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Spaceflight involves humans working or teaming with robotic or semi-autonomous systems
to perform complex tasks, such as satellite rendezvous, docking, or Earth imaging. Operators
often interact with these systems as remote supervisors, by monitoring them, providing high-level
objectives, or intervening as needed. These teaming tasks can present many challenges for the
operator, and current displays and training practices may not be sufficient for these future complex
operations. Motivated by this, a series of experiments was designed to investigate virtual reality
(VR) for satellite operations and training, as well as to investigate how displays are used to make
decisions when teaming with autonomous systems for operations.

In Aim 1, a systematized literature review was conducted on how to display menus and
text in VR, as there was a lack of dedicated VR display design principles that are applicable
for operational use. From these display design guidelines, a series of displays were developed,
and 3 VR experiments were performed. In Aim 2, VR and screen-based 3D Visualizations were
compared to traditional displays during a spacecraft monitoring task. In Aim 3, this research was
extended to investigate supervisory control, where the operator had the ability to intervene and
take action, using the same display categories. Both Aims 2 and 3 address the gap in the literature
surrounding using VR for monitoring and supervisory operations. These experiments found that
3D visualizations (either on a screen or in VR) provided benefits over traditional displays for the
monitoring or supervising of spacecraft operations, but that VR did not provide additional benefits.
Specifically, visualizations were found to improve situation awareness for monitoring tasks and
improve performance and subjective utility for supervisory control tasks. In Aim 4, these display
modalities were studied for use as a training paradigm. VR was found to be a promising training

modality for spacecraft operations, as it improved level 2 situation awareness (comprehension) and
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usability in operations and had higher perceived utility. This addressed the lack of literature on VR
training and supervisory control operations. The fifth, and final aim, of this work was an assessment
of how and what display components are used on a screen-based display when assessing correct
decision making and trust. Gaze behaviors could explain decision making, notably operators spent
the majority of their time on the left side of the screen, but these cannot fully explain trust.

The main contributions of this work includes the synthesis of VR literature on menus and
text for operational contexts and the use of novel displays for supervisory control operations and
training. VR’s application to operational contexts such as remote monitoring operations, remote
supervisory operations, and training for supervisory control is particularly understudied. In all of
these applications, an operator’s understanding of key information is crucial for success, which can
be achieved through effective display design for training and operations. One specific operational
context that is further understudied in the context of display design is spaceflight operations.
As space missions grow more complex and novel display technologies become more accessible,
understanding how to design displays to promote appropriate usage, and consequently, facilitate
mission success, is critical. For the first time, this work synthesizes display design principles for VR
in operational environments such as spaceflight. Critically, this can inform the adoption of VR in
these contexts. Furthermore, this work examines operators’ usage of current supervisory displays
and how this usage affects their decision making and trust, allowing for an understanding of how
to improve future display designs. Together, these contributions advance our understanding of how
operators use displays to complete their objectives and subsequently how to better design future

displays for spaceflight supervisory control.
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Chapter 1.  Motivation

Space ight, like many exploration and operational paradigms, involves humans working or
teaming with robotic or autonomous systems to perform complex tasks, such as satellite rendezvous,
docking, and Earth imaging and detection of targets. Currently, the majority of these activities
involve humans on Earth remotely working with automated or semi-autonomous systems in space,
such as satellites. Operations for remote tasks where the operator and system are not co-located,
like with mission control, can be dicult. Due to time delays and communications limitations,
operators (i.e., the individuals responsible for working in these settings) cannot directly command
or control these assets unless in direct communication; instead, operators act in a remote supervisory
control paradigm and send intermittent commands or set goals for the system to accomplish [1,2].

The allocation of responsibility between humans and the systems is not consistent between
use cases. Satellite operations, such as controlling orbital burns, satellite attitudes, or rendezvous,
and proximity operations, are often made with a human-in-the-loop providing commands to the
satellites, but not directly controlling them. Further from Earth, for deep space exploration and
planetary rovers, humans often command actions like orbital burns, camera targets, or rover paths,
but cannot directly y or drive the vehicles [2]. Supervisory control is also used for current human
space ight missions, such as the docking of resupply vehicles to the ISS.

Outside of commanding satellites, supervisory control is often used when working with satel-
lites to gather or interpret data. Autonomous agents have been placed on Earth observational
satellites to assist in determining imaging targets, such as military and ship movement, wild res,
or harmful algae blooms, and automatically process data in real time before sending it back to
Earth [3,4]. However, humans are still on the loop when teaming with these systems and act in
a supervisory position. Humans may help predetermine areas of interest, review images to ensure
the autonomous system is accurate, or schedule follow-up images [4].

These types of operations can lead to challenges for the operator. Remote separation leads
to the operator's perceptual processing abilities being decoupled from the environment, decreasing

situation awareness (SA) [5]. Additionally, inappropriate trust can lead to misuse or disuse of the



autonomous systems [6]. Overall, these factors reduce mission e ectiveness and task completion. A
key component for these operations is the display, or how the operator is able to receive the required
telemetry and data. Current mission control displays can be ine ective for monitoring [2, 7] and
increase the operator's workload, especially when trying to process 3D data on 2D screens [8{10].
It has been recommended that improvements to the display and mission control be made for future,
complex satellite operations [2]. Beyond this, when teaming with autonomous systems, it is not well
understood what display components are most useful to promote accurate decisions, appropriate
reliance, and calibrated trust.

Another key component of successful operations is training. Insu cient or ine ective training
can harm mission performance, potentially leading to loss of mission, particularly for the complex-
ity of these future planned operations. Current training consists of presentation-based learning,
simulations, and on-the-job training [11]. However, high- delity simulators are often costly to use
and may not easily be modi ed to cover multiple scenarios, and it has been suggested that new
technologies may be able to improve current training practices.

With the advancement of virtual reality (VR) technologies, there has been an increasing
interest in VR for operations and training to combat these issues. VR o ers the ability to present
tasks immersively and has been shown to improve aspects of operations like increased SA and
reduced workload for some environments [5, 12{14]. Additionally, it has been a promising training
modality for a variety of operational tasks [15{18], but there is still an open question of how VR
can translate to supervisory control tasks. Additionally, while VR is proposed as a solution, there
is a lack of consensus in the literature about how to optimally design displays for VR, and a gap
in established display design principles. This may lead to con icting results in the literature on
potential VR bene ts [14,19].

This motivates the following thesis focus on display designs for remote supervision of space-
ight applications. This includes VR display design principles, VR for monitoring and supervisory
satellite operations, and VR for training. Beyond this, it will also study the type of information

displayed to promote appropriate decisions, reliance, and trust for teaming.



Chapter 2:  Background

2.1 Supervisory Control

Human-autonomy teaming, where a human operator is working remotely with an autonomous
system to achieve a shared goal [20{22], is a challenging yet important modality for future explo-
ration or operational environments, including space ight. For space ight, these environments are
characterized by highly trained operators, where there are often consequences to safety and per-
formance due to improper action, particularly when there are uncertainties in the state of the
system.

Working with autonomous or robotic systems is often classi ed by the level of control a orded
to the human operator. While not a perfect representation [23], one such way of categorizing the
level of control has been developed by Sheridan [24]. The control modality most relevant to this
research and space ight operations paradigms is supervisory control and can be seen in Fig. 2.1.
This is where the operator provides intermittent commands, but the majority of the control is
through the computer without human input. While there are many di erent aspects to these

control paradigms, this research will primarily focus on the display block.

Figure 2.1: A representation of supervisory control operations. The focus of this research is on
the display component.

Supervisory control is found in various forms in many exploration, transportation, industrial,

military, and medical contexts [1,23,25]. For example, in commercial aviation, pilots often spend
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the majority of the ight monitoring the autopilot system. They occasionally provide inputs, such

as setting the destination or altitude, and only take over in emergencies. In addition, supervisory
control is often used in situations in which the human operator and autonomous system are not
co-located. This may be due to the safety of operators when the autonomous system is working
in a dangerous environment, like space, mining, underwater, or military zones [2,26]. In many
space ight operations, the human operators are on Earth working with assets in space. In these
settings, time delays are also present from the order of seconds to hours, eliminating the ability
to directly command the asset. This time delay is one of the initial early drivers of supervisory
control, since requiring continuous control with a time delay present produces instability in the
system [1].

Supervisory control involves many cognitive demands as the human operator has multiple
functions, including planning the task and teaching the computer how to perform it, monitoring the
autonomous system to ensure the task is going as planned, intervening to update directions, and
then learning for future work [24, 25]. Monitoring is a very important aspect of remote supervision
[24], as it enables operators to understand system states, anticipate future issues, and quickly
detect and respond to failures [1]. Monitoring is also how an operator spends the majority of their
time. During intervention, operators can provide new subgoals or aid in decision making for the
autonomous system.

Remote operations are where operators and the systems they work with are separated spa-
tially and potentially temporally (i.e., due to time delay of sending information), like in a spacecraft
mission control center, and are the focus of this work. Remote operations can be challenging due
to the lack of environmental context and the decoupling of processing abilities from the physical
environment [5, 27], creating a host of new challenges for human information display, including
compromisedsituation awareness (SA) [5,28]. SA can be de ned 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” [29]. Low SA can make

operations a di cult and cognitively challenging task, reducing mission e ectiveness and task com-
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pletion. This problem is compounded as monitoring operations are often already correlated with
lowered SA [30].

Additionally, supervisory control is in uenced by the need for e ective human-autonomy
teaming, which is important to ensure mission success, performance, and appropriate use of the
system. One critical aspect of human autonomy teaming istrust , or \the attitude that an agent
will help achieve an individual's goals in a situation characterized by uncertainty and vulnerability"
[6]. Inappropriate trust in a particular system can lead to overtrust or distrust, and supporting
appropriate trust is critical to avoid misuse and disuse of an autonomous system. Inappropriate
use of the system could lead to inadequate performance or a mission failure. Trust is especially
critical for supervisory control operations, where the autonomous system has leeway to make its

own decisions and recommendations.

2.2 Current Practices for Space ight Applications

2.2.1 Satellite Operations

The operation of satellites is a monitoring and supervisory operational domain that is often
understudied. Beyond the challenges present with supervisory control, future proposed mission
objectives may present additional di culties. For example, on-orbit inspection and servicing tasks
are becoming increasingly desirable, but involve multiple satellites in close proximity [31{33]. The
relative trajectories of the satellites must be quickly understood by operators in order to avoid
collisions, but are governed by ight dynamics that can be complex and non-intuitive. Additionally,
the close proximity between satellites during these tasks results in less time to make decisions and
send commands. Critical events, such as for collision avoidance maneuvers, may necessitate actions
to be made in seconds [34]. The complexity of the system increases with uncertainties in the
states of the satellites (i.e., their exact positions, velocities, and orientations) and can be especially
signi cant when repairing a dead or injured satellite.

Current satellite operations take place in a mission control room, an example of which is



seen in Fig. 2.2. While di erent organizations have di erent protocols and displays, the majority

of displays consist of densely packed telemetry data, 2D graphical representations of values over
time [2], and many times di erent subsystems have their own displays and alarms [24]. The data
presented comes from a variety of sources, and can include past, present, and/or predicted future
data [1,27]. Additionally, mentally processing 3D data that is represented in 2D can increase the
operator's workload [8{10]. Workload can be in uenced by the task and environment, as well as
the operators' skills, behavior, or perception, and is de ned to be the cost incurred by an operator
to achieve a particular performance level [35]. Workload can include aspects like mental, physical,
and temporal demand, as well as be related to e ort, frustration, and performance. Additionally,
workload can be related to the amount of data that needs to be processed [7], and having to quickly
comprehend and react to the data can further increase workload. To improve these displays for
next-generation supervisory control rooms, it has been suggested to develop systems to manage the
large amounts of data and provide only needed or requested information, which would improve SA

and reduce workload [2].

Figure 2.2: 1SS mission control center. Each operator has multiple computer screens to monitor.
There are multiple operators in the control room and there are additional back rooms with more

operators. (Source: NASA)
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