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HIGHLIGHTS

« VR training shows promise in improving remote supervision with traditional displays.
+ VR training improved level 2 situation awareness (comprehension) during operations.
+ VR training did not improve level 3 situation awareness (projection).

+ VR training has higher perceived utility than training with a traditional display.

« Training with 3D visualizations improves operational performance.

ARTICLE INFO ABSTRACT

Keywords: Remote supervisory-based operations, like satellite operations, are becoming increasingly complex, creating a
Virtual reality need for improved training. Challenges exist in training operators to have the necessary skills and understanding
Supervisory control to perform complex satellite operations, such as on-orbit servicing. Virtual reality (VR), which creates a sense of

Remote operations immersion, has been demonstrated as a learning tool across many fields, however, it has not been investigated

for remote supervision environments. This paper investigates the effects of immersion and 3D visualizations
as a way to improve training for a satellite rendezvous mission. The transfer of skills after training in three
different displays, but then performing the task in a traditional display is compared through human subject testing
(n = 45) on measures of situation awareness (SA), workload, usability, performance, and subjective utility. The
three displays include an immersive VR display, a computer screen with 3D visualizations, and a representative
traditional display with only 2D elements. It was found that training in VR improved level 2 SA (p = 0.006) and
increased usability (p = 0.005) during operational tasks. VR training also had higher perceived subjective utility,
particularly in aspects such as understanding collision likelihood (p = 0.022) and orbital motion (p = 0.041).
Training in 3D screen visualizations led to improved performance in more difficult scenarios (p = 0.034) and
subjective understanding of event awareness (p = 0.024). No differences were found between workload and
levels 1 and 3 SA. This research demonstrates the benefits of using VR as a training tool for complex supervisory
operations and may lead to improved operational outcomes.

1. Introduction operations also results in smaller time windows, possibly only seconds,
in which the operator must select and initiate the appropriate procedure,
which might include collision avoidance maneuvers (Sellmaier and Frei,
2022).

During these missions, operators act as remote supervisors. Here
they monitor and send intermittent commands to an onboard computer,
but often do not directly control the satellite. Remote supervision is

Satellite operations are complex and unlike many environments we
experience in our daily lives. Planned future spaceflight missions, such as
satellite inspections or repairs, will create new difficulties for operators
due to the high degrees of uncertainty, and the unintuitive and complex
relative orbital motion. The close proximity of satellites in rendezvous
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an important control modality for operations and exploration tasks be-
yond spaceflight, including transportation, robotics, and manufacturing.
Beyond the challenges of spaceflight, remote operations can present ad-
ditional issues to new operators due to the lack of environmental context
(Chen et al., 2007) and understanding of spacecraft systems. This often
leads to compromised situation awareness (SA), which could harm mis-
sion completion. SA can be defined as having 3 levels where level 1
is “the perception of critical elements in the environment”, level 2 is
“the comprehension of their meaning”, and level 3 is “the projection of
their status into the future” (Endsley, 1988). Due to the complexities
and risks of current and planned satellite operations, it is important that
operators have appropriate training, as failures can lead to the loss of
spacecraft.

Training is defined as the process by which individuals can gain
job-relevant skills, knowledge, or competency (Hawley et al., 2006).
Effective training ensures operators have an accurate sense of system ca-
pabilities and adequate practice in putting together and understanding
complex information, and can lead to the development of appropriate
mental models. Mental models are “mechanisms whereby humans gen-
erate descriptions of the system purpose and form, explanations of the
system functioning and observed system states, and predictions of fu-
ture system states” (Rouse and Morris, 1985). Anticipating future states,
enabling pattern recognition, and information-seeking have all been
attributed to mental models (Morris and Rouse, 1985). Additionally,
mental models can aid in improving SA, particularly at the higher levels
(Endsley, 2021a). For many operations, especially in novel environ-
ments, it is critical for operators to include consideration of imperfect
information and the possible impacts of that uncertainty in mental mod-
els of their actions. For example, in satellite operations, there may be
uncertainties during a satellite burn or uncertainties inherent in a given
sensor. These imperfections in knowledge of the current spacecraft state
may affect the appropriate actions required and can impact future states.
It is apparent that appropriate mental models will include an apprecia-
tion of uncertainties in the system, and that this must be taught as part
of the training program. Inappropriate or inadequate training can make
it more difficult for operators to build these mental models and main-
tain SA during the task (Hawley et al., 2006), which can harm mission
performance.

Current supervisory control training often involves classroom edu-
cation, simulators, and on-the-job training (OJT) (Hawley et al., 2006).
Simulations and OJT are critical to build mental models, skills, and judg-
ment to complete a task without errors in both nominal and off-nominal
situations (Sheridan, 2012). Current spaceflight operations training
varies between organizations, and may take between three months and
multiple years to complete (Reiter, 2012; Liebowitz and Lightfoot, 1987;
Stathopoulos and Oezdemir, 2018; Kolbeck et al., 2018; Decoust et al.,
2018; Dittemore and Bertels, 2011). For example, command controller
training at one satellite mission control facility consists of ten weeks
of classroom-based lectures in conjunction with OJT (Reiter, 2012). In
contrast, NASA space shuttle mission controllers often completed over
100 simulations, over the course of many years, to become certified
(Dittemore and Bertels, 2011). However, these comprehensive training
environments have some downsides. Simulations can be expensive and
require many people to run. In addition, simulators can become obso-
lete compared to current technology due to the large cost of updates
(Dittemore and Bertels, 2011). It has been suggested that incorporating
new technology into training as an alternative to simulations can reduce
total cost and time (Dittemore and Bertels, 2011).

One promising technology that can improve training is virtual reality
(VR). VR has been studied and used for training in medicine (Seymour
etal., 2002; Aim et al., 2016), firefighting (Wheeler et al., 2021), human
spaceflight (Garcia et al., 2020), education (Mayer et al., 2023), among
other disciplines (Li et al., 2020; Xie et al., 2021). VR has been discussed
for use in aerospace education, including for teaching in-orbit control
operations (Meng et al., 2024). Additionally, VR has been proposed as a
supplement to traditional training for satellite operations (Laskey et al.,
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2024), finding that VR simulations of a human repairing the satellite
were a viable addition, but that no clear benefits were shown in mea-
sures such as usability and satisfaction. In both situations, the training
effectiveness and skill transfer to operational displays were not studied,
representing a gap. VR has been demonstrated to facilitate skill transfer
to the real world in other, non-supervisory control contexts, Seymour
et al. (2002), and lead to improvements in mental models (Thompson
et al., 2021) and perceived learning (Makransky and Lilleholt, 2018).
VR can provide a customizable, adaptable, and immersive environment
to simulate tasks that might otherwise be costly, unsafe, or unintuitive
to replicate in the real world (Xie et al., 2021). This allows users the
opportunity to train for a variety of scenarios and in a variety of environ-
ments, both nominal and off-nominal. During VR training, trainees can
make mistakes with no real-world risk to safety or expensive systems,
and can build a better understanding of how actions and outcomes are
connected. VR has also been shown to induce realistic stress responses,
which can lead to operational realism and enhance training (Dammen
et al., 2022).

Although using immersive displays for training and learning is gener-
ally promising across a wide variety of fields, little work has been done to
apply these principles to remote supervisory operations, where the con-
sequences of inappropriately conveyed uncertainty in this environment
are profound for the operator’s human perception and performance, and
may be exacerbated due to the lack of environmental context. Further,
while there has been an increased interest in VR for satellite opera-
tions and training (Sittner et al., 2023; Gad et al., 2023), or for other
remote supervision paradigms (Lager and Topp, 2019), it may be dif-
ficult for some organizations to adopt VR displays for operations. This
may be due to a variety of reasons, such as long lead times in technology
transitions, increased adoption costs compared to including 3D visual-
izations on existing computers, difficulty incorporating the technology
into classified environments, and the lack of strong benefits over other
novel displays (Buchner et al., 2025b,a). If VR may not be feasible for
operations, there are open questions about its utility for training, partic-
ularly regarding its impact on later performance in a traditional desktop
environment.

Our objective is to compare training across display modalities with
different degrees of immersion or 3D visualization on a satellite supervi-
sion task. The implementations include an immersive VR display, a 3D
visualization on a 2D monitor, and a baseline display with traditional
2D graphical representations. After training, participants completed the
satellite task in the baseline display, representing current satellite op-
erations display modalities. This is to simulate the condition where VR
is not used in operations, but may be used for training. Participant SA,
performance, and workload during their second visit are compared to
understand the effect of the training modality on task execution in the
operational environment. Additionally, their responses to display usabil-
ity and utility of training are compared. We hypothesize that training in
the two environments with 3D visualizations will improve SA and per-
formance in the second visit over those who trained in the baseline,
traditional display, as well as have a higher perceived training utility.
Furthermore, we hypothesize that VR will lead to further improvements
in these metrics compared to those who were trained in 3D visualiza-
tions alone. We do not hypothesize there will be a difference in workload
scores or usability based on training conditions, due to the fact that su-
pervision is generally low workload and all operators will be using the
same display.

2. Methods

In this work, three displays are designed and implemented for a satel-
lite supervision task, where operators are trained on how to supervise a
satellite during the proximity portion of a satellite rendezvous mission.
The three display designs are compared through a human subject eval-
uation. This experiment has been described previously (Buchner et al.,
2025a).
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2.1. Scenario

Basilisk,! a high fidelity, flight-proven, physics-based satellite
simulation tool, was used to develop the underlying trajectories used
for the simulation (Kenneally et al., 2020). Satellite operations of this
kind take hours; thus participants experience the simulated satellite ren-
dezvous in faster-than-real-time, compressing the time by a factor of 15,
to enable training and testing on multiple scenarios during a laboratory
experiment. Compressed training has previously been found to provide
greater realism to trainees (Miller et al., 1997), and has been shown to
yield performance benefits during slow-continuous process simulations
(Worm et al., 2012).

In every scenario, the set-up consists of two satellites in orbit about
Earth: a non-operational client satellite and an active servicer satellite
sent to inspect the client. The operator’s goal is to service the client
satellite or abort to avoid a collision. The client satellite is tumbling, non-
operational, and cannot communicate with the Earth or the approaching
servicer. This leads to uncertainties in its attitude and exact location.

The servicer satellite begins on a drift orbit passing by the client
satellite. At some point, the servicer satellite performs a burn to enter
a proximity orbit that relatively circles the client. The operator is able
to select from one of three proposed locations, separated by 15min of
flight time. The optimal burn location is influenced by lighting condi-
tions, battery levels, and other factors. Different burn locations may lead
to servicing the satellite or colliding. However, a thruster burn at any
location can temporarily increase the uncertainty.

This burn uncertainty, combined with the location and attitude un-
certainty of the client satellite, forms a keep-out zone. The servicer must
avoid entering it to minimize collision risk. The keep-out zone grows
and shrinks based on environmental factors and the actions initiated by
an operator. The servicer satellite is equipped with a simulated proxim-
ity sensor. This sensor has better performance in the sunlight, causing
the keep-out zone to be reduced; when it is in the Earth’s shadow, the
keep-out zone increases due to worsened sensor performance. To miti-
gate the degradation in sensor performance, the operator can turn on a
‘light’, which simulates activating an improved sensor to reduce the un-
certainty. A consequence of employing the improved sensor is draining
the battery at an increased rate, which limits the amount of time it can
be used. Nominally, the satellite battery would drain in darkness and
charge in sunlight.

Post burn, the servicer inspects the client satellite while avoiding
entering the keep-out zone. For the purpose of the experiment, entering
the keep-out zone counts as a collision, ending the trial. As the keep out
zone includes the combined uncertainty in the spacecraft position and
rotational measurements, that would exist in a real mission, entering it
leads to a probability of collision. In real operations entering the keep out
zone is a mission safety violation, and does not always lead to a physical
impact; we elected to treat them the same to stress to participants the
criticality of not allowing the satellites to enter the keep out zone. To
avoid entering the keep out zone, an operator can elect to abort the
mission provided they meet the fuel, battery, and time requirements.

Different scenarios are created with different initial orbits, dates, and
lighting conditions, as well as a range of fuel and battery levels for the
servicer satellite. Varying these parameters influences what burn loca-
tions are optimal, how often and when the light should be used, and if
the operator will be forced to abort. Each trial lasts up to seven minutes;
initiating an abort maneuver or colliding causes the trial to end earlier.
Eight experimental scenarios and two training scenarios are developed.
The difficulty level of the scenarios is varied based on the number of
different ways to achieve a successful mission (i.e, any burn location or
amount of light use that will lead to mission success would be character-
ized as easy, versus only one specific burn location and specific amounts

! https://avslab.github.io/basilisk.
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of light use to succeed would be characterized as hard). In two of the
trials, an abort is the most likely outcome.

2.2. Display design

Three different training displays are designed: a VR display, a 3D
screen visualization (Scr. Viz.), and a Baseline display as seen in Fig. 1.
All three displays contain the same information, but are presented to the
operator in different ways. A Meta Quest 2 headset and controllers are
used to interact with the VR display. The other two displays are designed
for use with a computer monitor and mouse. The Baseline display mimics
a traditional satellite telemetry display and is also the display used for
experimental visits. All displays are built using the Unity 2022.3.21f
development platform, and are based on previously developed displays
(Buchner et al., 2025b).

The VR display can be seen in Fig. 1(a). The visualizations are based
on the Vizard spacecraft simulation visualization software application
(Wood et al., 2018), including satellite models, relative orbital motion,
accurate Earth models, and appropriate sun-based lighting. Additional
visualization elements include the keep-out zone, color-coded by colli-
sion risk, and an onboard light that is visible when the operator turns
the ‘light’ sensor on to reduce uncertainty in the relative positions of the
two satellites.

Beyond the 3D visualization, text is included in the VR display to
convey critical information, alerts, and user inputs. A heads-up display
(HUD) contains the range of the client servicer from the servicer, the
rate at which their positions are converging or diverging, the time to
the next thruster burn, the time to possible collision, as well as time to
sunrise/sunset. This HUD panel is always located on the periphery of
the headset. This allows operators to access critical information through
eye movements, reducing information access effort (Wickens, 1993) and
minimizing blockage of the visualization. Satellite states, like the fuel
and battery levels, move with their associated satellite. This is done
to minimize the amount of text in the HUD and preserve immersion
(Tacovides et al., 2015; Rosyid et al., 2021; Marre et al., 2021; Caroux
and Isbister, 2016). Cautions and warnings are displayed at the top of
the screen, designed to be salient and easily noticeable by an operator.
Alerts can be minimized to remove them from the field of view and maxi-
mized again (O’Hara and Fleger, 2020; Federal Aviation Administration,
2004). Alerts are triggered automatically for events such as low bat-
tery or collision potential. Finally, user input options are also displayed
automatically when appropriate on a panel above the HUD.

The participant controls the visual elements (such as toggling items
on and off) through a radial menu system and their hand controllers,
as seen in Fig. 2. The radial menu system (Fig. 2a) can be used by the
participant to change the viewpoint, view alerts, turn on or off the light,
or abort. Critical operations, such as triggering an abort or toggling the
light, can be done directly through physical buttons on the hand con-
trollers, as outlined in Fig. 2(b). Triggering an abort maneuver requires
a confirmation to ensure it is not an error. The left controller can be used
to change the user’s view through panning, zooming, and teleportation.
Viewpoints can also be changed through natural movements, such as
walking around the provided 10 by 10 foot area of floor or by turning
their head while wearing the headset. The right controller is used to
navigate the menu and submit user input. The display and controls un-
derwent human factors testing before the experiment to ensure the text
was readable and the controllers were acceptable.

The Scr. Viz. display maintains the same 3D visualizations as in the
VR display but is not immersive (i.e., presented in a full field of view
head-mounted display) and can be seen in Fig. 1(b). In the Scr. Viz., the
3D visualization is embedded as a panel within the larger display. All
text, alerts, and requests for user input are arranged alongside the visu-
alization panel to allow for a consistent scan pattern. The participant can
interact with the 3D visualization using a mouse to pan (click + drag)
and zoom (scrolling), thereby changing the viewpoint. Users customize
and perform actions on the Scr. Viz. display by left-button clicking on
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(c)

Fig. 1. The three different display designs participants are trained in: (a) VR Display. The green HUD is near the edge of the readable field of view. (b) Screen
visualization display. (c) Baseline Display. This represents the traditional display and is the display used in the experimental visit.

Pan/Zoom

Abort (with B)

Toggle Pan/Zoom mode

Press: Open/Close Menu
Menu/input navigation

Back (in menu)
Tur onvoft light
Abort (withY)

Select

GO to default viewpoint

Resetvisualization

(a)

(b)

Fig. 2. User navigation and controls for the VR system: (a) a close up of the top level radial menu (b) the Quest hand controller mapping. From (Buchner et al.,

2025a).

a mouse to interact with GUI elements including buttons, check boxes,
scroll bars, and drop-down menus.

The Baseline display (in Fig. 1c) is designed to be consistent with
traditional satellite monitoring displays. This means that operators pri-
marily have to rely on telemetry presented in a text-based form and
some 2D graphical representations. This display is similar to the Scr.
Viz. display, but the 3D visualization panel is replaced by a series of
plots containing the relative positions in the different orbital planes.
Similarly to the Scr. Viz., all control interactions with the Baseline dis-
play are performed with a mouse, left-clicking to customize the view or
select an action.

2.3. Experimental design

This study was approved by the University of Colorado Institutional
Review Board (#24-0250). Forty-five participants (18 female, 27 male;
ages 18-38, median age 23 years; 25 with prior orbital mechanics ed-
ucation experience; 15 with prior satellite operational experience; 21
graduate students, 17 undergraduate students, 5 with completed under-
graduate degrees) completed the study; 2 participants voluntarily did
not complete the study and thus were removed. Before enrolling, par-
ticipants were screened to ensure their vision was correctable to 20/20,

that they were not colorblind, and that they had a score less than 90%
on the Motion Sickness Susceptibility Questionnaire (Golding, 1998).
This was used to identify participants who might be highly susceptible
to simulator sickness. Participants underwent two visits, each between
one and eight days apart (average 3.5 days apart). The first visit was
a training session. In this visit, participants were randomly assigned to
one of three training conditions: Baseline, Scr. Viz., and VR. The second
visit was the experimental visit, where participants were asked to per-
form satellite operations using the Baseline display (Fig. 1c), as would
be consistent with displays for actual operators.

During the training day, informed consent was obtained from all par-
ticipants; they were left naive towards the alternate displays, but were
aware of the high level project goals. Afterward, both visits followed a
similar series of events, as seen in Fig. 3. Participants were then famil-
iarized with the task and their assigned display. This was done through a
PowerPoint presentation that reviewed the task’s motivations and goals,
as well as how to use their display. They then completed three familiar-
ization trials. The first trial was primarily an opportunity to become
accustomed to the controls and display, and in this trial, there was no
collision risk present. The test operator ensured that test subjects prac-
ticed using all the controls and could read the displays. All participants
ended the trial by performing an abort so they would be familiar with
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SPAM queries

| |
Display Trial Racs Feedback Ex:;isr:ent
I ]
Familiarization [~ TLX | | Questionnaires
1

Fig. 3. Experimental design flowchart for a single visit. Both visits followed this
flowchart. The Orange boxes indicate data collection through surveys or queries.

the abort process. The remaining two familiarization trials mimicked a
real trial by including surveys and queries. The last two training trials
had identical initial states, and participants were encouraged to make
different choices in each to experience the wide range of outcomes re-
sulting from their decisions. These initial trials were included to ensure
that participants understood how to use the displays and perform the
task before the real trials began and to eliminate issues of performance
due to lack of familiarity with the display. Additionally, participants had
to get 50% of the SA queries, including 1 per SA level, (described below),
correct in order to move on.

After familiarization and practice, participants completed eight ex-
perimental trials. The scenarios in each trial were presented in a random
order. During each trial, SA was measured using the situation presence
assessment method (SPAM) (Durso et al., 1995). SPAM is a real-time
SA assessment designed to mimic a control room environment and
has previously been used in other experiments in operational settings,
such as air traffic control (Durso et al., 1999; Loft et al., 2013, 2015;
Cunningham et al., 2015; Mirchi et al., 2015; Fujino et al., 2020). During
each experimental trial, participants would hear an auditory tone a max-
imum of three times (fewer if the trial was shortened due to the incidence
of abort or collision) to cue participants. At this point, participants had
up to twenty seconds to provide a verbal confirmation that they were
ready to answer a SPAM query, preventing questioning from occurring
while they were occupied making an input. The test operator then ver-
bally asked three randomly selected questions, one for each SA level.
Examples of questions include “Is the battery less than 50%”, “Is the
servicer currently in the sunlight?”, “Will there be a collision alert in
30min?”. A full list of questions is in the appendix. Participants were
instructed to respond as quickly and as accurately as possible and were
allowed to reference the display to answer. For each question, the partic-
ipants’ first verbal response was recorded, and the test operator recorded
the accuracy and the time it took the participant to respond. Audio
and video capture were used as a backup to ensure accuracy if the test
operator was unable or unsure of the correct answer.

After each trial, participants completed the NASA Task Load Index
(TLX) (Hart et al., 1988) on a computer to measure workload. During
this, they rated the mental, physical, temporal, performance, effort, and
frustration aspects of workload, each on a 21-point scale. Participants
were then provided feedback on their performance, including informa-
tion on whether they made an appropriate burn decision, and whether
the end state was optimal.

After all trials were completed, participants completed the weighting
comparison for NASA TLX (Hart et al., 1988). They then completed the
System Usability Scale (Brooke, 1996), which is a 10-question survey
that results in a combined usability score from 0 to 100. They also com-
pleted a custom Likert-style subjective utility survey about how their
assigned display from the training day impacted their performance dur-
ing the experimental visit; the full text is in the appendix. Additionally,
they completed a demographics survey, which included information on
their sex, familiarity with orbital mechanics, VR experience, and op-
erational experience. These were coded as binary: little to none, or
moderate to high. After the trials on the experimental visit, participants
also completed the Balloon Risk Analog Task (BART) (Lejuez et al.,
2002) to assess their risk aversion. Participants were compensated for
their time and had the opportunity to receive cumulative performance
bonuses (up to + $1 per trial).
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2.4. Statistical analysis

The primary objective of this paper is to understand how the display
used in training yielded differences during operations. This is measured
by the participant’s SA, performance, workload, usability, and subjective
utility when operating on a traditional display. Comparing participants’
second experimental visit data, grouped by training display condition,
allows for an understanding of whether training in alternative immersive
modalities enables operators to gain context and intuition more easily,
facilitating improved operations. The first experimental visit data of all
subjects was assessed in previous work (Buchner et al., 2025a), by com-
paring outcomes of the task when performed on the different displays.
This allowed for assessments and comparisons of the different displays
alone, not their transferability.

In total, 360 trials over 45 participants were collected. For SA, each
level was analyzed independently using the percent correct of queries
answered across all trials, resulting in one data point per participant per
SA level, for a total of 45 data points. Due to the overall lower accu-
racy, an accuracy based, instead of time based, analysis was conducted.
Previous work (Bowden and Loft, 2013) has found that SPAM accuracy
is correlated with other SA assessments. Likewise, for usability and util-
ity, only one score was collected per participant, for a total of 45 data
points per assessment type. For performance and workload, each trial
yielded its own measure, so 360 data points were analyzed. A criterion
of a = 0.05 was used to assess the significance of all tests and all test
assumptions were verified.

Before beginning the analysis, SA, performance, and workload were
inspected to see if the trial order, particular scenario, or particular SPAM
query had an effect. No effect of trial order, or SPAM query was iden-
tified, but for performance and workload, there was a dependence on
specific scenarios (i.e., regardless of the order in which the scenarios
were presented, some scenarios had consistently higher/lower workload
and performance than others). Thus, scenario was included as a factor
in the model. In addition, the effect of participant background was as-
sessed, including sex, orbital mechanics knowledge, satellite operational
experience, VR familiarity, and BART score as these may influence how
a participant responds (i.e., orbital mechanics experience may result
in better SA performance, and an increased risk tolerance may lead to
different performance outcomes. These were included in the models as
random effects, as appropriate, after visual inspection of the data.

For SA, linear mixed effects models were used to compare the effect
of the training condition on SA, with the training display condition as
a fixed effect. The random effects included are different per SA level.
For level 1 SA, participants’ orbital mechanics experience and sex were
relevant; for level 2 SA, their orbital mechanics experience; and for level
3 SA, their operational experience. The model was fit using the lme4
package in R via penalized maximum likelihood estimation (Bates et al.,
2015). The significance of display modality was assessed using an F test
with a type IIl ANOVA with a Satterthwaite approximation for degrees of
freedom and was implemented using ImerTest package in R (Kuznetsova
et al., 2017). If a significant main effect was found, post-hoc tests were
conducted between all pairwise comparisons using estimated marginal
means (emmeans package in R (Lenth et al., 2023)) with a Tukey p-value
correction and Kenward-Roger degrees of freedom correction.

Performance is on a 12-point ordinal scale, as such; a cumulative
linked mixed model approach was taken (using clmm in R (Christense,
2023)). This score encompasses the burn decision, other actions taken,
and end state. The full metric calculation is described in the appendix.
The training display and its interaction with trial difficulty were in-
cluded as fixed effects, and the number of balloons collected in the
BART task (mean: 17.6, standard deviation = 3.7, range 8-25) (Reed
et al., 2012), which has been shown to be correlated with risk, was
also included as a random effect. A significant interaction between
training display and difficulty was found, indicating that training dis-
play modality may not yield consistent changes across all difficulty
levels. Thus, we separated the data by difficulty level and analyzed each
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Fig. 4. The level 1 (a), 2 (b), and 3 (c) SA results. All figures show the participant averaged percent of SPAM queries at that level answered correctly. The data mean,

standard deviation error bars, and significance are noted between the conditions.

separately, keeping the same fixed and random effects. A type IIl ANOVA
was used to compare performance across conditions (anova.clmm in
the RVAideMemoire package in R (HERVE, 2011)). Post-hoc tests were
conducted between all pairwise comparisons using estimated marginal
means (Lenth et al., 2023) with a Tukey p-value correction.

Additionally, the end states were compared across training con-
ditions, including the number of scenarios aborted, the number of
scenarios resulting in a collision, and the number of successful scenarios.
This was done using a Kruskal-Wallis one-way analysis of variance.

For workload, the unique weighted NASA TLX score for each trial
was analyzed. As with SA, a linear mixed effects model was fit using
the training display condition as the fixed effect, with participant and
scenario included as random effects to account for the repeated measures
and differences across each scenario. Likewise, for usability, a linear
mixed effects model was fit with the training display as a fixed effect
and sex as a random effect.

The subjective utility questions were each on a 5-point Likert scale,
requiring a nonparametric Kruskal-Wallis one-way analysis of variance.
Post-hoc tests were conducted using Dunn’s test with a Holm correction
(Dinno, 2014).

3. Results

Our results show a significant difference in level 2 SA for the percent
of questions answered correctly (F(2, 40.048) = 5.83, p = 0.006, ;>
= 0.23). Post-hoc comparisons found that those who trained in VR im-
proved over those who trained in the Baseline display (t(41.4) = —3.22,
p = 0.007,d = —1.20). Those who trained in VR approached, but did
not reach, statistically significant improved performance compared to
those who trained in Scr. Viz. (t(36.7) = —2.17,p = 0.09,d = —0.98).
There was no difference between those who trained in Scr. Viz. and the
Baseline screen condition (t(40.9) = —0.52, p = 0.86, d = —0.22).
Level 1 SA trended toward, but did not reach, significance (F(2, 42)
= 2.45, p = 0.09, #> = 0.11). There were no changes in level 3 SA
(F(2, 41.61) = 0.73, p = 0.49, 4> = 0.03). Fig. 4 shows the level of SA
achieved for all groups across the three levels.

Performance is shown in Fig. 5. No difference was found between
training modalities for the Easy (y2(2) = 3.84, p = 0.15) and Medium
(#%(2) = 3.49, p = 0.17) difficulty trials. However, for the Hard dif-
ficulty trials, performance differed depending on the training condition
(#2(2) = 6.78, p = 0.034). Post-hoc comparisons on the Hard difficulty
trials only show differences between those trained in Scr. Viz. and VR
(z = 2.55, p = 0.03), with those trained in Scr. Viz. performing better.
No differences were found between Baseline and Scr. Viz. (z = —11.66,
p = 0.22) and Baseline and VR (z = 0.89, p = 0.65). Additionally, there
are no differences in the number of aborts (H(2) = 1.21, p 0.55, n*=
—0.02), number of collisions (H(2) = 2.16, p = 0.33, > = 0.003), or
number of successes (H(2) = 0.84, p = 0.65, 4> = —0.03) between
participants trained in different conditions.

There are no significant differences in workload (F(2, 41.9)= 0.40,
p = 0.67, 2 = 0.02). Results are shown in Fig. 6(a).

Usability was significantly different depending on the screen condi-
tion in which participants were trained (F(2, 42.23)= 5.91, p = 0.005,
7% = 0.21), as seen in Fig. 6(b). Post-hoc tests found participants rated
the Baseline screen more usable if they had trained in VR than if they
had trained in either the Baseline condition (t(41) = —2.90, p = 0.016,
d = —1.06) or the Scr. Viz. condition (t(41) = —2.79, p = 0.021, d

= —1.02). No differences were found between how participants rated
the usability between those who trained in the Baseline and Scr. Viz.
conditions (t(41) = —0.11,p = 0.99,d = —0.04).

Finally, for subjective utility (Fig. 7), there are differences between
how people perceived the effectiveness of their training to help them un-
derstand the relative orbital motion (H(2) = 6.39 p = 0.041, *> = 0.10),
understand collision likelihood (H(2) = 7.62, p = 0.022, n> = 0.13),
and promote event awareness (H(2) = 7.36 p = 0.024, n> = 0.13).
In addition, their perception of understanding uncertainties was trend-
ing toward significance (H(2)= 5.88, p = 0.053, > = 0.09). Post-hoc
tests found differences in understanding orbital motion between those
who trained in the Baseline and VR displays (z = —2.47, p = 0.039),
indicating VR was perceived to help participants understand orbital me-
chanics more, and no differences between Baseline and Scr. Viz. (z =
—1.67,p = 0.19) or Scr. Viz. and VR (z = —0.81, p = 0.42). For pro-
moting the understanding of collision likelihood, differences are found
between Baseline and VR (z = —2.68, p = 0.022), indicating VR fa-
cilitated a perceived improved understanding of how likely a collision
is to occur. No differences are found between Baseline and Scr. Viz. (z
= —1.91, p = 0.11) or Scr. Viz. and VR (z = —0.76, p = 0.44). For
both of these cases, VR had higher ratings than Baseline. Finally, for
promoting event awareness, differences are seen between Baseline and
Scr. Viz. (z = —2.73, p = 0.019), where visualizations were perceived
to improve the participant’s understanding of critical events. No differ-
ences are found between Baseline and VR (z = —1.41, p = 0.32) or
Scr. Viz. and VR (z = 1.32, p = 0.19). Scr. Viz. had higher subjective
ratings than Baseline.

Participants’ subjective comments regarding how they believed their
training display impacted their performance in the baseline display in-
dicated that they found benefits in learning from VR and from the Scr.
Viz. displays. For VR, participants’ comments included: “The overall orbit
is much easier to see in VR, which is helpful.”, “I felt like I was better able
to visualize the trajectories based on the 2D graphs today [on the baseline
display] because I had already seen the 3D equivalents”, and “My training
on the first day helped me greatly in my decision-making process. I had de-
veloped a process on day one that was still applicable today. I looked for
the same flight telemetry metrics to base my decisions on today as I did on
day one. The first day also helped me to better visualize the 2D displays in

front of me because I had already seen the 3D simulation and knew what
to picture the graphs as.”. These were echoed among the other partici-
pants. Similar comments were reported among those trained with the
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Fig. 6. The workload (a), and usability (b) results. Workload shows the
participant-average weighted TLX score, and usability shows the system usabil-
ity scale score. The data mean, standard deviation error bars, and significance
are noted between the conditions.

3D visualization in Scr. Viz. “I think the transition from 3D to 2D made it
much easier to understand the 2D display than I feel it would have been if
I could only see the 2D perspectives.”, “The first day of training was more
visual and enhanced my ability to understand orbit approaches and the as-
sociated nuances.” Participants did not provide comments about training

in the baseline display.

4. Discussion

This study compares the effects of training display modality with
different degrees of 3D visualizations and immersion for a satellite su-
pervision task, and is one of the first studies to investigate training in
VR for supervisory control tasks. This helps address the gap in under-
standing how VR may be used for satellite operation training, what
benefits it may offer, and if training operators with VR might enhance
their use of traditional desktop tools in their work. The Baseline dis-
play training condition is a control and helps to set a reference point for
the familiarization that occurs with repeated interactions on the same
system by using a traditional satellite operations display set-up, and is
also consistent with current satellite operations and training. Further im-
provements over the Baseline display in any metric indicate additional
benefits achieved from training with a system with enhanced displays.

Training in VR improves level 2 SA (comprehension) and approached
significance in level 1 SA (perception), indicating a benefit for VR-based
training. However, no improvement in level 3 SA (projection) was found.
This is in partial support of our hypothesis that training in VR would
improve all levels of SA. The lack of significance in level 1 SA is likely
due to the fact that all groups had high SA perception scores, making
it difficult to discern differences in perception across the groups. This
indicates that all groups are able to achieve the high level of perception
needed for operations. This may be due to the task and query design, as

the types of perception questions that came from the goal directed task
analysis could be answered without visualizations.

The difference in level 2 SA may be attributed to improved mental
models of the operational task. Mental models are a contributing factor
to SA, especially level 2 and level 3 (Endsley, 2021a). Previous work
on VR training has not specifically studied the transfer of this training
and how it affects SA in later, traditional operations, nor mental mod-
els of operations. However, biology education research has suggested
that learning in VR leads to improved mental models of a concept over
non-immersive displays (Thomas and Wickens, 2001); likewise, 3D vi-
sualizations have been shown to improve mental models over 2D for
electron orbits (Chen et al., 2015). This could be one potential mecha-
nism for how VR training is able to improve SA. Level 3 SA requires a
more highly developed mental model, which often comes from increased
experience and expertise (Endsley, 1996). It could be possible that the
time spent undergoing training was not enough to develop the mental
models sufficiently to improve level 3 SA, but enough for level 2 SA.

Being able to improve any aspect of SA through VR is important to
achieve safer operations. High SA is critical to maintaining safety and
performance (Endsley, 1990, 1996). Low SA has been attributed to many
human-caused accidents in other fields like aviation (Jones and Endsley,
1996; Durso et al., 1998), maritime (Baker et al., 2021), and nuclear
power plant operations (Solberg et al., 2023).

Differences in performance are seen among the Hard trials, where
training in the Scr. Viz. display led to better performance than train-
ing in VR. In the Easy and Medium trials, participants had a high level
of success in all training conditions, and no differences in performance
were seen. While participants trained in VR performed worse than those
trained with Scr. Viz. on the Hard trials, there was no difference in per-
formance between those trained in Baseline or in VR. This is a positive,
as it indicates that VR does not harm performance compared to tradi-
tional training displays, and so would not be detrimental to use. Some of
these differences, or lack of differences, may be attributed to being unfa-
miliar with the display. While participants who were trained in VR had a
familiarization session with the Baseline display, it is possible additional
time could have yielded different results. The Scr. Viz. display had many
elements in common with the Baseline, including the same interface
to display alerts, data, and methods to take action; the only difference
between these two displays was the visualization of the data. These dif-
ferences in familiarity may have contributed to some of the differences
seen in performance with the VR display. No differences between VR and
traditional training on subsequent performance are consistent with find-
ings in literature (Daling and Schlittmeier, 2024; Kaplan et al., 2021),
which have found VR to often be as good as, but not better, for pro-
moting performance. However, previous research has not considered 3D
visualizations as an in-between, as was done in this study.

Finding no differences in workload is also a positive result and
matches our hypothesis. Any increase in workload would be indica-
tive of a poor training experience that left participants unprepared to
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Fig. 7. The subjective utility questions, showing the results of (a) “I found that the training from the first visit was effective in enabling me to understand the relative
orbital motion of the satellites today.” (b) “I found that the training from the first visit was effective in enabling my understanding of collision likelihood today.”, and
(c) “I found that the training from the first visit was effective in enabling me to understand mission critical events today.” (S.D. = Strongly Disagree, D. = Disagree,

N. = Neither Agree nor Disagree, A. = Agree, S.A. = Strongly Agree).

understand the Baseline display without increased effort. Supervisory
control and monitoring tasks are typically lower in workload (Hooey
et al., 2018; Huey and Wickens, 1993; Grier, 2015) to begin with, and
it was not expected that any one training modality could reduce this
further.

The results in support of using VR in training also come from subjec-
tive participant assessments. Participants trained in VR gave the Baseline
display higher usability scores compared to those trained in the Baseline
display, contrary to our hypothesis. This indicates that the prior con-
text developed by people trained in VR enabled them to synthesize and
understand the traditional display more easily. How training modality
influences the usability of a traditional display has not previously been
studied, and represents an important finding of this study. The utility
questionnaires and comments further highlight the potential of VR or
3D visualizations for training and help explain some of the differences
in other metrics. These results also support the idea that VR and visual-
izations may be improving mental models of the scenario. As previously
mentioned, future satellite operations may be more complex and require
quicker decisions to avoid collisions and have harder to understand or-
bits (Selkowitz et al., 2017). Being able to promote understanding of
aspects like collision likelihood or orbital motion, which VR did, is crit-
ical to improving operators’ understanding of the scenario. These are
reflected in the comments about the importance of understanding the 3D
orbits before transitioning to operating on the Baseline display. In sum,
these results indicate that those who trained in VR and Scr. Viz. per-
ceived them as being very useful for understanding the task better in a
traditional environment. These perceptions may also be indicative of the
inferred improvements in mental models achieved through training in
VR. This finding agrees with previous training studies where participants
subjectively preferred VR (Al-Hor et al., 2024; Chen et al., 2025).

4.1. Limitations and future work

There are some limitations to the approach taken for this study. The
training timeline, scenario, and task used are both sped up and sim-
plified compared to actual operations. Here, training took place over
one day instead of the typical three months to a year that is required
for complex operations (Reiter, 2012; Liebowitz and Lightfoot, 1987;
Stathopoulos and Oezdemir, 2018; Kolbeck et al., 2018; Decoust et al.,
2018; Dittemore and Bertels, 2011). Despite this, the results show that
VR is able to provide benefits from just one day of training, highlighting
its potential. Furthermore, training sessions were not evenly spaced be-
tween participants, although they were bounded between one and eight
days. No trends were observed between the duration between training
sessions and any of the metrics, indicating these differences did not im-
pact the results. Future work should include repeated training sessions,

more consistent timing between sessions, or long time between sessions,
to further understand how and when VR can provide an impact. This
may also lead to differences in aspects like level 3 SA, which may come
from an increased amount of time training. Additionally, the simplifi-
cation of the scenario may influence some of the results; for example,
in SA level 1 and the easy trials’ scores are generally high regardless
of modality, and no differences are found. These simplifications were
required, though, to make the experiment feasible. The faster than real
time speed of the trials may influence aspects such as reducing bore-
dom, or adding stress, potentially influencing the measured outcomes.
However, the speed was consistent between the two visits, allowing us
to conduct a fair comparison of metrics across trials to understand dif-
ferences based on training modalities. Future work should increase the
complexity of these trials and should study the effect of training scenario
speed on outcomes.

There are some limitations regarding the SA measurement, particu-
larly when using an accuracy, not response time, based measurement.
SPAM may have less sensitivity than other objective measurements,
although it is equally predictive of performance, Endsley (2021b), influ-
encing the results, which may also explain some of the lack of differences
observed. Furthermore, future work should aim to capture mental mod-
els of the participants, not just correlate them to SA. This can aid in
understanding how and whether the development and quality of mental
models can play a role in the outcomes.

Additionally, while our participant pool drew from people with a
background representative of many satellite operators the subjects had
differing amounts of previous knowledge that may have affected their
training experience. We included aspects of participant background as
random effects in the statistical modeling to account for this potential
confound; thus it is unlikely that these differences would impact our
results. Future work should consider doing a controlled experiment to
see if VR benefits certain types of backgrounds, such as complete novices
or more expert users, more than others.

The displays used for this experiment are representative dis-
plays of satellite operations, but simplified and constrained. There
is a wide variety of current displays, sharing similar principles, but
also a wide variety of potential VR interface designs. While we
made an effort to base our display decisions on literature and ex-
isting guidelines, different decisions made could have an impact
on the outcomes. In the future, different types of VR and 3D in-
terfaces could be explored to see how they can improve training.
Finally, while this experiment is geared towards satellite operations,
these results may be able to translate to other supervisory control
paradigms such as air traffic control, maritime, other transportation, and
manufacturing.
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5. Conclusion

This study compares three training displays, including an immersive
VR display, a 3D screen visualization, and a representative traditional
display for satellite operations. SA, performance, workload, usability,
and subjective utility were compared after training and during a hu-
man subject experiment where participants worked with a traditional
display. The results of this work indicate that VR is a promising training
mechanism for satellite operations as it improves level 2 SA and usabil-
ity in traditional displays. Training in VR also has a higher perceived
subjective utility towards understanding critical aspects of satellite op-
erations. However, when VR training is compared with training in the
3D screen visualization, Scr. Viz, performance is harmed. No differences
were found in the other SA levels and workload. VR training may be able
to promote improved mental models, safer operations, and improved
understanding of traditional displays. Future work should continue to
assess VR potential for use in training, including the duration of VR
training needed to improve mental models further, and if this can lead
to level 3 SA benefits. Additional future work includes studying how to
effectively incorporate VR into a training timeline for the most effective
results, and understanding how display design choices play a role in the
results. These results are important for satellite applications where us-
ing VR or visualizations may not be possible, whether due to long lead
times in technology transitions, increased adoption costs compared to
including 3D visualizations on existing computers, or difficulty incor-
porating the technology into classified environments. These conclusions
can inform training for satellite operations, as well as other supervisory
control scenarios like robotics, manufacturing, and transportation.
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Appendix A. SPAM queries

The following lists the possible SPAM queries asked to operators.
Queries were randomly selected from this list; however, queries were
only allowed to be selected at times when they were appropriate to the
situation (e.g., “Will you receive new information before the next colli-
sion?” would only be asked if there was a collision potential.) Queries
with a ¢/’ indicate that either option may be selected.

Level 1:

Is the servicer’s battery greater/less than 50%?

Is the servicer’s fuel greater/less than 50%?

Is the servicer currently in the sunlight/shadow?

Is the servicer’s flashlight on/off?

Are there currently any cautions/warnings?

Is the next planned burn more/less than 30min away?

Is there more/less than 30min until the lighting conditions change?
Is the servicer above/below the client satellite?

Is the servicer ahead/behind of the client satellite?

Is there a potential collision in the next 30min?

Does the servicer’s current trajectory enter the keep out zone?

Level 2:

Is the servicer’s battery level currently increasing/decreasing?

Is the keep out zone currently increasing/decreasing in size?

Is the servicer’s flashlight currently aimed towards the client?

Is there currently enough battery/fuel/time to complete an abort
burn?

Does the orbit enter the keep out zone from ahead/behind of the
client satellite?

Does the orbit enter the keep out zone from above/below the client
satellite?

Is the time to collision increasing/decreasing?

Is the portion of the orbit line in the keep out zone increasing/de-
creasing?

Level 3:

If no new unplanned actions are taken will there be a collision alert
in 30min?

If no new unplanned actions are taken, will there be enough
battery/fuel to complete an abort burn in 30min?

If no burns occur, will the servicer enter the keep out zone in the
next 30min?

If there is no burn, will the servicer cross orbits with the debris
satellite?

If no new unplanned actions are taken, will the servicer’s battery
be greater/less than 50% in 30min?

If no action is taken, will you receive a new low battery/fuel
caution/warning within the next 30min?

If no new action is taken, will the keep out zone be growing/shrink-
ing in 30min?

If no new unplanned action is taken, will the servicer’s battery be
increasing/decreasing in 30min?

Will the servicer be in the sun/shadow at the early/default/late
burn location?
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Appendix B. Utility survey

Please read EACH of the following statements, and indicate the extent to which you agree with each. The system refers to the display that you
worked with today.

Strongly  Disagree Neutral Agree Strongly

disagree agree
I found the necessary information easy to find in this system (@) @) O (@) @)
I found this system allowed me to be aware of mission critical O (@) (@) (@) @)
events
I found this system enabled me to understand the uncertainties O O (@) (@) @)
associated with the mission
I found this system promoted my understanding of collision O @) @) @) O
likelihood
I found this system enabled me to understand the relative orbital O @) @) (@) ©)
motion of the satellites
I found this system allowed me to make appropriate operation O @) @) @) O

decisions

Please provide any additional comments on this display and your experience performing the task.
Please read EACH of the following statements, and indicate the extent to which you agree with each. The training from the first visit refers to
your previous visit.

Strongly  Disagree Neutral Agree Strongly

disagree agree

I found that the training from the first visit was effective in O @) (@) (@) O
enabling me to understand mission critical events today.

I found that the training from the first visit was effective in O @) (@) @) @)
enabling me to understand the uncertainties today.

I found that the training from the first visit was effective in O O O O @)
enabling my understanding of collision likelihood today.

I found that the training from the first visit was effective in O O @) @) O

enabling me to understand the relative orbital motion of the

satellites today.

I found that the training from the first visit was effective in O @) @) O O
enabling me to make appropriate operation decisions today.

Please provide any additional comments about how your training on the first day impacted your performance today.
Did you prefer the display from visit 1 or 2? Why?

Appendix C. Performance

Table C.1
Burn decision.

Outcome Score

No Selection
Poor

Fair or Good
Excellent

AW N =

Table C.2
End state.

Outcome

7]
a
=}
=
o

Collision — No Abort Attempt

Collision — Abort Attempt

Abort with >15 min to collision

Serviced with <5 min to collision or <25% battery
Abort - light use < 75%

Abort - light use > 75%

Serviced — Battery < 30%

Serviced - Battery 30-50%

Serviced — Battery > 50%

O ®ONO U~ WN -

Total Performance = End State(battery, outcome) + Burn Decision.

10
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Participants’ performance score on each trial is the sum of two parts:
burn decision and satellite end state. Burn decision relates to how effec-
tive the participants’ burn selection enables overall mission success, and
is described in Table C.1. During training, participants were instructed
to always select a burn location, so no burn selection is an indication
of either poor SA or poor understanding of appropriate actions. A ‘Poor’
burn decision consists of a burn location where it would be impossible
to service the satellite. ‘Fair’ and ‘Good’ burn decisions are locations
where servicing a satellite was possible, but different burn decisions
would be more effective. ‘Excellent’ burn decisions were selections that
put the participant in the best position to service the client. Not every
scenario has all possible outcomes and for each trial, the location of a
‘Poor’, ‘Fair’, ‘Good’, or ‘Excellent’ may differ. The satellite end state
refers to the final serviced state (collided, aborted, or serviced), and is
in Table C.2. The granularity of the serviced state was added by eval-
uating participants’ abort attempts, time to collision when aborted, use
of flashlight, and end battery level. These different actions and metrics
provide indirect information about the participants’ understanding of
the task, awareness of the environment, and optimization of the out-
come. Like the burn decision, not every trial had the full spectrum of
possible scores for the satellite end state. The granularity of the scores is
intended to objectively evaluate participant actions. These performance
subdivisions allow for the delineation of performance but can be gen-
eralized across scenarios. It should be noted that not all scenarios can
achieve all of the performance values.

Data availability

Data will be made available on request.
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