission poses unique challenges
that make it difficult to predict how long operators can safely
and accurately conduct operations. We aimed to evaluate the
performance impact of time-on-task and time-of-day using
a simulated telerobotic lunar rover to better inform staffing and
scheduling needs for the upcoming Volatiles Investigating Polar
Exploration Rover (VIPER) mission.

Methods: We studied seven trained operators in a simu-
lated mission control environment. Operators completed two
five-hour simulations in a randomized order, beginning at noon
and midnight. Performance was evaluated every 25 minutes
using the Karolinska Sleepiness Scale, Psychomotor Vigilance
Task, and NASA Task Load Index.

Results: Participants rated themselves as sleepier (5.06 ±
2.28) on the midnight compared to the noon simulation (3.12 ±
1.44; p < .001). Reaction time worsened over time during the
midnight simulation but did not vary between simulations.
Workload was rated higher during the noon (37.93 ± 20.09)
compared to the midnight simulation (32.09 ± 21.74; p = .007).

Conclusion: Our findings suggest that work shifts during
future operations should be limited in duration to minimize
sleepiness. Our findings also suggest that working during the
day, when distractions are present, increases perceived
workload. Further research is needed to understand how
working consecutive shifts and taking breaks within a shift in-
fluence performance.

Keywords: fatigue, workload, teleoperation, vigilance

INTRODUCTION

Telerobotic operations, in which an operator is
physically controlling a device from a remote
location, are increasing in use in many occupa-
tional environments (e.g., military operations,
robotic surgery, and search and rescue), but most
notably for extraplanetary exploration (Chen et al.,
2007). This inherent separation from the device
that is being controlled deprives the operator of
sensory feedback and requires the operator to
instead rely on visual displays, which can
increase mental workload demand (Schipani,
2003). Often, this involves vigilant monitoring
of displays for extended durations of time to
preserve the robot and mission. In addition,
spaceflight missions typically require 24-hour
operations. Many studies have demonstrated
that working at night is associated with per-
formance impairment due to working under
conditions of sleep loss or when the circadian
rhythm is promoting sleep (Åkerstedt &
Wright, 2009; Boivin & Boudreau, 2014).
However, it is unclear how the demands of
performing a sustained, continuous telerobotic
operation might interact with sleep loss and
circadian misalignment to influence an oper-
ator’s ability to maintain performance. Fur-
thermore, it is unclear whether an operator’s
time-on-task should be limited due to these
factors. The upcoming Volatiles Investigating
Polar Exploration Rover (VIPER) mission will
require teams of human operators to control
a lunar rover remotely from an Earth-based
mission control center. Due to the relative lack
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of prior research on sustained real-time re-
active mission control operations, we aimed to
evaluate sleepiness, performance, and work-
load during a simulated operation to better
inform scheduling and staffing requirements in
preparation for the VIPER mission.

METHODS

Participants

This study was approved by the NASA Ames
Human Research Institutional Review Board
(HRI-359). A total of 16 individuals were
trained to operate a lunar telerobotic simulation
at the time of data collection and were thus
invited to participate. Of the total operators,
seven (n = 1 female) volunteered and provided
informed consent.

Participants completed a background ques-
tionnaire that included general demographic
information; the Morningness-Eveningness
Questionnaire (MEQ) was used to determine
the diurnal preference of the participant (Duffy
et al., 2001; Horne & Östberg, 1976). The
Pittsburgh Sleep Quality Index (PSQI) and
Epworth Sleepiness Scale (ESS) were used to
determine the likelihood of an individual having
a sleep disorder (Buysse et al., 1989; Johns,
1991).

During the initial meeting, each participant
was given an activity monitor (Actiwatch
Spectrum, Respironics Inc®, Bend, OR, USA)
to wear on their non-dominant wrist for one
week prior to each simulation. The Actiwatch
was used to evaluate participants’ sleep timing,
duration, and quality before and during the
simulation. Participants were also asked to
complete a daily sleep diary to document sleep,
including naps, to supplement the actigraphy
analysis.

Simulation

Each simulation required a pair of two role-
types: that of a driver, and a “real-time” science
operator (specific descriptions provided below).
Due to the uneven distribution of drivers and
real-time scientists, two researchers from the
Fatigue Countermeasures Laboratory at NASA

Ames Research Center were trained to perform
the duties of the real-time scientist and com-
pleted all study procedures but were not in-
cluded in analyses. The study involved each pair
of operators completing two different simu-
lations (described below). The driver was al-
ways paired with the same real-time scientist or
confederate during the simulation runs.

The role of the telerobotic driver was to
operate and manage the safety of the rover.
During the simulation, the driver viewed a 3D
projected world space of the moon. There were
two levels of the world space: (1) the drivable
terrain, and (2) the projected image of the
surface of the moon. A high-resolution visual
environment of the moon’s surface was dis-
played (i.e., 1 km x 1 km), although the drivers
only had a portion of that (i.e., 320 m x 320 m)
available for driving. If the rover was driven
past the physical terrain space, the simulation
would error; therefore, drivers were instructed
to remain within the mapped simulation. The
driver issued a series of commands to the rover,
such as precise directional input, waypoints,
simulated captured images, and projected
hazards (i.e., artificial obstructions in path).
The simulation accounted for the communi-
cations latency and network delays for the real
mission, projected to be 6–10 seconds per
command. Therefore, the rover was operated
with a waypoint driving approach as opposed to
a joystick or wheel steering approach. The
driver received imagery and data regarding the
immediate area surrounding the rover and
chose a waypoint within the camera’s field of
view to travel in a straight line. Each driver
traversed a pre-selected path that was the same
for each trial run so that the drivers would
experience the same obstacles and challenges
during the day compared to at night. To min-
imize learning effects, the traverse plan was
reversed for everyone’s simulation. In other
words, the midnight traverse plan was the re-
verse of the noon traverse plan or vice versa
depending on the order of the participant’s
simulation (two of the five drivers started with
the noon traverse plan, while the other three
started with the midnight traverse plan). Each
traverse plan contained two Area of Interest
Maps (AIM) which showed a colored square
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around the projected world space, indicating
areas that would be of interest to the real-time
scientist.

The role of the real-time scientist was to
observe the flow of data collected from hydro-
gen sensors on the rover. The real-time scientist
consistently monitored a two-channel count rate,
comparing water-equivalent hydrogen abun-
dance and burial depth, which provided in-
formation about the concentration of water and
how deep below it would be located. As the
driver traversed the path and AIM, the real-time
scientist provided continuous input on where
specifically the rover should travel based on the
flow of data.

Experimental Procedures

Participants completed two five-hour simu-
lations in a randomized order, one beginning at
noon and the other beginning at midnight. Four
participants had their day simulation (i.e., 12:
00–17:00) first and three participants had their
midnight simulation (i.e., 0:00–05:00) first. Due
to scheduling constraints, the time between the
simulations varied from two to 10 days. Prior to
the start of the simulation, the acting flight di-
rector provided a brief rundown on the proce-
dures (e.g., purpose of simulation, traverse plan,
and review of controls). During this time, the
participants were asked by the study staff
whether they consumed caffeine and, if so, what
type and when they consumed it. Participants
were then asked to complete a baseline cognitive
test battery (tests described below) that was

repeated approximately every 25 minutes
throughout the experiment. In total, participants
were scheduled to complete nine test batteries
(not including the baseline assessment), until
they completed five hours of continuous driving
(Figure 1). During each cognitive battery, par-
ticipants were moved to a nearby, isolated
meeting space to minimize distractions. Partic-
ipants were monitored by a study staff member
for compliance during all tests.

Participants rated their sleepiness levels
using the Karolinska Sleepiness Scale (KSS)
(Åkerstedt & Gillberg, 1990), which is a nine-
point Likert scale ranging from 1 = extremely
alert to 9 = fighting sleep.

Participants completed a handheld, five-
minute visual Psychomotor Vigilance Task
(PVT.) to assess neurobehavioral performance
(Arsintescu et al., 2019; Dinges et al., 1997;
Dinges & Powell, 1985). Participants were in-
structed how to use the NASA-PVT prior to
testing and completed a practice session on the
day they received the actiwatch. The PVT has
been shown to be free of learning effects during
repeated measures (Basner et al., 2018).

Participants rated their workload on a vali-
dated touch-screen version of the NASA Task
Load Index (NASA-TLX), which is a multi-
dimensional scale designed to obtain estimates
of workload from operators. Participants com-
pleted a baseline assessment of workload prior
to both simulation sessions to create individual
weighted ratings. This consisted of a 15-item
comparison in which participants were asked to
compare which workload characteristics were

Figure 1. Experimental procedure outlining each simulation run; baseline testing (BL)
was performed prior to each run and lasted roughly twice as long as each testing phase
due to the extra time to complete the baseline NASA-TLX. Each simulation run (S1–
S9) lasted approximately 25 minutes, followed by a testing phase (T1–T9) immediately
after which lasted approximately 6 minutes. Testing sessions began every 25 and 55
minutes throughout the simulation run, totaling five hours. The drive was continuous, in
that after each testing session, participants resumed where they left off in the simulation
to complete the traverse plan.
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more demanding. Each of the six workload do-
mains (i.e., Mental, Physical, and Temporal de-
mands, and Frustration, Effort, and Performance)
were weighted against an individual’s perceived
ratings.

Statistical Analysis

We calculated the following metrics on the
NASA-PVT: mean reaction time (RT), number
of lapses (i.e., RT > 500 ms), optimum response
times (i.e., the fastest 10% of response times for
all trials), and cognitive slowing (i.e., the
slowest 10% of response times for all trials). In
addition to the NASA-PVT metrics, we calcu-
lated the weighted average for each participant’s
NASA-TLX ratings and compared the differ-
ences between the noon and midnight simu-
lations through paired-sample t-tests. To assess
the change in performance over time, each of the
variables above were analyzed through mixed-
effects modeling, with participant included as
a random effect. Hedge’s G was calculated as
a measure of effect size for each of the tests
performed. All calculations were performed
using R Studio (1.3.1) on a Windows 10 Pro
(20H2) operating system.

RESULTS

The participants showed evidence of sleep
deficiency on average, according to the ESS and
PSQI, with a wide range of scores (Table 1).
They obtained more sleep in the 24 hours prior

to the midnight simulation compared with the
noon simulation, but less sleep in the 12 hours
prior to the midnight simulation (Table 2). All
but one participant consumed caffeine prior to
the noon simulation (ranging from 5 to .5 h
prior). For the midnight simulation, four of the
seven participants consumed caffeine (ranging
from 16 to 0 h prior), though only one consumed
it at the start of the run while the rest consumed it
many hours prior.

Participants rated themselves as significantly
sleepier during the midnight simulation (M = 5.06,
SD = 2.28), compared to the noon simulation (M =
3.12, SD = 1.44, t (65) =�9.13, p < .001, g = .85;
Figure 2). Sleepiness significantly increased
over time in the noon simulation (F (9, 56) =
3.48, p = .0017, ηp

2 = .39), but not the midnight
simulation.

There were no significant differences across
any of the NASA-PVT metrics between the
noon andmidnight simulations. Mean RT during
the noon simulation (M = 237.73, SD = 60.99)
was not significantly different from the midnight
simulation (M = 238.73, SD = 57.85, t (65) = .12,
p = .91; Figure 3). There were no significant
differences in mean RT for the fastest 10% of
responses comparing the noon simulations (M =
170.83, SD = 12.23) to the midnight simulations
(M = 175.11, SD = 18.41, t (65) = �1.73, p =
.088). There were no significant differences in
mean RT for the slowest 10% of responses for
the noon (M = 363.0, SD = 79.91) and midnight
simulations (M = 364.4, SD = 99.25, t (65) =
�.19, p = .85). Lastly, there were no significant

Table 1. Demographic Information.

Variable M(SD) Range

Age 47.14 (12.32) 28–65
BMI 26.30 (5.52) 21.6–27
Typical weekday bedtime 23:17 (1:02) 22:00–01:00
Typical weekday waketime 06:34 (0:43) 06:00–08:00
Typical weekend bedtime 23:42 (0:59) 22:00–01:00
Typical weekend waketime 07:34 (0:56) 07:00–09:30
MEQ 53.36 (8.09) 41–64.5
ESS 6.57 (3.26) 2–10
PSQI 6.57 (4.39) 2–12

Note. MEQ = Morningness-Eveningness questionnaire; ESS = Epworth Sleepiness Scale; PSQI = Pittsburgh Sleep
Quality Index. Sleep outcomes were estimated using sleep diaries.
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Table 2. Sleep Information.

Variable M(SD) Range

Sleep duration for prior week (h) 6.50 (1.75) 5.50–8.23
WASO for prior week’s sleep 50.58 (40.52) 29.03–102.3
Sleep in prior 12 h (noon sim) 5.28 (.29) 4.97–5.73
Sleep in prior 24 h (noon sim) 6.02 (.83) 4.97–7.19
Sleep in prior 12 h (midnight sim) 1.19 (1.21) .00–1.83
Sleep in prior 24 h (midnight sim) 7.44 (2.54) 4.12–11.00

Note. h = hours; WASO = Wake after sleep onset.

Figure 2. Mean KSS score (y-axis; larger number indicates greater sleepiness) plotted
by trial number (x-axis); The noon scores are represented by the dotted line with circles
(��p < .01), with midnight represented by the hashed lines with squares. Error bars
represent standard deviation. Note. KSS = Karolinska Sleepiness Scale.

Figure 3. NASA-PVT performance (mean RT; y-axis) plotted by trial number (x-axis).
Noon performance is represented by the dotted line with circles, with midnight rep-
resented by the hashed lines with squares (�p < .05). Error bars represent standard
deviation. Note. PVT = Psychomotor Vigilance Task
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differences across lapses in performance be-
tween the noon (M = .35, SD = .54) andmidnight
simulations (M = .46, SD = .88, t (65) = .61, p =
.55).

Mean reaction time significantly increased
over time during the midnight simulation (F (9,
60) = 2.17, p = .036, ηp

2 = .27), but not during
the noon simulation. The rest of the NASA-PVT
metrics (i.e., fastest 10% of responses, slowest
10% of responses, and lapses) did not yield
statistically significant differences.

Participants rated workload as significantly
higher during the noon simulation (M = 37.93,

SD = 20.09), compared to the midnight simu-
lation (M = 32.09, SD = 21.74, t (65) = 2.81, p =
.007, g = .26; Figure 4).

Workload did not significantly differ over
time during either simulation.

For individual workload dimensions, Tem-
poral Demand was significantly higher in the
noon simulation (M = 40.15, SD = 28.74)
compared to the midnight simulation (M = 32.50,
SD = 27.04), t (65) = 2.62, p = .011, g = .26;
Figure 5). Frustration was also significantly
higher in the noon simulation (M = 31.36, SD =
30.44) compared to the midnight simulation (M =

Figure 4. NASA-TLX performance (weighted workload; y-axis) plotted by trial
number (x-axis). Noon performance is represented by the dotted line with circles, with
midnight represented by the hashed lines with squares. Error bars represent standard
deviation. Note. TLX = Task Load Index

Figure 5. NASA-TLX performance (mean weighted workload; y-axis) plotted against
individual workload domains (x-axis). Noon performance is represented by the lightly
dotted bars, and midnight with the heavily dotted bars. Error bars represent standard
deviation. (�p < .05, �� p < .01). Note. TLX = Task Load Index

6 nn n - Human Factors



22.57, SD = 28.09, t (65) = 3.34, p = .0014, g =
.31). The individual workload domains did not
significantly differ over time during either
simulation.

DISCUSSION

We evaluated the changes in sleepiness,
performance, and workload over time during
a lunar telerobotic simulation starting at noon
and at midnight. We found that participants rated
themselves sleepier during the midnight com-
pared to the noon simulation. Objective per-
formance was not different overall between the
noon and midnight simulations, but reaction
time slowed over time during the midnight run.
Participants rated their overall workload as
higher during the noon compared to the mid-
night simulation, but workload ratings re-
mained stable over time for each. Our findings
suggest that time-on-task and time-of-day both
influence alertness, performance, and perceived
workload during real-time reactive telerobotic
operations.

We found that participants rated themselves
as sleepier during the midnight simulations,
compared to the noon simulations. This finding
was expected, as individuals typically feel
sleepier when they are required to stay up at
night compared to during the day. This finding
also aligns with previous research on subjective
sleepiness among shift workers, where extended
work shifts (Amann et al., 2014; Barger et al.,
2014), as well as working night shifts
(Garbarino et al., 2002; Härmä et al., 2002;
Kazemi et al., 2016), have been shown to have
similar effects on perceived sleepiness. These
findings are also consistent with studies of in-
dividuals working 24-hour operations in control
centers, including during pre-planned sequence
operations (e.g., Mars rovers; Barger et al.,
2014; Barger et al., 2012), during space trans-
portation systems operations (Kelly et al., 1998),
and during real-time reactive human operations
(e.g., International Space Station Mission
Control; Barger et al., 2021). Interestingly, in
our study, sleepiness ratings increased over time
in the noon simulation, suggesting that in-
creasing time-on-task may unmask underlying
sleepiness during daytime operations. This

makes sense given that the participants averaged
6.5 hours of sleep per night during the week
prior to the simulations. These findings highlight
the importance of introducing mitigations to
combat sleepiness during both day and night-
time operations.

We did not find that participants exhibited
poorer performance overall during the midnight,
compared to the noon simulations. This is sur-
prising as numerous studies have demonstrated
that neurobehavioral performance is typically
worse during the night compared to the daytime
(Boivin & Boudreau, 2014; Short et al., 2015).
This finding may result from the low number of
participants that were recruited. However,
consistent with prior studies in other control
center operations, we did find that performance
worsened over time during the midnight simu-
lations (Barger et al., 2012, 2014, 2021). This is
consistent across other operational contexts,
where the PVT has been correlated with oper-
ational performance in aviation (Russo et al.,
2005) and in driving (Jackson et al., 2013).
Overall, these findings support the need to limit
the time-on-task that an operator spends actively
controlling the rover to mitigate the decline in
performance that occurs with time-on-shift.

We found that participants rated their work-
load as significantly higher during the noon
simulation compared to the midnight simulation.
As the traverse path was identical (but reversed)
between the noon and midnight simulations,
these findings suggest that time-of-day differ-
ences affect perceived workload. Participants
were not allowed to engage in other work tasks
during either simulation, but it is possible that
completing the simulation during the day when
other work demands may have been competing
for a participant’s mental attention, could have
amplified their perception of workload. It is also
possible that shifting from one set of tasks (i.e.,
one’s “day job”) to another (i.e., the simulation)
may have required increased mental effort at the
beginning of the simulation. A similar phe-
nomenon was observed among Naval crew-
members operating in a 5-day, 24-hour setting
where workload was perceived as higher at the
beginning of a work shift (Grech et al., 2009). Of
note, the participants reported that their temporal
demand and frustration were higher during the
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noon simulations compared to the midnight
simulations, but these did not differ across time.

Although our study is one of the first to
evaluate sleepiness, performance, and workload
during a real-time, reactive telerobotic opera-
tion, it was not without limitation. We did not
control the participants’ sleep schedules, nor did
we control their caffeine intake because in-
dividuals are able to sleep as they choose and
freely access caffeine during real operations.
Caffeine is a powerful stimulant, and it is pos-
sible that the NASA-PVT results, for example,
were affected by caffeine use (O’Callaghan
et al., 2018; Temple et al., 2018). Participants
were also driven to and from the testing site
during the night shifts as a precautionary mea-
sure to prevent fatigue-related accidents. It is
possible that if participants were required to
transport themselves, they would have con-
sumed more caffeine during the evening. Future
research should explore how individual strate-
gies for preparing for work shifts impact on-the-
job alertness and performance. In addition, due
to the small number of participants and uneven
sex distribution, our study findings may not be
generalizable to all individuals completing
future mission operations. We also utilized two
members from the Fatigue Countermeasures
Laboratory to act as confederates due to the
uneven distribution of drivers to real-time
scientist operators. Although their data was
not utilized in the analyses, the performance of
the confederates acting in this role may have
affected the drivers in some way. As with all
simulation studies, our study also lacked
consequences for errors made during the
simulation. Although the participants were
instructed by both the researchers and flight
director, there were no repercussions for
making an error during the simulation. In
addition, the lack of multiple formal pre-study
practice sessions may have also affected the
outcome of the results. Finally, we only
studied a single, five-hour daytime shift
compared to a single, five-hour nighttime shift.
Real operations will require operators to work
consecutive and potentially rotating shifts.
Future research will need to be conducted to
determine how these factors influence operator
performance.

We evaluated sleepiness, performance, and
workload among remote operators completing
a lunar telerobotic simulation during the day and
at night. In all, our findings support limiting the
duration of time that a telerobotic operator works
in order to preserve cognitive abilities and
prevent fatigue. Our findings have practical
implications for individuals working in similar
real-time reactive telerobotic operation envi-
ronments. Our findings also support the im-
plementation of thoughtful schedule design that
accounts for time-on-task in addition to tradi-
tional best practices shift scheduling (i.e.,
management of shift duration, timing, rotation,
and time off). Overall, our study suggests that
limiting the number of hours that an operator
continuously works should mitigate against
cognitive degradation. Future research should
explore how rotating operators into active and
passive roles of different durations during
a work shift may influence alertness, perfor-
mance, and workload.

KEY POINTS

• Real-time reactive telerobotic operations are un-
derstudied in terms of how the time-of-day affects
performance

• We studied seven trained operators during two
randomized, five-hour mission control simu-
lations: one at noon, and one at midnight, assessing
subjective sleepiness, reaction time, and perceived
workload

• Sleepiness was rated higher and neurobehavioral
performance degraded over time during the
nighttime simulations, while perceived workload
was higher during the daytime simulations

• Shift design should be considered during real-time
reactive telerobotic operations to minimize sleepiness
and performance decrement; future research should
explore how consecutive shifts and taking breaks
within a given shift might influence performance
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AUTHOR’S NOTE

Précis: We evaluated performance during a simu-
lated teleoperation during the day and night and
found that operators were sleepier at night but re-
ported higher workload during the day.
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