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ABSTRACT

Extended reality (XR) is a continuum encompassing various current and future virtual
technologies such as augmented reality (AR) and virtual reality (VR). These technologies have
been shown to increase learning outcomes when applied to training. For example, virtual and
augmented reality have been shown to improve performance during assembly task training over
traditional methods. However, even an advanced technology like XR won’t provide a benefit if
the information is ill-timed or poorly suited to the problem. One potential way to solve this issue
is with adaptive automation. Adaptive automation provides the ability to off-load tasks from a
human to a computer. It has been shown to increase productivity with the added benefit of
reducing human-labor costs. Previous research has shown that applying automation at the wrong
levels or during the wrong stage of human information processing can result in decreased
performance. Furthermore, if there are inaccuracies or gaps in the automated system, resulting in
brittle automation, a human can develop an overreliance on the automation leading to costly
mistakes.

One place where adaptive automation is already being applied to XR technology is in the
field of intelligent tutoring systems (ITS). Designers of XR ITS are increasingly automating the
role of a human instructor in an effort to decrease the instructor to learner ratio. While works
touting the development of this type of adaptive XR training systems exist, few address the
design and efficacy of adaptations that do not directly pertain to the learning materials and
pedagogy such as troubleshooting software and hardware use. Without this information, it is
impossible for today’s researchers and developers to know how to design and implement these

types of adaptive XR training systems. Therefore, this dissertation will identify and evaluate
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effective triggers and adaptations for XR training environments so that they can be replicated for
future applications.

This research sought to solve this problem in two stages. In the first stage, human XR
instructors were used as models for potential adaptive automation schema. Since automation is
the computer execution of a task once performed by a human, it was natural to choose human
instructors as models for this work. Therefore, 11 semi-structured interviews were conducted
with XR training and simulation experts. The questions posed during the interviews were crafted
to determine how these instructors identified and mitigated confusion in learners. The
information from these interviews was then analyzed for themes and synthesized with existing
adaptive automation models. During the analysis phase, identifying and mitigating confusion
were found to be analogous to the functions of triggers and adaptations in the adaptive
automation model. These interviews resulted in two sets of recommendations. First, when
designing adaptive triggers in XR, verbal triggers should be prioritized, followed by physical
triggers. A head-mounted display (HMD) can be used to monitor verbal and physical triggers
using a factory standard microphone and inertial measurement unit. Second, verbal and physical
channels should also be prioritized when designing adaptation methods. This can be done
through recorded audio messages, textual interfaces, and by providing demonstrative animations
and models in an XR environment. Finally, adaptations with increasing levels of specificity and
intrusiveness allow learners to solve problems independently.

The second phase of this research implemented these recommendations within an XR
task. A simple triangle completion task was chosen, in which a learner must teleport to three
different positions in a VE using two different techniques. Afterwards, the learner is tested on

their ability to remember where they started by pointing at the origin and clicking using an XR
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controller. Triggers and adaptations were developed to assist in the correction of five different
erroneous behaviors during the task. These included incorrect button presses, inaction, and
attempting to teleport to the wrong location. Finally, the resultant unsupervised, remote, adaptive
XR simulation was evaluated to determine the efficacy of the adaptations and compared to a
version of the simulation with no adaptations and a human instructor present to provide
feedback, when necessary. The results of this experiment validated that the adaptations were
sufficient at providing instructions to participants during the remote unmoderated study because
the participant success rate was equal to that of the lab-based study (89%). In addition,
participants’ performance and completion times were not statistically different from those of the
lab group. The adaptations triggered when expected and had the intended effect of helping
learners correct their mistakes. Finally, participants gave feedback about the intrusiveness,
helpfulness, and quantity of adaptive feedback they received. It was found that the quantity of
feedback was adequate without being too intrusive, however, there were mixed reviews about the
subjective helpfulness of the feedback. Ultimately, this research was successful at increasing the
efficacy of adaptive XR systems, and reducing the time and cost associated with humans

facilitating XR training.



CHAPTER 1. GENERAL INTRODUCTION

Motivation

The benefits of extended reality (XR) on training outcomes and procedural task
performance are numerous. For example, augmented reality (AR) has been shown to reduce
errors and time spent on assembly tasks by as much as 50% (Hou et al., 2015). This can result in
notable cost savings for manufacturers. Another performance benefit of XR instruction is
increased accuracy in high-precision tasks such as welding (Doshi et al., 2017). Furthermore, XR
technology has been shown to increase presence and engagement during training, while
simultaneously decreasing mental workload in some cases (Buttussi & Chittaro, 2018; Loch et
al., 2016). Beyond these advantages, AR and virtual reality (VR) provide capabilities that cannot
be achieved with traditional training. Specifically, AR can provide timely instructions to learners
while in the field and VR can simulate experience that are too dangerous or expensive to recreate
in real life (Caudell & Mizell, 1992; Lele, 2013). However, one disadvantage of XR training is
consistent monitoring of a trainee (learner) by an expert instructor to maintain situational
awareness and ensure that a learner completes tasks successfully (Gutwin & Greenberg, 2002).
This creates a dynamic where an instructor must remain vigilant over a learner leading to
inefficiencies.

Adaptive automation has the capability of supplanting or augmenting the capabilities of
an instructor. In fact, adaptive training systems are essentially the automation of functions
typically performed by a skilled instructor (Kelley, 1969). By replacing an instructor with
adaptive automation, a human-automation team is established. However, simply introducing
automation is not enough to ensure increased performance. Research has shown that high levels

of automation can result in miscalculated trust and over-reliance on the system, thereby



degrading performance (Smith et al., 1997). Over-reliance on automation is even riskier in
training scenarios, as learners will be expected to perform tasks without the help of automation
following training. One solution for this issue is to assign information acquisition and
implementation tasks to the training system while allowing a human to be responsible for
analytical thinking and decision making (Kaber et al., 2005). Applying this theory to adaptive
XR training could result in simulations that train a learner in semantic knowledge and problem
solving, while procedural knowledge and physical skills are mostly obtained in the field.
Depending on the training goals, this may or may not be desirable. For example, if training on
the job is inherently dangerous or expensive, it might make more sense to conduct all training in
XR. In these cases, developers would need to determine if it is appropriate or not to allocate task
execution to the computer or the trainee. Unfortunately, the terminology surrounding the
combination of adaptive systems and XR technology is complex and varied due to its
interdisciplinary nature, making it difficult to ascertain how to design these systems.

Existing research combining adaptive automation and XR use a variety of terms to
describe the nexus of these technologies, including intelligent tutoring systems (ITS), computer-
assisted instruction (CAlI), adaptive virtual learning environment (VLE), intelligent VLE, and
adaptive tutor/training/simulator. These terms are not completely interchangeable, and often
overlap in ambiguous ways, making literature review in this space difficult. One article attempts
to bridge the semantic gap by discussing the application of ITS to AR technology. The authors
called the combination of these technologies Adaptive Augmented Reality Tutors (ARAT)
(Herbert et al., 2018). While the authors presented a limited taxonomy and guidelines for
choosing authoring tools and a system architecture, no recommendations for the design of

adaptation methods and triggers were mentioned. Furthermore, ITS do not encompass the



entirety of adaptive XR systems, rather, the field of ITS focuses on the application of adaptive
automation to education and curricula (Sleeman & Brown, 1982). However, adaptive systems
can be applied to other aspects of XR training as well. For example, learning to use the hardware
itself and troubleshooting software challenges are common issues during XR training (Hoover &
Winer, n.d.). Since the majority of the existing work combining adaptive systems and XR
technology centers around ITS, this leaves a gap in the body of work on adaptive XR systems
where pedagogy is not the main concern.

Currently there is little to no literature that focuses on the implementation of adaptive
system as it pertains to helping a user execute tasks successfully in VR and AR. The current gap
in this area of research means that there are no existing standards for the design of non-
pedological adaptations within XR simulations. By not having adequate guidelines for designing
these types of XR systems, developers are left guessing which triggers and adaptations are most
suitable. This uncertainty will lead to mistakes and negative training outcomes. This research
seeks to fill these gaps by interviewing experts, identifying design recommendations, and testing

them on an example procedural task.

Dissertation Organization

The research will be presented as follows. Chapter 2 will introduce existing literature on
topics related to this research including XR training and adaptive automation. Chapter 3
describes the research questions addressed in this dissertation. Chapter 4 is a research paper
published in the proceedings of the 2020 Interservice/Industry Training, Simulation and
Education Conference. The paper is entitled, “Situational Awareness Methods in Virtual Reality
Training: A Scoping Review” and provides perspective on the instructor’s role in VR training.

Chapter 5 is a journal paper describing the methodology, results, and conclusions of the first



phase of this research. It is entitled “Designing Adaptive Extended Reality Training Systems
Based on Expert Instructor Behaviors™ and is currently under review in the IEEE Access journal.
Chapter 6 contains a research paper entitled “Integrating Adaptive Feedback into an Online VR
Research Task” which is currently under review as a submission to IEEE Transactions on
Visualization and Computer Graphics. The paper describes the methods and results of a remote,
unsupervised VR study with adaptive feedback. Chapter 7 contains supplemental results from the
same study that were not included in the journal paper. Finally, Chapter 8 summarizes the results

from this research and how they addressed the research questions as well as future related work.
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CHAPTER 2. BACKGROUND

Effects of Extended Reality Training

Virtual Reality (VR) allows a user to experience a Virtual Environment (VE) that can
completely differ from their current reality, as every object in their field of view is computer
generated. Similarly, Augmented Reality (AR) lets a user see a version of their environment
supplemented with additional computer-generated information. Both methods typically use
digital displays and location tracking to render the VE. The virtual reality continuum, also known
as Extended Reality (XR), or Mixed Reality (MR), encompasses both Virtual and Augmented
Reality (Milgram et al., 1994). The uses for XR technology continue to grow as more hardware
becomes available and additional software functionality is developed. However, one of the
earliest use cases for XR was for training applications. As early as the 1930s, XR was used to
train U.S. military pilots via the Link flight trainer (Link, 1931). This device combined an
artificial cockpit with motion controls to create a flight experience on the ground. Later, in the
1950s, screens were added to the simulators to mimic the pilot’s view of the outside world (Page,
2000). XR technology is often chosen for military and other training applications because of its
ability to simulate situations that are dangerous, difficult, or expensive to stage in real life (Lele,
2013). Other industries have chosen this technology because of its benefits to performance and
mental workload (De Crescenzio et al., 2011; Hou et al., 2015). Regardless of the industry,
stakeholders must weigh the benefits and costs of XR technology before employing it as a

training medium.



Performance Improvements from XR-enabled Training

The promise of performance outcomes can greatly influence the decision to adopt XR
technology. The lengthy history of research in VR and AR technology has shown that it can
deliver training that is as effective as traditional training mediums such as manuals and
computer-based systems, but with the added advantage of time and cost savings (Kaplan et al.,
2020). Additionally, some studies have concluded that XR technology results in greater
performance benefits than traditional training.

As early as 1999, researchers were realizing the advantage XR technology posed for
reducing errors in assembly-related training tasks. More specifically, Baird and Barfield
published work that found that participants made fewer errors on a motherboard assembly task
when using AR Head Mounted Displays (HMDs) to deliver instructions rather than paper or
computer-based instructions. The authors also concluded that the increased performance of AR
HMD users could be attributed to the phenomenon of recognition over recall. Since the
information was constantly in a user’s field of view, they did not have to reread, or put forth as
much effort to memorize information (Baird & Barfield, 1999). More recently, a study by Hou et
al. in 2015 compared the use of AR instructions to traditional isometric drawings when putting
together a pipe assembly. They found that the use of AR instructions resulted in 50% reduction
in assembly errors compared to the control group (Hou et al., 2015). The performance
advantages of AR training were further upheld by a 2017 study which found AR to increase
precision in a welding task by 52% (Doshi et al., 2017). Furthermore, in a 2020 study at lowa
State University, assembly instructions for a mock aircraft wing provided on the Microsoft
HoloLens HMD were found to result in fewer assembly errors than instructions provided on a

tablet or desktop computer (Hoover et al., 2020).



A similar pattern of increased performance was discovered when studying VR
technology. In 2002, Vora et al. developed a VR HMD system which simulated the inspection of
an aircraft cargo bay. They compared their VR trainer to a desktop-based trainer that showed 2D
instructions and found that subjects were able to identify more defects and perform the task
faster when using VR than when using the PC trainer (Vora et al., 2002). However, research
suggests that the training benefits of VR technology are smaller in magnitude compared to those
resulting from AR. Specifically, a study in 2015, which compared both VR and AR training tools
to traditional training methods, found that AR resulted in fewer errors than the control, while VR
training did not (Gavish et al., 2015). Another study by Buttussi and Chittaro compared the
effects of three different computer / hardware setups on aviation safety training: 1) a traditional
computer monitor, 2) a 3-DOF VR HMD, and 3) a modern 6-DOF VR HMD (Buttussi &
Chittaro, 2018). They found that all of the systems resulted in similar training benefits, but the
higher fidelity HMD resulted in more trainee engagement and presence (Buttussi & Chittaro,

2018).

Knowledge Transfer & Retention in Training Performance

Knowledge transfer and retention is another measure of training performance and can be
used to evaluate the efficacy of XR training systems. For example, a study by Botden et al.,
found that in a direct comparison on AR and VR laparoscopic surgery simulators, the AR system
resulted in higher construct validity than the VR training system. This means that performance
on AR training system better reflected the learner’s real expertise in the task (Botden et al.,
2007). In the laparoscopic surgery training example, the authors attribute the higher performance
level of the AR system to its realistic haptic feedback. This shows that some tasks, such as those

requiring fine motor skills, may be more suited to AR, as VR can't replicate the touch and feel of



the real-world accurately enough. In another study comparing VR to traditional training, Waller
and Miller studied subjects who were trained to complete circuit board tasks using one of three
training methods: desktop VR, paper, or video tutorials (Waller & Miller, 1998). They found that
the VR training condition took more time to complete, but led to better performance retention
over the course of two-weeks than the traditional training methods (Waller & Miller, 1998).
Contrastingly, a small-scale study by Hall, Stiles & Horwitz, found that knowledge lost over
time was similar for VR and 2D learners (Hall et al., 1998). These studies show that the use of
XR training systems perform equally, if not better than some traditional training methods in

knowledge retention.

Mental Workload during Training

Another benefit of some XR-enabled training systems is the ability to reduce mental
workload. Mental workload is the amount of cognitive effort a learner must put forth to execute a
task (Wickens et al., 1998). AR training systems tend to benefit from reduced mental workload
over traditional training materials because they can provide critical information in the moment it
is most needed without dividing a learner’s attention. A common way of measuring mental
workload during a task is by using the NASA Task Load Index (NASA-TLX) Questionnaire
(Hart & Staveland, 1988). Loch et al. used the NASA-TLX to gauge mental workload in a Lego
brick assembly task comparing video and AR instructions (Loch et al., 2016). They found that
the AR instructions resulted in a lower mental workload in participants than traditional
instructions. Similarly, Hou at al., found that their AR instructions yielded significantly lower
mental workload values that traditional schematic drawings for the assembly of pipe components

(Hou et al., 2015).
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Reduction of Training Time

A system that can reduce the time to produce a fully trained learner is critical, as direct
reductions in cost often result. One way to reduce overall training time is to reduce the necessary
duration of a training task. Several studies point to the time saving advantages of using XR
training, especially when AR is used (Boud et al., 1999; Hou et al., 2015). In their 2015 study,
Hou et al. found that the use of AR as a training medium could reduce assembly training time by
as much as 50%. Similar results have been published by other authors, which indicate AR
reduces time spent searching for objects of interest during tasks. Weaver et al. found that users
were able to perform a part picking task faster when using AR versus paper instructions (Weaver
et al., 2010). Similarly, Henderson and Feiner found that military maintenance personnel could
locate critical systems in need of servicing faster when using AR than with 2D digital
instructions (Henderson & Feiner, 2009). Although these studies focused on providing on the job
instruction rather than training, the advantages and lessons learned from this research can be
applied to training as well. One such lesson is that AR may have limited improvement over
traditional instructional methods when applied to overly simple tasks (Wiedenmaier et al., 2003).

While AR is more suited to presenting instructions on the job, the effects of both AR and
VR have been studied as well. However, results pertaining to their effect on training time have
been mixed. A study by Boud et al., researched the effect of AR, VR, and 2D training methods
on unassisted task completion time after the training (Boud et al., 1999). They found that AR
resulted in the fastest completion times after training, followed by the VR condition. Both AR
and VR were faster than conventional training methods in this case (Boud et al., 1999). A study
by Peniche et al. used a different approach that studied the combined effects of VR and AR
together on training outcomes. Their method used five VR training sessions followed by three

AR training sessions. This AR/VR training schema resulted in similar reductions in task
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completion time over the course of the training as traditional training methods. The authors
concluded that AR/VR training could be a viable replacement for traditional manufacturing
training methods (Peniche et al., 2012). In another study, by Hoftejsi, a simple augmented reality
system using a webcam and a computer monitor display were used as a training tool for novice
users assembling plumbing pieces. The study showed that participants who used the AR
instructions during training learned to assemble the parts faster, and in fewer attempts, than their
counterparts who used paper instructions (Hoftejsi, 2015). Contrastingly, a 2015 study by Gavish
et al. compared AR, VR, and traditional methods for training on an electronic actuator
maintenance task. They found that although there were some reductions in errors made, both the
AR and VR training methods resulted in longer training times than their respective control

groups (Gavish et al., 2015).

Cost Benefits of XR-enabled Training

All of the advantages listed in the previous subsections result in cost savings for training
stakeholders. In fact, Hou et al. conducted a detailed cost/benefit analysis of using AR to provide
instruction for a manufacturing task. They found that the reduction in overall task time, paired
with the reduction in errors and resulting re-work resulted in an overall cost savings of 66% (Hou
et al., 2015). However, in order to justify the use of XR training, the cost savings associated with
the benefits must outweigh the increased cost of implementing specific XR technologies (Chung
et al., 2002). This includes the cost of hardware and software. Luckily, the cost of AR and VR
HMDs has been greatly reduced in recent years with the advent of commodity XR equipment.
Additionally, development for VR has become more accessible with the release of free and
inexpensive 3D development platforms like Unity and Unreal Engine. This has resulted in a

lower barrier to adoption of XR technology for training (Checa & Bustillo, 2020).
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In summation, XR technology has been shown to improve performance factors in various
training applications and industries. In some cases, it can also improve mental workload on
trainees. However, improvements can still be made in these areas, and the amount of time
required for XR training is often still greater than that of traditional training, especially in the
case of VR technology. This is compounded when one considers not only the trainee’s time, but
that of the expert instructor as well, resulting in higher monetary costs to the organization
overall. One method with the potential to reduce both training time and instructor time — thereby

reducing costs — is the integration of adaptive systems with XR technology.

Automation

Put simply, automation is the computer execution of tasks that were once the
responsibility of a human (Parasuraman et al., 2000). These tasks can range from gathering and
providing information to making decisions and acting on them. Often, humans work together
with a computer in a human-automation team to complete tasks, resulting in a tradeoff of control
between these two parties. Levels of Automation (LOA) are used to describe this tradeoff.

In 1978, Sheridan and Verplank published their seminal work defining the concept of
LOA. These ten levels defined how much control the human and the computer have over the
system and are used throughout research literature to classify human-automation systems
(Sheridan & Verplank, 1978). The ten levels are defined as follows according to Sheridan &
Verplank, with one representing no automation, and ten representing complete automation with
no human input (Sheridan & Verplank, 1978) :

1. The computer offers no assistance
2. The computer offers a complete set of decision/action alternatives

3. The computer narrows the selection down to a few
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4. The computer suggests one alternative
5. The computer executes the one alternative if the human approves
6. The computer allows the human a restricted amount of time to veto before
automatic execution
7. The computer executes the action automatically and then immediately informs the
human
8. The computer informs the human of its actions only if asked
9. The computer informs the human of its actions online if the computer decides to
10. The computer decides everything, and acts autonomously with no regard for the
human
Since then, several other authors have published alternative models for defining the levels
of automation. However, Sheridan and Verplank’s version remains the most cited in research
literature (Vagia et al., 2016). More recently, Parasuraman, Sheridan, and Wickens amended the
original LOAS to support a two-dimensional model with human vs computer control on one axis,
and stages from Wickens’s human information processing model on the other (Parasuraman et
al., 2000). Their model differentiates between types of automation based on four possible
functions served by the computer: 1) information acquisition, 2) information analysis, 3) decision
selection, and 4) action implementation. Automation can occur at any level and any stage of
human information processing. In fact, in many cases, automation occurs at multiple stages and

levels within the same human-automation system.

Adaptive Automation

While traditional automation occurs at a fixed level over the duration of its use, adaptive

automation is characterized by dynamic changes in function allocation between the human and
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the computer over time (Rouse, 1976). Oppermann further differentiated between adaptive and
adaptable automation (Oppermann, 1994). By his definition, adaptive automation is
characterized by computer control of function allocation, while adaptable automation allows a
human to be in control. Furthermore, adaptable automation can be divided into categories based
on how a human manipulates the system. Direct control describes when a human directly
reallocates tasks between themselves and a computer. Alternatively, in supervisory control, a

human acts on a system by changing the parameters of a task (Sheridan, 2011).

Adaptation Triggers

Adaptive automation relies on two main components: triggers and adaptation methods
(also sometimes referred to as adaptation strategies). The trigger is the criteria that must be met
to activate a change in function allocation. The adaptation method determines how, and which,
functions are reallocated. Feigh, Dorneich, and Hayes created a taxonomy of triggers and
strategies in 2012, which is relevant to this work. Their taxonomy of triggers included five
overarching categories with various subcategories. Those five categories were related to subjects
that could be measured within a human-automation team: 1) the operator, 2) the system, 3) the
environment, 4) the task/mission, and 5) spatio-temporal factors (Feigh et al., 2012). Feigh et al.
also proposed a taxonomy of adaptation methods that included modification of function
allocation, task scheduling, interaction, and content (Feigh et al., 2012). To understand the
effects of different triggers on adaptive automation, Lagu, Landry, and Yoo investigated the
effects of physiological- (heart rate) and performance-based triggers on function allocation in
adaptive automation systems using the "Multitask" software (Lagu et al., 2013). They found that

adaptive automation resulted in increased levels of performance and that physiological triggers
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led to more variance in function allocation than performance-based triggers alone (Lagu et al.,

2013).

Effects of Adaptive Automation

Some argue that situational awareness is decreased, and workload is increased, leading to
potential failures when the human is not kept in the loop with automation (Kaber & Endsley,
2004; Lee & See, 2004; Sheridan, 2008). This is in part because an automation system may not
be transparent in its decision-making process, leading to miscalculated trust and over-reliance on
the automation (Shively et al., 2018; Smith et al., 1997). In their 1997 study, Smith et al. studied
the effects of automated flight plan suggestions on the ability of pilots to perform a flight
planning task. Participants completed a route planning task using one of three systems, each with
varying levels of automation and amount of time spent using this automation versus manual
control. They found that higher levels of automation often led to poor solutions, when the model
used to inform the automated system was not robust. Since participants put too much trust in the
automation, they were less accurate and efficient during training (Smith et al., 1997). Other
researchers have sought to quantify and explain the effects of adaptive automation on these
factors as well. One such study, by Kaber and Endsley, set out to analyze the relationship
between workload, situational awareness, and LOA (Kaber & Endsley, 2004). They conducted a
user study of a simulated air traffic control task using varied levels of automation as well as
varied automation allocation cycle time. Participants were also directed to perform a secondary
gauge-monitoring task as well. They used the Situational Awareness Global Assessment
Technique (SAGAT) and NASA Task-Load Index (NASA-TLX) to measure the SA and
workload during each condition level. Their research showed that an LOA that maintained

human decision making with computer automated implementation paired with longer durations
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of automation resulted in the best task performance but poor SA and moderate workload.
Additionally, performance on the secondary task suffered under these conditions. Contrastingly,
performance suffered, and SA and workload improved with intermediate LOAs and shorter
automation periods (Kaber & Endsley, 2004). This work demonstrated the tradeoffs between
performance, SA, and workload, paving the way for more research into the use of adaptive
automation for training.

The transitions between different levels of automation, and their effects on users, is also
important. In 2005, Kaber et. al conducted a study on an air traffic control task, where the level
of automation was varied between four levels. They tested how a user’s performance changed
when transitioned between their assigned automation level and fully manual control. The
researchers concluded that these transitions led to less performance degradation when the
automation was responsible for tasks such as information acquisition and action implementation,
which require less analytical thinking and decision making (Kaber et al., 2005). These results
suggest that human-automation teams perform best when a human remains responsible for
processing information and making decisions, while a computer is responsible for gathering
information and executing the decisions of a human. However, unlike computers, humans are
unpredictable, and often do not use automation in this way.

Kirlik sought to explain why users did not always employ automation in expected ways
during a simulated helicopter scouting task. During the task, teams of two controlled many
simulated helicopters to complete certain missions. Users had the option to manually control the
helicopters, or issue commands to be executed by the automation. He found that three design
features (ease of use of automation vs manual control, autopilot engagement time, and autopilot

disengagement time) as well as three task design features (secondary task duration, cost of
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secondary task delay, and interval between secondary task demands) impacted the way in which
pilots chose to employ automation (Kirlik, 1993). Therefore, simply allocating tasks based on the
innate skills of humans and computers is not enough to optimize performance.

Another factor that can impact how a human uses automation is trust. Systems in which
humans over trust in the computer can have catastrophic effects (Shively et al., 2018). Similarly,
under trusting the computer in a human-automation team can render processes inefficient. Nass,
Fogg, and Moon studied how humans form teaming relationships with computers (Nass et al.,
1996). They found that interdependence was the key factor influencing teaming behavior
between a human and a computer. Users who were told their relationship with a computer was
interdependent trusted the computer recommendations more and saw the computer as an ally
(Nass et al., 1996). Similarly, Yang and Dorneich studied the effects of using affect-aware
adaptive audio feedback to tutor students in math. They found that using an adaptive affect-
aware etiquette strategy, rather than a random etiquette strategy, improved motivation,
confidence, satisfaction, and performance (Yang & Dorneich, 2018). Using this affect aware
strategy could increase a human’s trust in their computer counterpart during human-automation

teaming.

Design Considerations or Effective Automation

Some considerations when designing automation that have been discussed include
workload, situational awareness, and performance. Shively identified four more persistent
problems facing human-automation teaming: 1) brittle automation, 2) lack of transparency, 3)
lack of shared awareness, and 4) monitoring challenges (Shively et al., 2018). Brittle automation,
due to an insufficient computational model underlies all these challenges and can lead to

miscalculated trust in the abilities of the automation. This is especially true if the automation is
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not transparent about its decision-making process and the state of the system. To reduce the
impact of these automation issues, Shively also proposed three design solutions. First, bi-
directional communication should be employed so that a human can remain aware of the
computer's state. Second, transparency should be provided by a computer so that a human can
evaluate the performance of an automation. Lastly, a direct interface should be provided so a
human may allocate tasks (Shively et al., 2018). Kaber et al. also recommended three research
areas to help improve the future design of automation: 1) optimizing the tradeoffs between
situational awareness and workload in adaptive automation, 2) designing Uls to better support
function allocation and transparency, and 3) studying the impacts of adaptive automation on
teams with multiple humans (Kaber et al., 2001). Although these guidelines represent a good
starting point for the design of adaptive automation, they are not specific to the additional

challenges of integrating adaptive automation into XR training.

Defining Adaptive Virtual Environments

Unlike in the field of automation research, terminology is not as clear cut when it comes
to the field of XR, specifically with regards to training. Researchers have yet to conform to a
uniform terminology to describe adaptive automation as a part of an XR system, likely because it
is not yet a common occurrence in research literature. In one paper, which began to solve this
problem, Herbert et al. defined a new term for intelligent tutors paired with AR technology. They
named these systems “Augmented Reality Adaptive Tutors” (ARAT) (Herbert et al., 2018).
However, this term is exclusive to AR systems, leaving out a large portion of relevant work in
VR. Some of the other terms used in existing research include Intelligent Tutoring System (ITS),
Computer-Assisted Instruction (CAl), adaptive Virtual Learning Environment (VLE), intelligent

VLE, and adaptive tutor/training/simulator. While all these terms are used to describe instances



19

of adaptive automation paired with a VE, some of the terms listed have more specific definitions.
For example, an ITS is broadly used to describe systems, which provide a personalized learning
experience by adapting to a learner’s performance. ITSs are typically characterized by the use of
a domain, student, and pedagogical model used to adapt to the educational needs of a learner
(Wenger, 1987). However, like a VLE, ITS does not necessitate the use of XR technology. Both
can be presented on a traditional computer system with a 2D monitor as well, making a literature
search all the more difficult.

Without a suitable all-encompassing term from the literature to use, systems that combine
adaptive automation qualities and XR technologies will be referred to as “adaptive
XR/AR/VR/MR” (depending on the context). To fit the scope of this dissertation, the following
subsections will present the use of adaptive automation within XR applications. These
subsections will include training and non-training applications, since both provide relevant

insight into the design and implementation of adaptive automation in XR.

Augmented Reality Training Applications

Herbert et al. reviewed existing literature on AR and ITS systems and came up with a set
of guidelines for combining these two technologies. To do this, they created a two-dimensional
taxonomy to describe the new design space with Milgram’s Reality-Virtuality Continuum
(Milgram et al., 1994) on one axis, and their own proposed levels of ITS on the other axis. They
also proposed a three-part definition for this technology space, which they named Augmented
Reality Adaptive Tutors (ARAT). They defined ARAT as having three key features:

1. Uses spatial information from the real-world to detect errors, provide feedback
and/or sequence tasks using an ITS.

2. Uses Augmented Reality to enhance learning.
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3. Creates context by using a combination of instructional cues and Augmented
Reality. (Herbert et al., 2018)

The authors go on to detail considerations when choosing the technology architecture for
anew ARAT system including authoring tools, system requirements, and choosing between non-
intelligent and intelligent models (Herbert et al., 2018). However, they do not discuss the specific
design of adaptation methods and triggers pertaining to AR. Furthermore, the authors identify
that pedagogical design and evaluation for ARAT systems are important areas for future work.
The following paragraphs will outline some of the existing applications-based research
conducted using adaptive AR systems. Note that not all the examples given fit Herbert and his
colleagues definition of ARAT.

The development of adaptive AR technology is a relatively new area of research. One of
the early examples was published by LaViola et al. in 2015. The authors explored the challenges
of integrating intelligent tutoring with augmented reality technology. Their primary concerns had
to do with implementing real time occlusion in an AR training simulation. However, they also
discussed their integration of an ITS architecture called the Generalized Intelligent Framework
for Tutoring (GIFT) into their application to allow for adaptive feedback based on a learner's
competency (LaViola et al., 2015). Their work ultimately resulted in a functioning proof of
concept adaptive AR application for a military training system named ARWILD.

At about the same time that LaViola et al. were developing ARWILD, Radkowski,
Herrema, and Oliver were developing an adaptive augmented reality aide for assembly tasks.
Their assembly aide could adapt visual instructional elements based on the difficulty of the
current step in the assembly. However, the results of this research were mixed. The study showed

that simpler visual elements that used concrete text and animations resulted in higher
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performance on all tasks. This contradicted their hypothesis that concrete instructions would
result in better performance on simpler tasks, and abstract instructions would increase
performance on more difficult tasks (Radkowski et al., 2015). Although the hypothesis was not
proven, their work represented a paradigm shift toward using adaptive AR to customize
information to fit a user’s current state.

Another example that used adaptive AR was a medical training tool developed by
Almiyad et al. They created an adaptive AR tutor for training radiology students in a needle
insertion procedure. The system provided adaptive text-based feedback when certain criteria
were reached such as prolonged task completion time, or incorrect needle angle (Almiyad et al.,
2017). Unfortunately, only preliminary results were provided, which did not allow for
conclusions about the efficacy of the system.

Finally, in 2015, a team from the University of Canterbury studied the use of an ITS
paired with adaptive AR on an HMD for the assembly of a motherboard. The application they
built was able to provide adaptive feedback in the form of text and audio instructions that
changed based on a user’s performance. They compared the adaptive version to a version
without feedback and found that using an adaptive system for training improved unassisted
assembly scores by 25% and improved assembly speeds by 30% on average (Westerfield et al.,
2015). This research represents one of the only studies that systematically evaluated the efficacy
of adaptive AR for training. The results of this research showed the potential training advantages

for combining AR and adaptive technologies.

Mixed Reality Training Applications

This subsection presents examples of Mixed Reality systems that employ adaptive

technologies. For the purposes of organization and clarity, this section uses MR to describe
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systems that do not quite fit the definition of AR or VR but still represent didactic interaction
with computer generated content. Specifically, the following examples feature haptic interaction
with VEs, which are represented in 2D.

One example is the work by Cameirao et al., who systematically developed an arm
rehabilitation tool for stroke patients (Cameirdo et al., 2010). The application used an adaptive
MR approach that tracked arm movement in real time while patients played a rehabilitation game
on a 2D monitor. Their system used arm tracking data as an input for their personalized training
module to manipulate the speed, interval, and range of falling objects in a virtual catching task.
This research was unique because an adaptive training model was created systematically by
conducting a full factorial analysis of four levels of four different game parameters. Ultimately,
the researchers tested their training model by comparing treatment of healthy subjects to those
recovering from a stroke. They found that the technology was well accepted by the users and that
the model was able to differentiate between these two groups (Cameirao et al., 2010).

A similar study, by Duff et al., was the development and analysis of an XR tool for
helping to rehabilitate upper arm movement in stroke victims as well (Duff et al., 2010). Their
system used real time motion capture and analysis to track and adapt to a user's progress during
various VR tasks presented on a 2D monitor. The system used a patient's kinematic performance
to suggest feedback and level progression. In a two-week pilot test with three stroke
rehabilitation patients, all participants significantly improved their arm movement capability
using the system (Duff et al., 2010). Although the sample size for this study was small, it
represents a step toward the practical application for adaptive XR technology in the field of

physical rehabilitation.
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Lécuyer, George, and Marchal studied adaptive MR for different application (Lecuyer et
al., 2013). They developed a haptic maze task shown on a 2D monitor that used brain wave data
from an EEG to monitor workload. The program evaluated the amount of workload and made the
task easier or harder by providing haptic assistance to a user when the workload exceeded a
certain threshold. The authors compared a user’s performance using the adaptive automation
with EEG to a version with no assistance and one with continual assistance. They found that
performance was significantly better than the condition with no assistance and only marginally
worse than continual assistance. Additionally, mental workload improved over the version with
no assistance. Although the performance results were mixed, the adaptive brain-computer
interface was able to successfully identify times of high mental workload and apply interventions
accordingly. Concepts used in this, and other adaptive MR examples could also be applied

toward the development of adaptive VR systems.

Virtual Reality Applications

Unlike AR, there are no prominent papers establishing nomenclature or taxonomy for VR
systems combined with adaptive automation or similar technologies. However, many examples
of adaptive VR implementation exist. although the evaluation of these systems to date has been
limited.

One of the earliest examples of adaptive VR was the development of virtual agents for
instruction and assistance during VR training. This concept was proposed by Rickel and Johnson
(Rickel & Johnson, 1999), who developed a virtual human called Steve for military team training
that could function as an instructor or as a team member in the absence of real teammates. Their
concept was unique because Steve could adapt instructions and feedback based on the

performance of a trainee. Additionally, Steve could demonstrate tasks and use body language to
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communicate with a trainee. Steve was also able to perform complex Naval training tasks (12
steps) both by itself and as a member of a heterogeneous team with both virtual agents and up to
five human students (Rickel & Johnson, 1999). O’Hare et al. also employed virtual agents to
facilitate adaptive training in VR (O’Hare et al., 2000). Their application, ECHOES, was created
to support the development of adaptive multi-user VR learning environments. Students
communicated with the agents, who then adapted the VE by presenting relevant course work
depending on a student's previous progress, scores, and expertise (O’Hare et al., 2000). Lastly,
Santos and Osorio developed an adaptive virtual environment called AdapTIVE that employed a
virtual agent assistant in addition to organizing information spatially using machine learning
(Santos & Osorio, 2004a). They tested their design in an e-commerce case study simulating a
virtual bookstore. The categories of books were represented as rooms in the VE along with
shelves designated for different sub-categories. Machine learning was used to update the
proximity of relevant books (rooms) to a user based on their previous book selections. They also
published work using a similar system to organize information in an education setting (Santos &
Osorio, 2004b).

Early adaptive VR systems often took the form of virtual agents, but adaptive VR can
take on other forms as well. Aotake et al. developed an adaptive system for training nuclear
power plant workers to identify and diagnose operational anomalies (Aotake et al., 1999). They
used eye-tracking, heart rate, and utterances to predict the confidence and thought process of the
trainee. Although the authors suggest that the training could be delivered in 3D using a VR
HMD, the system only used 2D renderings. No evaluation of the effectiveness of the system was
discussed, but the authors conducted user studies to determine the relationships between the

physiological measures and the state of a trainee in the simulation. They found that blink burst
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rate could be used to gauge a learner’s confidence in their answers, and speech analysis could be
used to classify their thought process (Aotake et al., 1999). This work showed the potential for
applying physiological- and speech-based triggers to adaptive XR systems.

Some researchers also created systems using performance as a metric to trigger
adaptations in VR. Buche et al. proposed a model called "MASCARET" for developing adaptive,
multi-agent, VR training simulations. Their methodology employs models representing the
domain, learner, errors, interface, and pedagogy (Buche et al., 2004). The authors described this
model and demonstrated it by developing a multi-agent firefighting simulation called SecuReVi
(Querrec et al., 2003). Their model was used to create simulations where a learner can
experience one of several roles on a firefighting team, with the remaining roles performed by
virtual agents. The agents could then adapt their own actions based on the actions of a learner.
Additionally, the instructor could trigger events in the simulation resulting in a hybrid system
using both adaptive and adaptable (human in the loop) methods. Their work showed proof of
concept for this method but did not offer an evaluation as to the system’s effectiveness.

Other adaptive VR systems include several from the transportation domain. Specifically,
this technology has been used for VR trainers in truck and automobile driving, flight simulators,
and fluvial navigation (Fricoteaux et al., 2014; Lopez-Garate et al., 2008; Ludwig et al., 2005;
Ropelato et al., 2018). For example, Lopez-Garate et al. proposed an adaptive VR truck driving
training system. Their VR CAVE simulator could be customized by an instructor before use by a
student. An instructor can give different weights to different types of mistakes and change the
intrusiveness (frequency) of the feedback messages (Lopez-Garate et al., 2008). Similarly,
Ropelato et al. developed a VR driving simulator combined with an intelligent tutoring system

that adapted the subsequent simulation activities based on a user's performance on a previous
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task (Ropelato et al., 2018). Performance measures included vehicle position, lane deviation,
head rotation (checking mirrors), vehicle state (indicator on/off), vehicle velocity, and reaction
time (Ropelato et al., 2018). Another example of adaptive VR applied to the transportation
industry is GULLIVER, which is an adaptive training tool for fluvial navigation (Fricoteaux et
al., 2014). Specifically, the system monitored user heart rate, head position, interactions, and
performance metrics to adapt the training situation to the learner’s physiological condition and
learning needs. For example, the system could add or remove obstacles to make the task more
difficult or easy and show or hide HUD elements in the simulation to provide varied levels of
instruction. These examples of adaptive VR are particularly interesting because they address the
specific challenges of non-procedural tasks.

Another industry with several examples of adaptive VR is medicine. Developments in
this field include both procedural and non-procedural applications. One of the non-procedural
examples is from Rossol et al., who designed an adaptive training system for the use of electric
wheelchairs (Rossol et al., 2011). Their system relied on clinicians to design the layout of the
training environments. Then, Bayesian networks were used to predict levels of performance in
different rehabilitative areas and suggest a subsequent training task, which was then
implemented by a clinician (Rossol et al., 2011). This example represents an adaptable system,
keeping a human in the loop during the decision-making process. In another application,
Barzilay and Wolf created an adaptive VR trainer for upper limb rehabilitation. Their system
used motion tracking and EMG plus artificial neural networks to create an inverse model of a
patient and customize exercises to their needs. The system was successful and improved tricep
performance by an average of 33% over the course of treatment (Barzilay & Wolf, 2013). Lastly,

Siu et al. (2016) employed adaptive training for a surgical task using Virtual Reality. Their
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model used the learner’s performance on a basic motor skills task to gauge skill degradation and
recommend training activities and schedule training. In a small-scale user study, they found that
their adaptive VR trainer could accurately identify skill degradation in learners (Siu et al., 2016).
The previous examples have shown that adaptive VR has promising applications in medical
training as well as medical treatment and physical rehabilitation. The following paragraph will
demonstrate its applications in the field of psychology.

One example of adaptive VR in psychology is a study by Cosi¢ et al. (Cosié et al., 2011).
They developed a VR adaptive training tool for developing stress resistance in soldiers. This
system used visual and physiological measures of a soldiers' emotional and cognitive responses
to select subsequent training videos that would have the most impact. This was intended to
provide a personalized training program for each soldier. One drawback of their method was a
baseline of physiological responses had to be established for each learner beforehand for the
system to work properly. In another study, Chollet et al. developed an adaptive virtual reality
tool to train people in public speaking skills. Their tool provided recommendations to improve
performance before training and included virtual audience members who reacted to a user's
performance in real time using body language cues like head nods or shakes and looking away or
leaning forward. They compared the adaptive training tool to a condition with direct, real-time
feedback, and a control with no real-time feedback. The results showed that all conditions
improved user performance, but the adaptive condition was found to be more engaging,

captivating, and challenging to the participants.
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CHAPTER 3. RESEARCH QUESTIONS

In summation, researchers have proven the advantages of XR training and adaptive
automation independently. More recently, researchers have endeavored to combine these two
technologies to compound their benefits. Although many proof-of-concept examples exist, few
studies have been conducted to prove their efficacy. Furthermore, design principles specific to
adaptive XR systems do not currently exist in the literature, leading to confusion over best
practices as well as nomenclature. XR researchers also often fail to explain their choices when
designing adaptive automation components. This makes their results less replicable for future
XR training applications. By employing inconsistent automation techniques, XR training
applications can be rendered ineffective or even be detrimental to a learning experience. These
problems are the motivation for the research questions posed in this dissertation. The first

research question (RQ1) to be investigated is:

RQI1: When are adaptations needed by a leaner in an XR training task?

To answer this question, guidelines for the use of adaptive automation in combination
with XR simulations and training will be developed. These guidelines will be derived from semi-
structured interviews with XR training and simulation experts. To answer the research question,
the author crafted interview questions to help elicit understanding of how expert instructors deal
with confusion during XR training including:

RQ 1.1. What causes learners to become confused during VR/AR training?

RQ 1.2. How do you know when a learner is confused during VR/AR training?

RQ 1.3. When is intervention necessary, and what does it look like?
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Once the first research question is answered and guidelines for the development of
adaptive XR training systems set forth, the preliminary recommendations resulting from the first
phase of research will be implemented and tested. An experiment comparing the resulting
adaptive VR simulation to a traditional VR simulation with a human instructor will be
conducted. The study will show whether the implementation of the adaptive XR guidelines were
successful and a final list of guidelines will be put forth based on these results. In addition to the
publication of these guidelines, the experiment in phase 2 will explore the following research

questions:

RQ2: Can an automated adaptive feedback model supplant the need for a live instructor in an

XR training system?

The true potential of XR training with adaptive feedback is the ability of a learner to
reach a specified level of expertise without the constant supervision of an expert trainer. The data
collected from the second study of this research will provide insights into specific metrics such
as the success rate of task completion, task accuracy, and completion time to determine if
automated adaptive feedback provided sufficient instruction for immediate (i.e., short term)

learning.

RQ3: What specific automated adaptive feedback mechanisms/practices are required for XR

training tasks?
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XR training is unique in many aspects such as visual realism, presentation of information,
and a user’s sense of presence in a VE to perform the training. Automated adaptations can
simply be applied with positive outcomes expected. Due to the uniqueness of XR technology,
specific practices and mechanisms must be determined as to maximize the benefits of learners
using the system. The helpfulness, intrusiveness, and preferred frequency of feedback
implemented in the second phase of the research will be examined to gain these insights. Finally,
the recommendations presented in the first phase of research will be adjusted based on these
results.

The creation and validation of guidelines will help inform the future development of
adaptive XR simulations and training. Ultimately, this research will help optimize the design of
successful adaptive XR systems and, in turn, alleviate the burden placed on XR instructors to
constantly monitor and offer feedback to learners. The benefits of this research will have the
added effect of helping in the design of XR studies that must be conducted remotely due to the

COVID-19 pandemic.
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CHAPTER 4. SITUATIONAL AWARENESS METHODS IN VIRTUAL REALITY
TRAINING: A SCOPING REVIEW

Kaitlyn Ouverson, Melynda Hoover, Stephen Gilbert, Michael Dorneich & Eliot Winer
Iowa State University, Ames, lowa, USA
Modified from a manuscript published in the 2020 Interservice/Industry Training, Simulation,

and Education Conference

Melynda Hoover’s role in this paper included the background research on
Virtual Reality (VR) simulation and training, and communication between
instructors and learners who are immersed in virtual environments. She can also
be credited with the creation of the matrix of natural and computer-mediated
communication channels in various co-located training configurations (Table 1).
Melynda was not responsible for the methodology used in the scoping review,
however, she did collect and analyze the papers pertaining to adaptive VR
solutions for situational awareness and the analysis and discussion of this
category.

This paper was important to this research because it established the
importance of situational awareness to the role of the XR trainer. It also set the
groundwork for showing that the current processes used for XR training inhibits
the situational awareness of the trainer, potentially degrading the quality of
feedback received by the learner. Ultimately, this paper helped to justify the need
for adaptive systems to augment the feedback provided by human instructors in

XR training scenarios.
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Abstract

In 2020, the US Military budget for Air Operations Training increased by $197.7m to
accommodate additional virtual training, instructor pilots, and air support. These virtual trainers
are essential for preparing warfighters for scenarios that are rare, dangerous, and complex. While
virtual training has historically been conducted in costly and immobile “big box™ simulators,
they can now be deployed using consumer-grade immersive virtual reality (VR) head-mounted
displays (HMDs). For example, Air Force maintenance airmen use VR HMDs to train on the C-
130 due to savings of time and money over live training, without loss of training effectiveness.
However, one challenge when using an HMD for training is giving the instructor complete
awareness of what the learner is doing both in the virtual environment. Typically, instructors
observe a learner’s progress in a simulation from a monitor that provides a window into the
virtual environment. This window is missing affordances for interaction that make
communicating with the learner difficult. The challenge of the instructor and learner’s different
access to the virtual environment, and the resulting lack of situational awareness, can cause a
disruption in communication and degrade learning outcomes. The authors propose that this could
be mitigated using a number of techniques from existing research. This paper provides a scoping
literature review to explore five potential solutions: asymmetric, symmetric, asynchronous,
substitutional, and adaptive VR training systems. The authors evaluated each of these
innovations in VR collaboration for its impact on 1) instructor-learner workspace awareness and
2) communication in VR simulations to guide industry and interservice training professionals.
Results show that each of the current VR collaboration techniques has strengths and weaknesses,
and understanding these trade-offs is crucial to derive the maximum benefit for a specific

training task.
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Introduction

Virtual Reality (VR) technology is seeing an increase in adoption for training
applications since the release of consumer-level Head-Mounted Displays (HMDs) like the
Oculus Rift and HTC Vive. These systems make high-quality VR simulations portable and
affordable for the first time. The US military was quick to take notice and has invested heavily in
VR HMDs and other simulation technology to train their warfighters. In 2020, the US Military is
increasing spending on Air Operations Training by $197.7 million to accommodate additional
virtual training, instructor pilots, and air support (Office of the Under Secretary of Defense,
2019). More and more frequently, this includes VR solutions such as HMDs for training C-130
airmen (Stancy Correll, 2020). Research and practical applications have shown that this
technology can be extremely effective for training purposes while reducing the resources needed
to conduct it (Boud et al., 1999; Kaplan et al., 2020; Lele, 2013). One way that VR HMD
training can be improved is by enhancing situational awareness between the instructor and
learner, e.g., a warfighter.

Current VR HMDs can impede natural communication that is essential to situational
awareness and the learning process (Seymour et al., 2002). For example, the learner may not be
able to hear important feedback from the instructor over sounds in the Virtual Environment
(VE). Similarly, the instructor cannot see the VE in the same way as the learner, because they are
often not using an HMD to view the simulation. Augmented Reality (AR) HMDs can yield
similar situational awareness problems if the instructor is not also wearing a headset. All of these
examples contribute to a decrease in situational awareness and loss of communication that can
result in decreased learning outcomes. As a result, a learner may need to repeat training, perform
more training, or go into the field unprepared. All of these consequences result in potential

danger to a warfighter and/or additional time and resources to correct. This paper analyzes
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potential solutions to improve situational awareness of the instructor and learner during VR
training applications and optimize the learning process using a scoping review. Scoping reviews
are important for identifying and clarifying key characteristics and concepts, as well as gaps in
the understanding of both (Munn et al., 2018). By categorizing and characterizing potential
solutions from existing VR training literature, this research can recommend key areas of future
study into bridging the situational awareness gap. The current scoping review is a necessary step
to ensure that future research on the topic of virtual reality training focuses on viable solutions to
situational awareness and yields positive training outcomes.

The following section presents a brief review of the history of simulator and VR training,
followed by an inspection of the communication needs of the training group and their delivery
channels. Next, the methodology of the review, and an analysis of the corpus will be delineated.
Then the authors will describe the interaction themes uncovered during the review and relate
these themes to training needs. Finally, other considerations that were revealed, as well as those

areas that require future investigation will be addressed.

Background

In this paper, the authors will examine the instructor-learner communication paradigm in
the context of using a VR HMD and make recommendations on how to facilitate effective
communication between an instructor and learner during VR training based on examples from
existing peer-reviewed literature. The following subsections will discuss relevant background
information on VR simulation and training and situational awareness. This information will show
how VR HMDs can inhibit key communication channels between the instructor and the learner

and negatively affect learning.
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VR Simulation and Training

VR is often thought of as one point of a continuum between reality and virtuality
(Milgram et al., 1994). VR lands nearer to virtuality on this spectrum, meaning that the majority
of the environment experienced by the user is computer-generated. This ability to create virtual
environments (VEs) for training has revolutionized the world of training for scenarios that pose a
high-risk or are expensive to recreate in real life.

The development of the Link Flight Trainer in 1931 (Link, 1931) marks the beginning of
VR training. This novel machine allowed pilots to learn to “fly by instruments,” providing
accurate physical and instrument responses to the pilot’s input, all while remaining safely on the
ground. Many consider this the first example of virtual reality hardware. Since then, new
hardware has been developed to accommodate a wide variety of VR applications.

Some VR training systems have used traditional computer displays for their training
environments. However, these systems typically do not allow the user to see the environment in
3D, nor do they promote embodiment, or sensori-motoric engagement with training content,
which has been identified as important to understanding and learning new content (Johnson-
Glenberg et al., 2014). To allow embodied interaction with VR content, training systems can use
CAVE Automatic Virtual Environments (CAVESs), which project stereoscopic images on large
wall-like screens (Cruz-Neira et al., 1993). Yet another method is to use HMDs to present VR
content. Each of these methods has its trade-offs such as cost, portability, and image quality that
make them suitable for different VR training applications. However, in 2016, a new generation
of VR HMDs was released by Oculus and HTC. These devices greatly improved upon the
resolution, form factor, field of view, and price of earlier HMDs and made them a popular choice

for VR training.
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VR training has been used in a variety of contexts from air traffic control (Zachary et al.,
1999) to training team skills (Ostrander et al., 2019). Some early HMD research also pointed to
the ability of VR to reduce training time for tasks such as manual assembly and maintenance
when compared to training using engineering drawings (Boud et al., 1999). Similarly, Seymour
et al. found that VR training for a surgical task led to faster and more accurate procedures when
compared to a control group who did not practice the procedure in VR (Seymour et al., 2002).
VR HMDs showed promise as a tool for military training, not only because of their effectiveness
(Kaplan et al., 2020) but also because of their unique ability to simulate dangerous wartime
scenarios in a controlled way (Lele, 2013). For these reasons, the U.S. Military has put its trust
behind simulator and VR training by investing millions of dollars toward their implementation
(Office of the Under Secretary of Defense, 2019). Therefore, it is imperative that VR training is

optimized to increase readiness and the efficacy of the warfighter.

Situational Awareness in VR Training

Situational awareness is an important component of decision making across a variety of
contexts, including aircraft control and piloting (Endsley, 1995). In such contexts, as the novice
learner is exposed to the virtual environment, the expert instructor needs to maintain situational
awareness of the shared environment to offer targeted feedback and assistance (Gutwin &
Greenberg, 2000). Such situational awareness is referred to as workspace awareness, or “the up-
to-the-moment understanding of another person’s interaction with a shared workspace... [which]
involves knowledge about where others are working, what they are doing, and what they are
going to do next” (Gutwin & Greenberg, 2002). The shared workspace in a training environment
supports the cooperative task that composes the joint process of teaching (for the instructor) and

learning (for the learner) the task being trained.
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Proper mediation of communication is important for forming workspace awareness
(Dourish & Bellotti, 1992; Gutwin & Greenberg, 2002). Mediation of communication is essential
for coordinating remote use of technology, but it can go overlooked in co-located use of
technology. When working face-to-face, a team can typically communicate and orient
themselves to observe one another’s actions in order to maintain workspace awareness (Gutwin
& Greenberg, 2000). When using an HMD, however, the learner’s senses are immersed in the
VE, thus rendering computer mediation necessary — even when both users occupy the same
physical space (Kraus & Kibsgaard, 2015). In HMD-based training, workspace awareness cues,
such as gaze-direction indicators, must be incorporated into the VE. Such cues support the
gathering of workspace awareness information. The instructor needs to be able to monitor the
learner and be able to make moves to offer assistance when necessary, while the learner needs to
be able to monitor the instructor, in turn (Gutwin & Greenberg, 2002).

In many cases, this feedback from instructors is essential to the learning process.
Kruglikova et al. (2010) found that surgical students who received instructor feedback in
addition to VR simulation training achieved proficiency faster than those without instructor
feedback. However, the use of HMD hardware can often inhibit communication between the
learner and instructor, not only because the learner cannot see the instructor but also because
they are experiencing two completely different realities.

Previous research into computer-mediated communication has organized the interaction
methods along several axes, most popularly along the axes of time (synchronous vs.
asynchronous) and place (co-located vs. remote) (Johansen, 1988). Additionally, Benford and
colleagues (1998) use a multidimensional view of the virtuality-reality continuum (Milgram &

Kishino, 1994) to describe “mixed-realities,” or blended reality. In blended reality, two spaces
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(such as a VE presented in an HMD and the external world) are merged by a window (such as a
computer monitor) at their boundaries. In their paper, they identify that communication is
important to maintaining awareness in these asymmetric environments.

A typical VR HMD training configuration consists of a learner using an HMD and
tracked controllers accompanied by a co-located instructor viewing the VE via a computer
monitor, which serves as a window into the VE. This asymmetric experience can inhibit natural
communication between the learner and the instructor because the HMD obscures many of the
typical human-human communication channels (visual, auditory, and using media). Additionally,
Kraus and Kibsgaard (Kraus & Kibsgaard, 2015) noted that computer-mediated communication
methods are often of lower quality than unmediated methods. For example, computer-mediated
auditory communication often suffers from low sound quality and latency. In contrast, computer-
mediated visual communication can result in higher latency, reduced field-of-view, as well as
limited stereo depth and color range. Therefore, natural communication is ideal for training,
because it allows for the most situational awareness and highest fidelity. Training methods that
do not support natural communication (alone or in addition to computer-mediate
communication) risk barring critical feedback from the instructor and limiting the associated
training benefits.

Table 4.1 shows the four communication channels typically used in a VE and how they
can be transmitted (natural, computer-mediated, or a combination of both) in various co-located
training configurations. To create this table, the authors evaluated the communication
capabilities of off-the-shelf VR and AR hardware available before June 2020. Each training
configuration was evaluated for its capabilities across four key communication channels: visual,

auditory, haptic, and using pre-recorded media (Kraus & Kibsgaard, 2015). The VR and AR
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training configurations were then juxtaposed with traditional co-located classroom training on
the left of Table 4.1, and distributed online training on the right. These configurations represent
fully natural communication and fully computer-mediated communication scenarios,
respectively. Additionally, online communication inhibits the use of haptic communication
completely under most circumstances, and is, therefore, represented by “N/A” in Table 4.1.
Table 4.1 shows that AR HMDs and VR CAVEs both facilitate natural communication in all
four channels in addition to computer-mediated communication in some channels (as noted by
the presence of both icons); these hardware configurations do not inhibit communication at all.
AR HMDs and VR CAVEs can augment communication by providing new ways to
communicate visually, using media, and, in the case of an AR HMD with tactile controllers,

through haptics.

Table 4.1. Matrix of natural and computer-mediated communication channels in various
co-located training configurations.

Training Configurations
Communication Channel | Classroom VR CAVE AR HMD VR HMD Online *
Visual o 0o @ e 0 @
o 0 ° ° [ ] [ ]
2 (/e /e @ @
Auditory P ® e o ®
° o 0 ® ° ]
Sad B (/g /e &
Media (pre-recorded) . . P o P o
® ° [ ] [ ]
2 |2/ @ 2/e @ @
Haptic °.0 / @ e, / @
3a2 322 |2t/ %R/ | wa
:.a = Hatural C L. ® - . C .
- communication @ computer-mediated communication

* The online training configuration describes a distributed instructor and learner
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The ability to combine both natural and computer-mediated communication makes AR
HMDs and VR CAVE systems powerful tools for training at the expense of presence, price, and
mobility. Contrastingly, VR HMDs facilitate computer-mediated communication in all four
channels, but they cannot provide natural communication visually or when using media. Such a
disconnect can be detrimental to the overall communication experience when using VR HMDs
because natural human-to-human communication requires great detail and typically takes place
using multiple channels simultaneously (Kraus & Kibsgaard, 2015). Indeed, it is important to
mediate channels that would otherwise be occluded for both learners and instructors during VR

training using an HMD.

Methods
For the scoping review, peer-reviewed papers exemplifying methods of interaction
between immersed and external HMD users relevant to VR HMD training were gathered
following a systematic method Figure 4.1. To curate an overview of the topic area, the final
corpus (a collection of papers) was sorted into themes, as described in the text below. This

section will describe the research process in detail.

Snowball

Search

Google (+91 papers)
Scholar
Systematic 1st Screening 2nd Screening Final Corpus Theme

Search Analysis
. x i
Scopus (+124 papers) (-150 papers) (-22 papers) (43 papers) y.

Figure 4.1. Flowchart describing the combined approach to the formation of the corpus of
papers.
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Using Scopus to retrieve published works, searches were limited to articles on adult
humans published in the English language. The database was searched using a VR term (“Virtual
Reality’ or ‘VR’ or ‘Mixed Reality’ or ‘Head-Mounted Display’ or ‘HMD’) AND a
collaboration term (‘collaborati*’ or ‘asymmetric technology’ or ‘cooperati®*’ or ‘bystander’ or
‘multiple head-mounted displays’ or ‘multiple HMDs’ or ‘multi-user’ or ‘multiple user’) OR a
location term (‘co-located’ or ‘collocated’ or ‘shared space’ or ‘same space’). A second search
used Google Scholar to identify papers with adaptive systems terms (‘adaptive’ or ‘adaptive
system’ or ‘intelligent tutor’ or ‘intelligent tutoring system’ or ‘computer assisted instruction’ or
‘informed virtual environment’) and VR training terms (‘Virtual Reality’ or ‘“VR’ or ‘Mixed
Reality’ or ‘Head-Mounted Display’ or ‘HMD’ or ‘simulation’ or ‘serious game’ or ‘virtual
learning environment”).

To be included in the corpus, the articles were required to meet the following inclusion
criteria: (1) include the use of an HMD, (i1) discuss communication or awareness and/or include a
facilitator role in conjunction with HMD use, and (iii) discuss or test co-located use of said HMD
or collect data at the level of the individual or group (i.e., not be a review, extended abstract, or
workshop proposal). It should be noted that because simulator training and education are
traditionally delivered face-to-face, the focus of this review is on co-located use of VR HMD
training. Additionally, while HMDs prior to 2014 (when the Oculus Dev Kit 2 was released)
were lower quality in terms of refresh rate and field of view and were less affordable than HMDs
developed more recently, the year was not an exclusionary criterion in this survey. Insights from
relevant articles over six years old are carefully extracted, taking care to caveat performance
concerns while maintaining the findings relevant to group function in the co-located use of VR

HMDs.
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Using the keywords, the researchers identified 124 articles between December 2019 and
April 2020. An additional 91 articles were identified and were added to the corpus through
follow-up snowball searches based on the reference lists of relevant articles. Next, abstracts and
titles were used to determine whether each article met the inclusion criteria. After this first
screening, the corpus included 65 articles that were eligible for continued review. After applying
the relevant exclusion criteria each paper’s body in the second round of screening, the corpus

totaled 43 papers spanning just over 20 years.

*
Lk Interaction Style
= Substitutional (n=2)
3 | B Adaptive (n=7)
© 5 - Symmetric (n=13)
. Asymmetric (n=21)
2 I * Asynchronous
N 1 " = »oiilil
2000 2005 2010 2015 2020
Year

Figure 4.2. The distribution of identified themes by publication year. Asynchronous is double-
counted, representing an asymmetric, asynchronous VR interaction style.

A valuable output of a scoping review is the list of themes that emerge from the analysis
of the corpus. These themes aid the analyst in understanding the history of research in the field
and often point to research gaps that need to be addressed in the future. Analysis of the corpus of
papers resulted in five themes. Three themes were grounded in prior literature (introduced in the
Background section, and discussed below) relating to computer-mediated communication and

training: asymmetric VR, symmetric VR, and adaptive VR. Two were emergent themes:
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asynchronous VR (after-action review) and substitutional VR. Figure 4.2, shows the count of
studies categorized under each interaction style (identified themes) over the years.

Based on the literature surrounding VR use in training and computer-mediated
communication, the authors began the review with three thematic categories, or themes,
pertaining to interaction styles that can be used to expand instructor situational awareness in VR.
Symmetric VR, or the use of the same technology by all parties accessing a single virtual
environment, can be considered opposite asymmetric VR, which incorporates different devices
into the collective experience. These categories are related to the work of Benford et al. (1998).
They discussed ways to join mixed-realities at their boundaries and noted the impacts of
improperly mediated asymmetric experiences on awareness. Adaptive VR systems use a feedback
loop to change the system state (such as the VE) based on a stimulus (such as the user input)
(Kelley, 1969). This automatic adaptation can reduce the need for workspace awareness on the
part of the instructor while still providing customized feedback for the learner (Vaughan et al.,
2016). Intelligent Tutoring Systems (ITSs) are a subset of adaptive systems that are used to
customize learning feedback (Rickel & Johnson, 1997). ITS can be paired with VR training to
create an adaptive Virtual Learning Environment and limit the need for instructor-learner
communication, freeing up instructor time for other tasks, or potentially enabling them to instruct
multiple learners simultaneously.

The remaining two themes were either new or unexpected, based on previous literature.
Substitutional VR is a way to provide the details of the VE to non-immersed users (such as
instructors) by aligning the physical space with the virtual workspace both by carefully matching
virtual objects to their physical counterparts and projecting the VE onto the tracked space

(Zenner et al., 2018). Substitutional VR is, therefore, a form of asymmetric VR, but it is
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separated because of its attention to passive haptics by the incorporation of the physical
environment in the VE. The final method of VR HMD use which emerged during the review is
known as asynchronous VR. While Johansen’s (1988) framework included time (synchronous vs.
asynchronous) as one way in which computer-mediated communication may be used, the
recording of VR experiences to be consumed later (e.g., asynchronously) in VR is not yet a
ubiquitous interaction technique and was not originally included as a theme. However, after
identifying one such experience, the theme was added. The following sub-sections will
summarize how each of these interaction styles in VR training attempts to solve the instructor-

learner communication gap and increase situational awareness when using VR HMDs.

Results

This section will summarize the research on co-located HMD interaction and how these
innovations tie into VR training. Specifically, the authors define the five themes of interaction
styles in co-located VR (asynchronous VR, symmetric VR, asymmetric VR, substitutional VR,
and adaptive VR) and offer insights relevant to conducting HMD-based training using each
specific interaction style. Each of the first four themes describes methods that are meant to
replace the original method of using a computer monitor as a window into the VE. The final
theme, adaptive VR, is a method that can be paired with either the existing window-into-the-VE
method or any of the other interaction styles to ameliorate the instructor’s awareness.

Within this section, citations are representative of the literature belonging to any specific
theme. The full corpus of papers is located in a public Mendeley library at
https://www.mendeley.com/community/trainer-situational-awareness-methods-in-virtual-reality-

a-scoping-review/. After presenting each interaction style in turn, the final section includes an
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interpretation of the state of the field for VR training and offers future directions for research in

this area based on the findings of this review.

Asynchronous VR

One method of VR HMD use, which emerged during the review, is known as
asynchronous VR. Johansen’s (1988) framework, which is famous in group-based computer
interaction circles, included place (remote vs. co-located) as well as time (synchronous vs.
asynchronous). However, the recording of VR experiences to be consumed later (e.g.,
asynchronously) in VR is not yet a ubiquitous interaction technique. Chow et al. (2019)
introduced a method for viewing previously recorded virtual interactions, wherein a learner
could watch an expert’s action in first-person view using an HMD of their own. Asynchronous
VR is reminiscent of the after-action review from training literature (Zachary et al., 1999), as it
could allow the instructor to join the learner in VR after the training has ended so that they may
better illuminate the actions which require feedback. Another study that focused on the
simultaneous review of 360-degree VR film used techniques such as view-locking to aid the
group in workspace awareness (Nguyen et al., 2017). While that study focuses on the
synchronous use of headsets, thus excluding it from the thematic area asynchronous VR, the
interaction could be a useful method for after-action review, where the instructor guides the
learner to observe and learn from their actions. Naturally, there are time costs to the described
methods within this interaction style. The remaining themes describe the synchronous use of VR

HMDs.
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Symmetric VR

Introducing a second HMD comes with new challenges. First, safety should be a priority
(Lacoche et al., 2017). In some training scenarios, the learner may be completely stationary,
allowing the instructor to move around without worry; however, tracking errors may cause
misjudgments of distances that could result in tripping or other accidents. Second, workspace
awareness can be difficult to maintain. Visual cues are difficult to display accurately in VR
(Nguyen et al., 2017), and without external motion-tracking technology, current algorithms can
only approximate arm and leg positions. Relatedly, if there is any real-world aspect to the
training, such as a mocked-up controls interface used as a prop to afford passive haptics, the
instructor loses awareness for learner interactions with the prop when they enter an HMD. There
are also limits to note-taking in VR, which need to be overcome for immersion to be truly useful
in this situation (Nguyen et al., 2017). Lastly, verbal communication may be impacted when both
training users are wearing VR HMDs, especially if they are required to use microphones rather
than natural audio communication since this can introduce disruptive sound feedback-loops and

echoes.

Asymmetric VR

The third theme is that of Asymmetric VR. Asymmetry can be used to encourage
interdependence and to cater to the diversity of interaction preferences or needs (Gugenheimer et
al., 2017). If two users of a shared VE have different goals, asymmetric VR can be used to
reduce the cognitive resources needed to accomplish each user’s goal by offering an interface
that is tailored to those specific goals. For example, when used in therapeutic settings, the
therapist and client have different requirements for effective interactions with the VE that can be

supported by the therapist using peripheral interfaces, such as an interactive tablet, while the
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client is immersed in an HMD (Elvezio et al., 2018). Other authors use different interactions
such as showing third-person views and giving external users touchscreen portals to the VE to
aid in film design (Henrikson et al., 2016) and exploratory data analysis (Cavallo et al., 2019).
By introducing a small screen tied (via code) to a tracked VR controller, Gugenheimer et al.
(2017) create a series of VR games that provide engaging, high-presence experiences to non-
HMD users of the environment. At the same time, these experiences provide position
information which increases HMD-user awareness of outsiders, such as the instructor during
HMD-based training.

Asymmetric VR is a clear contender for VR-based simulation training environments, due
to its demonstrated ability to increase awareness of the virtual world (Chan & Minamizawa,
2017) and its alignment with the naturally dominant position of the instructor (Gugenheimer et
al., 2018). Additionally, these innovations can aid in the spread of VR in the education context,
offering options for the simultaneous awareness of multiple users at once, without necessarily
immersing more participants into a shared VE (Albak Thomsen et al., 2019; Chan &
Minamizawa, 2017). With proper implementation in training, innovations in asymmetric VR
could facilitate the embodied learning needs of the learner while also providing the instructor

with the tools they need to deliver effective feedback.

Substitutional VR

Like other forms of asymmetric VR, substitutional VR is a way to provide the details of
the VE to non-immersed users (such as instructors). What sets this form of asymmetric VR apart
from the others is that it also aligns the physical space with the virtual workspace by carefully
matching virtual objects to their physical counterparts (Zenner et al., 2018), thereby bringing the

physical world and the virtual world closer together. Substitutional VR, therefore, forms its own
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emergent category in the analysis of the corpus. In substitutional VR, objects in the physical
space that may have previously needed to be pushed to the edge of the room can be incorporated
as parts of the VE (i.e., as a prop for passive haptics on a virtual table). To increase the
engagement for HMD-outsiders (such as the instructor), a projection of the VE on the real space
can make the tie between the two worlds more visible. In training, projection-based VR can be
combined with immersive VR (as in Ishii et al., 2017) to allow an outside view of the world

within the HMD without sacrificing the instructor’s awareness of the physical world.

Adaptive VR

Contrasting with many of the other methods presented here, Adaptive VR does not
require additional hardware and can be used to take on some of the workload of the instructor.
The distribution of awareness responsibility can lessen the need for instructor-learner
communication. Additionally, instructors may have different methods of intervening during
training, based on their experience and preferences (George et al., 2019). Adaptive systems can
help eliminate biases and effects caused by these individual differences by interrupting training
more consistently.

The adaptive VR literature exemplifies two main methods that ITS can be used to
communicate personalized training information to the learner in VR. The first method is using
adaptive virtual agents. These virtual agents can serve multiple roles in the simulation, including
an instructor, but also members of a virtual team working alongside the learner (Querrec et al.,
2003). The system senses the student’s learning state and adapts the feedback given by the
virtual agent to their needs (Rickel & Johnson, 1999). The second and more prevalent method is
adapting the training content itself. This method involves adapting the difficulty of the

subsequent task based on the user’s performance during previous tasks (Barzilay & Wolf, 2013;
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Matsubara & Yamasaki, 2002). Self-adaptive systems are those which make these adaptations
completely based on a learning model with no input from the instructor (Ropelato et al., 2018).
Other systems keep the instructor in the loop by suggesting adaptations but keeping the impetus
to intervene with the instructor (Cosié et al., 2010). Though previous research in adaptive VR
technology has shown that these systems are viable, few have evaluated their effectiveness when
compared to traditional VR training. More research should be done to compare training transfer
when ITSs partially or fully replace human instructors.

Furthermore, adaptive systems have the potential to be used to mitigate comfort, safety,
and usability problems that are outside of the typical scope of ITS. In a VR training scenario, the
instructor also serves roles that indirectly affect learning, such as showing the student how to use
the VR hardware and helping them avoid collisions with environmental obstacles. These roles
are not fulfilled by ITS, but other adaptive systems could be implemented to help solve these
problems in VR. For example, an affect-aware adaptive system could detect and adjust to
physiological symptoms of negative emotions and stress in VR (Saha et al., 2017). More

research should be done to investigate other applications of adaptive technology on VR training.

Discussion and Conclusions

This paper has presented five co-located VR interaction themes that have been identified
from a comprehensive literature search as potential methods to mitigate communication and
shared workspace awareness problems in VEs. These interaction styles are useful for the
transition to HMD-based VR training. By providing training in VR, and especially with
responsive avatars that allow embodied interaction, more effective learning gains can be realized
(Johnson-Glenberg et al., 2014). As VR HMDs have become cheaper and more robust, they

grow more ubiquitous as tools for facilitating embodied training within virtual facsimiles of the
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real contexts. The instructor, however, has seen fewer advances in how they interact with the
training material and the learner, typically observing a mirrored version of the learner’s view of
the scene from a nearby computer monitor. While studies on VR training do not traditionally
consider the experience of the instructor with the simulation, research on collaboration in VR,
reviewed here, offers insights that are useful to facilitating instructor workspace awareness in
immersive training.

Each of the presented methods of instructor-learner interaction has different benefits and
drawbacks. Within the VR HMD training configuration, there are various ways to deliver
communication (computer-mediated compared to natural) between the instructor and the learner.
For instance, while adding a second HMD for an instructor seems like an easy solution for
providing full awareness access to the VE, research has shown that view congruency is still
challenging to provide (Wong & Gutwin, 2014). It also cuts-off an instructor’s perception of the
physical space, which can be critical to completely understanding a learner’s actions.
Additionally, simultaneously accessing the VE with two HMDs is often not cost-effective. While
asynchronous interaction allows the use of a single headset, it still means that one member of the
group would be required to use a stationary 2D screen to access a 3D world and to engage in
spatial reorientation to understand the other’s actions. Alternatively, the instructor and learner
may revisit the recorded experience to glean or give information, which means that while costs
associated with procuring an additional HMD are cut, the time cost is potentially doubled.
Projectors can be added to the physical set-up to enhance the outsider’s understanding of the VE;
however, space and money may not be sufficient to support these technologies. Instead,
asymmetric VR which incorporates more typical technology such as computer monitors and

keyboard/mouse set-ups or smartphones may be useful in mediating the interactions between the
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HMD-user and external users. By allowing the instructor to interact with the VE using such
devices, HMD-users may be guided, aided, or tested during their embodied learning experience.
Lastly, adaptive training is an expanding area of research in VR that can be used to provide
custom training material and feedback, lessening the need for communication and workspace
awareness on the part of the instructor.

Based on this review of the literature, the authors believe the best solution to the
workspace awareness problem in HMD-based training is often a combination of existing
methods. For example, by combining adaptive VR’s automation of performance feedback with
asymmetric VR’s unique interfaces, instructors may be able to supplement feedback in real-time
due to their simultaneous awareness of the learner’s actions in both the virtual and physical
worlds. Another potential solution may combine asynchronous VR use with asymmetric and
adaptive VR as a way to review the actions of the learner in a robust way that is not currently
possible. More work is needed to evaluate such hybrid approaches.

In addition to future research into combined categories of interactions, more research is
needed in five specific directions: (1) Interaction tasks should be categorized and analyzed to
better understand which are best supported by different interfaces. This work has begun in areas
such as joint-manipulation of virtual objects (Grandi et al., 2019). However, more attention to
observation and interaction tasks that move beyond artifact-interaction is needed. (2) The
training transfer should be evaluated for training in adaptive systems, which either include or
exclude a human instructor in-the-loop. By better establishing the impacts of instructor
interaction on training outcomes, development can be directed appropriately. (3) The overall
effectiveness of both asymmetric and adaptive systems for training should be evaluated.

Relatedly, (4) there is an additional need for research on the behavioral impacts of asymmetric
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VR, especially due to its place in social VR interactions (Gugenheimer et al., 2017). Lastly, (5)
future work should examine what aspects of the VR training experience should be automated to
promote the highest efficiency of the HMD-based simulator training. As mentioned above, a
combination of VR interaction approaches will likely be necessary to create the highest-quality
VR training solutions.

This review aimed to survey the existing scope of research on VR use that is relevant to
simulation training in immersive HMDs. Five themes of interaction styles were identified in the
research to date and the literature’s applicability to VR training in HMDs was discussed. This
work will serve to embolden interservice, industry, and academic professionals interested in
employing immersive VR and AR training to seek solutions to the challenges posed by this

training-delivery method.

This paper explored the different ways in which trainers and learners
experience XR scenarios together, namely synchronously or asynchronously and
symmetrically or asymmetrically. The paper explored the pros and cons of each of
these methods and addressed how frequently each method is referenced in the
literature. Ultimately, the research showed that the majority of trainer/learner
teams experience the VE synchronously and asymmetrically. Lastly, the paper
established the merits of using substitutional and adaptive methods to solve the
issue of reduced situational awareness on the part of the trainer. The rest of this
dissertation will focus on the practical implementation of adaptive automation to

provide effective feedback when the trainer cannot.
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Abstract

Advances in training technologies using Extended Reality (XR) offer dramatic
improvements in terms of time and associated costs over traditional training methods. Industries
that are reliant on human labor are starting to embrace XR devices such as Virtual and
Augmented Reality (VR/AR) Head-Mounted Displays (HMDs) to capitalize on these
advantages. Additionally, developers now have the capacity to create customized user
experiences and reduce instructor workload by employing adaptive automation in XR training
simulations. Adaptive systems analyze the behavior of a learner for a trigger and then deploy an
adaptation to alter the system state. While examples of adaptive XR training systems in current
literature show that they are feasible to develop, further research must be done to quantify their
efficacy. Furthermore, recommendations for how to design triggers and adaptations for XR
training simulations are currently non-existent, resulting in negative impacts to training if
inappropriate adaptations are implemented. This paper provides novel, evidence-based
recommendations for the design of future adaptive XR training systems by learning from expert
XR instructors. To this end, semi-structured interviews were conducted with 11 XR trainers.
Participants were asked to discuss their experiences dealing with learners who exhibited
confusion during XR training. Interviews were analyzed for existing and emerging themes.

Finally, these themes were applied to existing trigger and adaptation models and synthesized into
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design recommendations for XR training developers. The outcomes of this work will inform the

future development of adaptive XR training platforms.

Keywords: Adaptive automation, augmented reality, extended reality, training, virtual reality

Introduction

Virtual Reality (VR) and Augmented Reality (AR) technologies use computer graphics to
generate 3D content and simulated environments. VR does this by replacing the user’s view of
the real world with a completely artificial one. AR, on the other hand, supplements the user’s
view of the real world with additional computer-generated content, creating an environment that
blends the two. Extended Reality (XR) encompasses both AR, VR, and more. It also includes
spatial computing technology, Head Mounted Displays, projections systems, and non-invasive
brain interfaces. These XR technologies are being applied to a myriad of industries, including
training and education.

Many researchers have studied the impact XR training has on learners, also known as
trainees. Many of these studies have found that the use of XR technology significantly increases
learner performance metrics during and after training (Kaplan et al., 2020; Waller & Miller,
1998). XR systems were also found to decrease mental workload by providing relevant
information in the proper training context (Loch et al., 2016). Furthermore, the time savings
associated with increased performance and training speed, has been shown to decrease associated
costs by up to 50% (Hou et al., 2015). However, one place where XR training is still lacking is in
reducing the effort required of an instructor, also sometimes referred to as the trainer. XR
instructors must maintain a high level of situational awareness and attention in order to give

appropriate feedback during learning. However, this is inhibited by XR devices, such as an
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HMD, because the instructor often cannot see the virtual environment as the learner does
(Seymour et al., 2002). One way to remedy this problem is by supplanting or augmenting the
role of the instructor with adaptive automation.

Adaptive automation is a system that actively adjusts the allocation of tasks between a
human and a computer based on a trigger event (Rouse, 1976). Adaptive automation has shown
promise as a tool for increasing learning outcomes in training (Kelley, 1969; Yang & Dorneich,
2018). By combining adaptive automation and XR to create an adaptive training system, greater
performance gains can be made while reducing the workload placed on XR instructors (Vaughan
et al., 2016). Several examples employing adaptive XR training systems have been published in
fields ranging from military training to physical rehabilitation (Barzilay & Wolf, 2013; Rickel &
Johnson, 1999). However, little research currently exists on the design of adaptive triggers, and
how to choose the appropriate type of adaptation to best suit the needs of a learner in an XR
training system. Additionally, if employed improperly, adaptive automation can lead to
overreliance on the system, meaning that errors are likely to occur if the computer’s logic fails,
or automation is removed. Additionally, improperly designed automation can increase mental
workload, making research in this area even more necessary (Smith et al., 1997).

This paper begins to fill the void of research in the design of triggers and adaptations for
XR training by drawing from existing experts. For this work, 11 XR training experts were
interviewed about their experiences providing feedback to learners who were immersed in virtual
environments. Seeing as the population of VR training experts is relatively low, the sample size
was determined to be sufficient. By applying their experience to existing adaptive system

models, the authors identify common triggers and adaptation methods used by experts. Finally,
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the authors discuss how this information can be implemented in the development of future

adaptive XR training systems by setting forth design recommendations.

Background

This section reviews previous research inherent to understanding adaptive XR training
systems. The first is XR training, which has been thoroughly researched and shown to provide
many benefits in terms of training and procedural task performance. The second is adaptive
automation, the tradeoffs of which will be discussed and exemplified in the text. Lastly, the
scarce amount of research combining these two technologies will be discussed along with the

need for the current research.

XR Simulations for Training

XR technologies have rapidly evolved in the twenty-first century and are being embraced
as a training tool in various industries. One reason is because XR simulations can be used to train
for situations that are potentially hazardous or difficult to simulate in real life (Lele, 2013).
Therefore, by using a controlled virtual simulation, learners can be better prepared for dangerous
or uncommon circumstances when they arise. Additionally, applications such as manufacturing,
assembly, and maintenance are frequently cited applications of XR training in literature and have
been found to have dramatically positive effects on training outcomes (Baird & Barfield, 1999;
Ong et al., 2008; Peniche et al., 2012). XR training has also been shown to improve performance
and reduce training time for medical students learning to conduct various types of laparoscopic
surgery (Ahlberg et al., 2007; Nagendran et al., 2013; Wang et al., 2014). Additionally, a recent
review of studies that used VR HMDs for training and education found that existing research

supports the use of this technology for training in psychomotor tasks such as surgery or search
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tasks and affective skills such as coping with fears and phobias (Jensen & Konradsen, 2018).
These studies demonstrate the varied applications of XR training, but each industry has a
different reason for choosing XR technology over traditional training mediums.

Many industries have adopted XR technologies because they offer unique
advantages over traditional training methods. For example, the use of XR technology in training
has been shown to improve a learner’s ability to perform spatial assembly tasks and knowledge
retention over time (Billinghurst & Diinser, 2012; Waller & Miller, 1998). Miller and Waller
studied subjects who were trained to complete spatial circuit board assembly tasks using one of
three training methods: desktop VR, paper, or video tutorials. They found that the VR training
condition took more time to complete, but led to better performance retention over the course of
two-weeks than the traditional training methods (Waller & Miller, 1998). Another study by
Ganier, Hoareau, and Tisseau found that VR training could be successfully transferred to real-
world tasks (2014). Their study tested 42 participants who were trained for a maintenance
procedure on a control panel using one of three methods 1) VR training, 2) traditional training,
and 3) no training. After training, all participants were asked to complete the task on a real
control panel. They found that those trained in VR performed just as well as those trained using
traditional methods (Ganier et al., 2014).

The most frequently proven advantage of XR training is performance. In one example,
researchers studied the use of VR and AR for training in the assembly of an electronic actuator.
They found that VR training was equally effective as traditional video training and AR training
provided performance improvement over video training for the application in question (Gavish et
al., 2015). Another study by Hou et al. compared traditional paper schematics to AR instructions

in the context of a pipe fitting task (2015). Their study showed that the use of AR instructions
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reduced completion time and the number of errors by 50%. These reductions were then used to
compute a 66% cost savings for stakeholders (Hou et al., 2015). In a more recent study, Doshi et
al. found that using AR technology could increase industrial welding accuracy by as much as
52% (Doshi et al., 2017). Lastly, XR technologies like wireless HMDs have recently become
cheaper and more portable. This allows training to occur where learners are located, instead of
being limited to a specialized training facility.

Despite all of these potential benefits of XR training, there is still room for improvement
when it comes to providing crucial feedback to learners who are immersed in virtual training
simulations. In a study by Kruglikova et al., it was found that medical students using VR training
equipment learned to perform an endoscopic colonoscopy more quickly when they received
feedback from an instructor. Additionally, the number of failures due to perforations were
reduced from seven in the non-feedback group to zero in the group that received feedback from
instructors (2010). However, it can still be difficult for instructors to provide effective and timely
feedback because observation of, and communication with, the learner is often hindered by an
XR device, such as an HMD (Kraus & Kibsgaard, 2015). One solution to this problem is to use
adaptive automation to monitor and provide customized feedback to the user. This will
ultimately reduce the burden that is placed on the instructor while maintaining the benefits that

feedback provides during XR training.

Adaptive Automation

In simplest terms, automation is the allocation of a task, once performed by a human, to a
computer (Parasuraman et al., 2000). Adaptive automation goes one step further by sensing the
state of a user and reallocating tasks between the human and the computer in real time with the

goal of increasing overall performance of the task (Rouse, 1976).
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While many different models of adaptive automation exist today, most are not specific to
training. However, Kelley defined several key characteristics that all adaptive training systems
share. He argued that they are all feedback loops including four basic elements: a stimulus, a
human learner, a performance measurement, and adaptive logic (1969). Figure 5.1, which is
adapted from a similar flow diagram by Feigh, Dorneich and Hayes (2012), shows how this
process works in practice when combined with XR technology. In the figure, the stimulus is
delivered to a user in the form of the virtual environment (VE) and aids in performance
measurement by processing user inputs to the system. Next, adaptive logic is used to select a
response. During this stage, the adaptive system identifies the need for automation using a
trigger, which is activated when a performance measurement meets a certain threshold. Then, an
adaptation method (also sometimes called an adaptation strategy) is employed based on the

trigger and other system characteristics (Lagu et al., 2013). Finally, the system applies the
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Figure 5.1. Self-adaptive system model acting on an XR learner. Adapted from “Toward a
characterization of adaptive systems: A framework for researchers and system designers,” by
K. M. Feigh, M.C. Dorneich and C. C. Hayes, 2012, Human Factors, 54(6), p.
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automation and repeats the process until the user’s training goals are met or the session has
ended. The adaptation made to produce this figure, from the original, is the inclusion of the
learner wearing an XR device.

Many researchers have studied, and defined a concept called Levels of Automation
(LOA). LOA defines how much control the computer has versus the human (Vagia et al., 2016)
in an automated adaptive system. One of the most commonly used models of LOA has ten levels
ranging from complete manual control at level 1 to complete computer control at level 10
(Sheridan & Verplank, 1978). This LOA model was later augmented by Parasuraman, Sheridan,
and Wickens to include a second axis corresponding to the stages of human information
processing: information acquisition, information analysis, decision selection, and action
implementation (Parasuraman et al., 2000). Kaber et al. tested various levels of automation using
an air traffic control task. They found that the human-automation team performed best when the
human remained responsible for analytical processes like information analysis and decision
making, while the computer acquired the information and executed the action dictated by the
human (Kaber et al., 2005). Other research has found that the use of automation can lead to over-
reliance and miscalculated trust, especially when the human believes the computer is faultless
(Smith et al., 1997). This finding is especially important in the context of adaptive training,
because learners may not have the help of automation after training is complete. Therefore,
overreliance on automation could lead to failure in the field, making it even more important to

carefully consider the design of triggers and adaptation methods for adaptive XR training.

Adaptive XR Training Systems

While adaptive automation is not completely new to the field of XR training, its efficacy

for XR application is not well studied. Furthermore, a consistent naming convention for this
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combination of technology does not yet exist, making it difficult to find relevant information.
Several researchers have developed VR training systems that incorporate adaptative elements,
but few have studied its effects on training transfer or discussed the process of designing an
adaptive XR training system. One of the earliest examples of adaptive training in XR was a
system developed by Rickel and Johnson that used a virtual agent acting as either an instructor or
a member of a training team for Naval operations (1999). The virtual agent, “Steve”, could
provide verbal adaptive feedback and instructions based on the performance of the trainee and
could give physical cues when it was the learner’s turn to act. Although no formal evaluation of
the efficacy of this type of training was presented, learners were able to successfully complete an
aircraft carrier maintenance task with the help of the adaptive virtual agent (Rickel & Johnson,
1999). Similarly, in 2003, Querrec et al. employed virtual agents for firefighter training in virtual
reality (Querrec et al., 2003). In their system, the virtual agents filled other roles on the
firefighting team while live instructor-observers could manipulate events in the VE. This system
was unique at the time, because it allowed for both automated and human-in-the-loop adaptations
(Querrec et al., 2003). Another promising study was conducted by Fricteaux, Thouvenin, and
Mestre in 2014. Their work evaluated a 3D power wall simulator system for fluvial navigation
that could manipulate task difficulty and user interface elements based on user input and
computed performance metrics. They found that the adaptive system helped learners better
predict and control the movement of the boat during the simulated training by 10% over non-
adaptive training (Fricoteaux et al., 2014). Physical rehabilitation is another application where
adaptive XR training has been shown to be effective (Barzilay & Wolf, 2013). In their
experiment, Barzilay and Wolf used EMG, motion tracking and machine learning techniques to

adapt upper arm rehabilitation to a patients’ needs. They found that their system resulted in a
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33% increase in tricep performance (Barzilay & Wolf, 2013). However, they did not compare
their system to one without adaptation. While many examples of adaptive XR training systems
have been published, most are descriptive in nature, and lack rigorous evaluation into their
effectiveness for training when compared to non-adaptive methods. Furthermore, none of these
works describe the process used to design adaptations for XR training systems, leaving the rest
of the community in the dark when attempting to design new and effective adaptive XR training
systems. This gap in research can lead to the design of ineffective, and even detrimental, XR
training systems due to overreliance and mistrust in the system. The research presented in this
paper begins to fill this void in the current body of work by interviewing XR training experts and
synthesizing adaptation design recommendations for the XR training community. These
recommendations will allow training designers to more effectively combine these two powerful

training technologies.

Methodology

In this research, the authors posit that drawing from the experiences of real XR training
personnel can aid in the effective design of triggers and the selection of adaptation methods for
adaptive XR training systems. In the following subsection, justification for the "instructor as an
adaptive system” model will be provided. Then the data collection procedures and analysis

methods will be discussed.

Instructor Behaviors as Models for Adaptive Automation

One way to explore the design considerations for adaptive automation within XR training
is to examine the behavior of XR training instructors. In fact, Kelley describes adaptive training

systems as “merely the automation of a function performed by a skilled instructor” (Kelley,
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Figure 5.2. Model of instructor process for mitigating learner confusion in XR.

1969, p. 547). The process an instructor uses to provide feedback to learners (Figure 5.1) is very
similar to the process shown in the adaptive automation model that was shown in Figure 5.2. The
instructor perceives the current state of the learner and assesses their performance. The instructor
then uses their knowledge of the system to identify triggers and select the proper adaptation.
Lastly, they implement the adaptation either by communicating with the learner or by making a
change to the system. However, differences arise when you look at how information is received
by an instructor and translated into an adaptation for the learner. These differences are
highlighted in red in Figure 5.2. The instructor observes the learner through their own senses,
computer-mediated channels such as screen mirroring, and sometimes by viewing information
from sensors within the system. The instructor can also choose to act directly on the user, on the

simulation, or both, depending on the software features.
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The similarities in the two models presented serve to illustrate how the themes gathered
from the present interviews of XR training experts can be applied to an adaptive XR training
framework. In the adaptive automation model, shown in Figure 5.1, triggers are used to
determine when an adaptation is needed. This is analogous to a human instructor identifying
signs of confusion in a learner. Furthermore, the adaptive automation model uses pre-
programmed rules or artificial intelligence to select an adaptation method. Similarly, a human
instructor uses the information at hand, and previous experience, to choose a mitigation strategy
appropriate for the circumstances. Therefore, the methods used by an instructor may also be used
to develop XR adaptive training systems. Using semi-structured interviews, the authors
identified common triggers and adaptation methods used by adaptive XR training instructors.
The data gathered was analyzed and used to make recommendations for the design of adaptive

automation within the XR training domain.

Study Procedure

All procedures described in this section were approved by the Institutional Review Board
at lowa State University. The approval form for this research can be found in Appendix B: IRB
Approval Form. Participants were recruited using word of mouth and emails to the authors’
connections within the XR community. Additional candidates were recruited via referrals from
participants. Before participating in the study, potential participants were asked to complete a
screener survey to ensure they qualified to participate. Participants qualified if they indicated
having previously facilitated training using AR or VR technology. In total, 17 people completed
the screener survey. Because of the targeted recruitment tactics, all of the individuals who

completed the screener qualified to be interviewed. Of the 17 instructors who qualified, 11
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agreed to participate in an interview via Zoom video conferencing software. The sample size of

11 interviews was determined to be sufficient for this research for three reasons:

1.

The authors were satisfied that they had reached a point at which no new themes were
emerging, also known as a saturation point.

The size of the XR training instructor population is quite small since the technology is
relatively new.

The goal of this research is to inform the development of future adaptive XR training

research and not to draw inferential conclusions.

All interviews were conducted in April and May of 2020. The durations of the interviews

ranged from 24 to 61 minutes with an average of 37 minutes per interview. The interviews had a

semi-structured format. Participants were asked to describe their previous experience with XR

training, and then prompted to answer specific questions about learners who experienced

confusion during XR training. A list of interview questions was composed and used to address

three research questions:

RQI1. What are common sources of confusion during XR training?
RQ2. How do instructors know that a trainee is confused during training?

RQ3. What do instructors do when they realized a trainee is confused?

A complete list of questions asked during the interviews can be found in Appendix A:

Interview Questions. Additionally, follow up questions were posed when appropriate to gain a

more detailed understanding of the participant’s experience as it pertained to this research.

Informed consent was collected from each interview participant. All the interviews were

recorded and transcribed either manually or using the Rev.com transcription services.
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Analysis

The first step in analyzing the transcripts was to create and implement a coding system.
The R Qualitative Data Analysis (RQDA) package was used to apply codes to the data. General
code categories that aligned with the research questions were created at the onset of the
interviews with additional, more specific codes, developed as the coding progressed. The final
code book consisted of 100 unique codes grouped into 15 categories.

The majority of coding was conducted by a single coder, while a second coder
analyzed a subsample of the data (n=3) in order to calculate intercoder reliability. Transcripts
were divided into paragraphs based on each new line of questioning during the interview.
Relevant codes were then applied to each paragraph. To calculate reliability, each code was
considered dichotomous (present or not present in the paragraph) and independent of the other
codes. The reliability for each code was calculated using Cohen’s Kappa for two raters with
unweighted values (Cohen, 1960). Using this method, the agreement between the two coders
across all codes was almost perfect (k=0.917, p<.0005). This showed that the coding system was
robust. In the following section the variable n is used to describe the number of interview

participants who gave a response that fit the theme or had the characteristic described.

Results

Interview participants consisted of two women and nine men. They had varying amounts
of experience with XR training ranging from 1 to 10 years with an average of 3 years.
Participants also had experience with different forms of XR technology. Four of those
interviewed had experience facilitating training with VR technology, one had experience with
only AR technology and 6 had experience with both AR and VR training technology. The

models of hardware used by the instructors varied as well. VR equipment used included the HTC
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Vive, HTC Vive Pro, Oculus Rift, Oculus Go, Oculus Quest, Valve Index, HTC Cosmos,

PlayStation VR, and Windows Mixed Reality devices. AR equipment used by the participants

included the Microsoft HoloLens, HoloLens 2, Google Glass, and RealWear HMT-1.

Additionally, one participant reported using a flight simulator system with a projection screen for

training.

Table 5.1. Summary of interviewees.

ID*

P1

P2

P3

P4

P5

P6

P7

P8

P9

P10

P11

Primary Training
Group

Machine operators

Army aviators

University students

General public,
Teachers

Business executives
& leadership

HVAC technicians

Manufacturing
engineers

College professors

Military maintainers

Control room system
operators

Assembly operators

Learner/Instructor

Location

Co-located

Co-located

Co-located

Distributed

Co-located

Co-located

Co-located

Distributed

Co-located

Co-located

Co-located

XR Hardware Used

HTC Vive Pro

black-hawk flight simulator

HTC Vive Pro,
Oculus Quest,
Oculus Go

PCVR,
Windows Mixed Reality HMD

Dell Toughbook,
Google Glass,
Microsoft Hololens
Oculus Rift S,

HTC Vive

HTC Vive
Oculus Quest,
HTC Vive,
HTC Cosmos

Valve Index

Oculus Quest

Google Glass Enterprise Edition 2,

RealWear HMT-1,
Microsoft HoloLens,
Microsoft HoloLens 2

Years of XR Training
Experience

10
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The participants had experience conducting XR training for various industries which fell
into three main categories: manufacturing/maintenance (n=6), military (n=2), education (n=2),
and demonstrations/research (n=1). Table 5.1 further summarizes the characteristics of the
interview participants.

The following analysis is divided into three categories that describe the participants’
experiences with managing confusion during XR training, the first step when determining the
potential need for an adaptation. The first section will describe the causes of confusion, the
second will list the ways that instructors identify confusion in learners, and the third section will

show how instructors intervene to mitigate this confusion.

Sources of Confusion
When asked to recall common causes of confusion for learners during XR training, instructors
had a wide range of answers that were often specific to the particular type of training they were

facilitating. However, trends emerged that allowed the authors to categorize these sources of

10-

Occurances (n)

Confusion Causes

Figure 5.3. Bar chart of mentions of various confusion causes across all expert interviews.
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confusion. The graph shown in Figure 5.3 depicts the frequency of different causes of confusion
as reported by the participants. This chart, as well as subsequent charts, depict the number of
distinct experts who cited each cause of confusion, not the total number of mentions summed
across all interviews. This method was chosen in order to show the pervasiveness of each cause
throughout the XR training community. From Figure 5.3, it is clear that hardware, software, and

instructions were the largest drivers of learner confusion.

Hardware

The most commonly cited source of confusion was the hardware itself (n=8). Instructors
often responded that learners became confused because the hardware did not work as intended or
they did not know how to perform the required action using it. One expert, quoted below, noted

how learners would become confused because they did not know how to use the VR controllers:

“And we really started to notice that, especially for new people too, anything that we
asked them to do beyond just that trigger, the difficulty they had just went up
exponentially.” (P9)

In another example, Participant 8 reported that a learner experienced confusion when the
batteries in the controllers died and the buttons became unresponsive. These examples showed
how learners became confused when they did not understand how to use their XR hardware or it
did not work properly. Similarly, learners became confused or frustrated when their immersion
was interrupted by the hardware. For example, immersion could be lost when the virtual
guardian, which is used to render the boundary of the VR play area, was activated, when the
learner came in contact with cords, or (in the case of AR) when the visual fidelity was

compromised by light.
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Software

Another frequently reported source of confusion was software not behaving as the
developers of the simulation had intended (n=7). These instances occur for a variety of reasons
including software bugs or user error. In her interview, Participant 1 described this phenomenon

in the context of a battery manufacturing simulation:

“If the system does something [that] we're not expecting it to do. For instance, if the
instructions say that a battery is supposed to come down the line, and the battery doesn't
come down the line.” (P1)

These software “bugs” or “glitches” often caused a learner to miss information that was
crucial to the completion of their training task. Some software issues also interfered with the
learner’s ability to interact with the environment. Instructors reported software issues that
affected interactions with buttons in menus, natural user interfaces (such as picking up parts),

and locomotion.

Instructions

A third notable theme that caused learner confusion was instructions (n=5). Confusion
caused by instructions came in two forms: 1) misunderstanding the instructions and 2) not
following them. The former often resulted when language used in the instructions was either too
technical or not specific enough. For example, Participant 11 reported having to change relative
directions like “forward” to objective ones like “clockwise” to ensure learner understanding.

Learners who read, but did not follow, the instructions did so for several reasons. First,
they may not have seen or heard the instructions (e.g., if they were temporal in nature). Second,
they may have executed an incorrect action that caused them to skip an instruction. Lastly, some

instructors reported that learners purposefully attempted the task without reading the instructions.
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In these cases, the learners felt that they could execute the task without the help of the

instruction, such as in this example given by Participant 1:

“They skip a step, which really shows me that they may not be reading. It could be

something as simple as not going to get the cart to pull it near the machine... That tells

me right away they didn't read the instructions, they're just going according to what they

think is best.” (P1)

Typically, learners proceeded without reading the instructions when they were already
somewhat experienced with the task. It was in these situations that a learner would become

confused if the simulation did not behave as they expected. This was often a result of the

simulation behavior not matching the mental model of the learner.

Other Confusion Causes and Factors

Two other causes of confusion that came up during the interviews are not expressed as
themes because of their low number of mentions but are worth noting. The first was visual
obstructions such as limited field of view and occlusion of objects in the simulation (n=3).
Visual obstructions resulted in confusion because learners could not see the part of the
environment with which they needed to interact. The second had to do with learners’ mental
models of objects in the environment (n=3). In these cases, learners either didn’t know they were
supposed to interact with an object or didn’t know how to properly interact with an object in the
simulation. Finally, when asked about causes of confusion, several of the instructors mentioned
other factors, which were not direct causes of confusion but could augment the feeling of
confusion in the learner. These factors included discomfort (n=6) and inexperience with XR

technology (n=4).
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Identifying Confusion

The second goal of this research was to understand how instructors identify confusion in
learners while they are immersed in an XR training environment. Based on the interview
responses, all of the instructors (n=11) recalled noticing confusion in learners during training.
Additionally, two of the instructors reported that they identified confusion following a training
session through verbal feedback from the learners. The following subcategories will describe

how instructors identified confusion during training rather than after.

Verbal

Methods of identifying confusion during XR training were varied and often included the
observation of more than one identifying characteristic. The most frequently reported method of
identifying confusion were verbal cues made by the learner (n=10). Learners used several

different kinds of verbal cues to indicate their confusion as shown in the comments below:

“In a face-to-face training or orientation, they're wearing a headset and I'm

standing nearby, and they'll usually ask the question, "How do I grab this?"” (P8)

“They'll just say, ‘What do I do next?’ Or, “What am I supposed to do now?’ or

something along those lines.” (P3)

Sometimes direct statements were used to indicate the state of confusion as well as the
source of confusion, such as in an example given by participant 8 (above). Other times, indirect
statements, or vocalizations which indicated the state of confusion but not the source, were
employed by learners such as in the example from Participant 3 (above). This placed the

responsibility of finding the cause of the confusion on the instructor.
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Figure 5.4. Bar chart of frequency of trigger types (left) and a breakdown of physical triggers (right)
used by expert instructors to identify confusion in learners.

Verbal signs of confusion were conveyed either naturally or through computer-mediated
channels. Natural communication occurred when instructors and learners were co-located.
During distributed training, microphones and speakers were used to mediate verbal
communication. If any part of this computer-mediated communication channel was interrupted,
such as by muting of a learner’s microphone, signs of confusion could go unnoticed by the
instructor. Computer-mediated communication allowed learners to respond to verbal prompts
from the instructor in new ways as well. One instructor (P4), who used an online virtual meeting
space to facilitate training, reported that she could gauge understanding based on a learner’s use
of emojis in VR. She referred to these emojis as a type of virtual “body language” that she used

to quickly gauge understanding and engagement among large groups of XR learners.
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Physical

The data collected during interviews with XR training instructors showed that physical
behavior of the learners could also indicate confusion (n=9). Some instructors cited specific body
language characteristics that could indicate confusion such as increased head movements, or lack
of body movements. However, the majority of physical indicators described by the participants
were more specific to the training task.

Instructors often identified confusion when participants were exhibiting physical
behaviors that did not aid in their progress toward the training goals. According to the instructors
interviewed, behaviors that indicated the learner was not making progress toward the training
goal included performing body language (n=6), incorrect actions (n=5), standing in the wrong
location (n=4), not making an action (n=3), and not reading the instructions (n=2). Figure 5.4
illustrates these trends for physical indicators of confusion.

In order to notice these types of physical indicators of confusion, it was necessary for the
instructor to have familiarity with the task and to monitor how the learner was progressing
through the training. During VR training, instructors described observing the learner’s actions in
three ways: 1) by mirroring the learner’s view on a 2D monitor, 2) by watching them in real life,
and 3) by immersing themselves in the virtual environment with the learner. Instructors who
were co-located with the learner typically used the first two methods, while distributed
instructors and learners used the third method. AR instructors observed the learner’s actions in
the real world and did not report using mirroring or immersing themselves in the VE. In cases
where computer-mediated observation was not used, the instructor had to be extremely familiar
with the task and remain vigilant to accurately assess the learner’s progress and identify
confusion. Five of the instructors interviewed for this research described their ability to identify

confusion in learners as a product of their previous experience with the training materials. The



83

following quote from P7 illustrates the importance of having knowledge and experience of the

simulation in order to identify confusion proactively:

“The team of us created those tasks, and so in my head I know how they're working
through and the steps that they're working through, so I can walk along with them as they
do it.” (P7)

This quote exemplifies the current requirement that XR training instructors must be
experts in both the subject of the training and in operating XR hardware. This level of expertise
takes significant time and effort to gain. By using adaptive automation, stakeholders can reduce
the number of expert instructors needed and increase the number of learners who can be trained

at any given time.

Adapting to Confusion

Once the instructors identified learner confusion, the next step was typically to employ a
corrective action, also known as an adaptation, to help the learner meet their training goals. A
variety of adaptation techniques were reported by the instructors and could be used alone or in
combination to yield the desired training results. Figure 5.5 shows the most common adaptations

ascertained from the interviews and their occurrences.
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Verbal

The most frequently used adaptation method was to use a verbal intervention (n=11).
Using this method, the instructor could confirm the source of confusion, and then provide a
verbal adaptation to allow the learner to perform a corrective action. This allowed the learner to
remedy their confusion autonomously and form mental models to prevent future confusion.

When instructors used verbal adaptation, they often used different strategies to help
learners overcome confusion. Some instructors first asked clarifying questions to further
understand the root of the problem before giving further instruction, such as in this example from

P11:

“They would say, "I don't understand what this means," and we'd say, "Okay, what step
are you on?" I would validate what step I'm on from my documentation and we would
discuss what they thought was confusing.” (P11)

Others directed the learner’s attention to key components of the simulation such as

written instructions or user interface elements to address their confusion. In these cases, the
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Figure 5.5. Instructor adaptation types used during XR training to mitigate learner confusion.



85

instructor did not give the learner any new information, but rather highlighted a part of the
simulation that could help them reach the training goal. Lastly, many of the instructors

supplemented the information given in the simulation with more detailed instructions.

Physical

The second most common adaptation method was to physically intervene with a learner
(n=6). In these cases, the instructor used their body to show a learner where to go or how to
interact with the training system. This type of adaptation was used in two different ways. The
first, and most common, was for the instructor to guide the learner through touch. For example,
instructors described touching a learner’s hands to show them how to use XR controllers or
leading them by the shoulders to stand in the correct position to execute a task. The second way
instructors physically intervened was by making gestures. Two of the instructors reported
pointing to areas of interest or waving to get a learner’s attention. One instructor (P8) also
described taking the controller from a learner and demonstrating the correct action for them.
However, it should be noted that these methods only work when the learner can see the instructor

(such as in AR) or a representative avatar (such as in symmetric VR).

Instructional

The third type of adaptation was to change the instructional material itself (n=5). This
meant changing the simulation in an effort to eliminate the source of confusion rather than
changing the behavior of the learner. Changes to the simulation took several forms including
changing the written instructions, the interaction technique, or the entire task. Typically, changes
to the task or interaction technique were made to create a simulation that more closely matched

the learner’s existing mental model.
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Procedural

The final adaptation method used by expert instructors was procedural in nature (n=5). In
this category, instructors changed the order, or duration, of the tasks presented in the training.
This included pausing, restarting, or repeating all or part of the training simulation. For example,

Participant 1 recalled having to restart a training simulation after experiencing a software issue:

“That can be really confusing for a new person, because we might have to restart the
whole program and have them start from the beginning, which means that we may have
spent a lot of time already in there...” (P1)

In the experiences recalled by the experts, procedural adaptations did not affect the
material presented in the simulation. The same material was presented again or resumed after a
break. It is also notable that the instructor’s goal when applying procedural adaptations was not
to reinforce training goals, but rather to combat software malfunctions or learner fatigue and

frustration.

Incremental Adaptations

Early in the interview process it became clear that instructors often use more than one
adaptation method to mitigate confusion, depending on the circumstances. Analyses showed that
instructors did not always apply the intervention that would solve the problem the fastest, but
rather increased the amount of intervention incrementally (n=6). Multiple instructors first used a
verbal intervention before escalating to a physical intervention such as in the following example

given by Participant 3:
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“So, we have one of the headphones propped open, and then we'll just try to verbally
explain it, and if not just let them know, "okay I'm going to touch your hands," and then
place their finger on the button they should be using so that they understand where it is.”
(P3)

This allowed instructors to apply the least intrusive adaptation first, observe the outcome,

and apply a more aggressive adaptation, if necessary. This also had the advantage of allowing a

learner to potentially remedy their confusion somewhat independently.

Discussion

Determining when and how instructors adapt to mitigate confusion is the first step in an
informed design process for adaptive training systems. By looking at the way instructors deal
with learner confusion in XR through the lens of adaptive systems, instructors can increase the
usability of their simulations and decrease the need for observation during XR training. This
discussion section is divided into three sub-sections. The first will discuss treating disparate
causes of confusion in XR training, along with the feasibility of mitigating them using adaptive
automation. The second section will describe how the information from the interviews can be
used to design triggers in adaptive XR training simulations. Lastly, how adaptive methods used
by human instructors can be applied to adaptive methods within closed-loop XR training

simulation will be discussed.

Treating Disparate Causes of Confusion

Causes of confusion were shown to vary widely based on the interview data because of
different training goals and conditions. The present work generalized the sources of confusion
and summarized them based on factors that were common among all, or most, of the XR training

scenarios: hardware, software, and instructions. Another way to explain confusion is through the
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gulf of evaluation and gulfs of execution (Norman, 2013). Gulfs of evaluation occur when a
learner does not know what task they are meant to execute. Gulfs of execution occur when a
learner does not know how to execute a task. Each of the causes of confusion reported by

instructors can be categorized into these two groups.

Gulfs of Evaluation

A gulf of evaluation occurs when a user’s goal is unclear. During the interviews, this was
best exemplified by confusion caused by the instructions in the simulation. Gulfs of evaluation
also occurred when software bugs prevented instructions, or other pertinent information, from
being conveyed to the learner. In all of these cases, the learner did not have enough information
to know what task to complete, let alone how to complete it. Therefore, when treating confusion
caused by instructions (or lack thereof) the gulf of evaluation can be bridged by providing the
missing information. In many cases, the problem can be solved in the development stage by
increasing specificity, changing the wording of instructions, or presenting the information
through a more salient channel. Adaptive automation can be helpful for solving the gulf of
evaluation when the XR simulation is meant to provide varying levels of difficulty to the learner.
For example, adaptive automation can be used to provide increasingly detailed instructions as the

system detects inaction or incorrect actions performed by the learner.

Gulfs of Execution

A gulf of execution occurs when the goal is clear, but the user does not possess sufficient
information to make progress toward that goal. During this research, it became clear that
confusion caused by system hardware often resulted in gulfs of execution. In these cases,

learners knew their intended goal, but the hardware prevented them from executing the requisite
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actions. For example, not understanding how to use the controllers, dead batteries, or loss of
tracking all interfered with the execution of key actions. Similarly, confusion derived from
software bugs resulted in gulfs of execution when learners were prevented from interacting with
the environment. While some of these causes of confusion could be solved by providing more
information regarding system interaction, others require more disruptive interventions such as
system restarts or recalibration. This can make confusion resulting from gulfs of execution
difficult for an adaptive system to diagnose and remedy. However, it is still possible to use
adaptive automation to remedy confusion caused by gulfs of execution as long as ample signals
are still reaching the system. For example, a learner who does not know how to use the
controllers to execute a task may be identified using a trigger such as incorrect button presses.
The system could adapt by providing the learner with more in-context information about how to
use the controllers. The following subsections discuss recommendations for the design of

triggers and adaptations that can help overcome both gulfs of evaluation and execution.

Implications for Triggers

Many of the methods that XR instructors used to identify learner confusion can be
replaced by adaptive automation in the form of triggers. However, the system must also be able
to receive the necessary signals in order to recognize these triggers. The following paragraphs
discuss how the data collected during the expert interviews can be used to develop more

effective triggers for adaptive XR training simulations.

Verbal

Since most modern HMDs include built-in microphones, verbal triggers are easily

extensible to adaptive XR systems. The microphones can be used to capture verbal signs of
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confusion in the form of utterances or using certain words. One disadvantage of using XR
technology to identify verbal triggers is the wide variety of languages that learners may use.
Therefore, coding triggers to specific words or phrases can result in false positives. Artificial
Intelligence or natural language processing tools may be used to design triggers that more
adequately identify confusion using verbal signals. Furthermore, without a human instructor
present, it is unknown if a learner will be as likely to use verbal signals to indicate confusion.
Simply informing the user to the presence of verbal cues or asking them to use an activation
phrase similar to when using voice assistants (such as Apple’s Siri, or Amazon’s Alexa) may

mitigate this effect and make verbal triggers more effective.

Physical

Physical signs of confusion can be used to create adaptive triggers in XR as well. A
detailed picture of the physical environment can be obtained using head and hand position data,
button presses, and tracking interactions with objects in the simulation. This data can be used to
determine if the learner is performing an incorrect action, not making an action, or standing in
the wrong location. For example, a trigger could be designed so that an adaptation is applied if
the learner is not standing in proximity to the object required for the task for a specified period of
time. Similarly, a trigger for not reading the instructions could be created by checking to see if
the learner’s head position was oriented towards the text for an adequate length of time. Eye
tracking data from HMDs such as the HTC Vive Pro Eye could also be used to increase the
precision of the measurements and make the trigger more accurate. AR HMDs like the Microsoft
HoloLens and Magic Leap are at a disadvantage for identifying physical triggers because they do

not continuously track hand positions. Therefore, adaptive systems that obtain input using these
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devices would have trouble identifying triggers that rely on the handling of objects in the

simulation.

Implications for Adaptation Methods

The adaptation methods used by human instructors during XR training can be used to
inform the design of adaptive methods within XR training systems. As long as the XR device has
the ability to output stimuli in ways that are similar to a human instructor (e.g., provide audible

feedback or text to a learner), it is possible to emulate these behaviors in an adaptive system.

Verbal

The most common adaptive method used by expert instructors when combatting
confusion in XR was verbal intervention. If the cause of the confusion can be reliably identified
by the system using the measurements from XR input devices, the system can apply verbal
adaptations using pre-recorded messages or text-to-speech software. Similarly, a voice assistant
interface could be implemented to answer common questions asked during training. The same
information could also be presented visually using text instructions to supplant or supplement
audio cues. By using multiple channels, the information can be reinforced to the learner for more

effective retention.

Physical

Physical interventions present a unique set of challenges when designing for adaptive
systems. Most notably, current HMDs have limited abilities to apply physical stimuli on a learner
besides applying vibration to the controllers. Therefore, adaptations designed to imitate physical
interventions used by instructors must be supplemented by other sensory channels. For example,

instead of physically touching a learner’s hand to communicate how to use a controller, an
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adaptive XR system could use a visual substitution to highlight the buttons on a model of the

controller in a simulation.

Instructional

Instructional interventions are the most easily extensible to current XR technology
because they involve an instructor acting on a human-machine interface. Since the human-
machine interface (in this case the HMD) is already a part of the system flow, the adaptive
system can act on the interface as the human instructor would. For example, instructors reported
changing the wording of instructions as a confusion mitigation technique. Similarly, when
triggered, an adaptive system could alter the specificity of the text, using more details for novices
and fewer for expert learners to test their skills. Adaptive automation has the added advantage of
being able to implement changes to the VE more quickly, saving time and effort normally
exerted by instructors and developers. Additionally, adaptative automation can replace the need

for constant observation by an expert instructor, saving time and increasing training throughput.

Procedural

Instructors use procedural adaptations by altering when and how learners experience a
simulation. Typically, this is done by restarting the simulation, which can be replicated in an
adaptive system by reloading the scene to pre-selected checkpoints. However, the interviews
showed that this type of intervention is often used by instructors when the learner is experiencing
confusion from hardware malfunctions. In these cases, the software or hardware has failed, and
must be restarted by the instructor, rendering adaptations ineffective. However, if the failure is
not catastrophic, or the failure is isolated to a certain feature of the simulation, adaptive methods
could be integrated to help the learner troubleshoot the problem. For example, the simulation

could use long periods of inaction coupled with input from the learner to identify a malfunction
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and direct a simulation restart. Additionally, features that allow the software to save the user’s

progress should be implemented to avoid repeating training.

Conclusions

In the present paper, the authors have summarized the need for adaptive XR training as
well as the need for guidance in the design of adaptive XR training software. By using data from
interviews with XR training experts from various fields, developers can make more informed
decisions when designing triggers and choosing adaptation types. Furthermore, research should
be conducted to fully evaluate the efficacy of each of the XR trigger and adaptation methods
concluded from this research.

In summation, the authors recommend the following guidelines as a starting point for the
design of adaptive triggers in XR training:

1. Verbal triggers should be prioritized when designing adaptive XR training systems.
However, measures should be taken to inform and promote the use of vocalization
from the learner, especially when a human instructor is not present.

2. Physical triggers should also be of high priority, especially in XR systems where
appropriate stimuli can be applied to a learner. These include monitoring for signals
of inaction, incorrect action, and body position.

When designing adaptation methods for XR training, the authors make the following
recommendations:

1. Verbal and textual adaptations should be prioritized to get relevant information to the
learner and allow them to correct their own behavior.

2. Physical adaptations can be replicated using models and animations in the VE. They
should be prioritized to indicate points of interest in the VE, visualize hardware
interactions, and even demonstrate the correct performance of the task.

3. Incremental adaptations can be used to allow the learner to think through a problem on

their own.



94

4. Instructional changes can be used to increase or decrease the amount of instruction given
to the learner. This is useful for adapting to different learners’ experiences and creating
varying levels of difficulty.

5. Procedural adaptations are of lower priority and involve the restart of the application or
repetition of some, or all, tasks in the XR simulation. They can be used to reinforce a

training concept, or to help the learner troubleshoot a problem with the system.

It should be noted that the recommendations in this work have not yet been tested in live
adaptive XR training systems, nor does this constitute an exhaustive list of adaptation types and
triggers. Therefore, designers and developers using these recommendations to inform the design
of their XR training systems should conduct their own testing to ensure that the adaptations are
effective for their system. Furthermore, continued research should be done to evaluate the
accuracy of various triggers in adaptive XR training, as well as the efficacy of different

adaptation types so that a standard can be created and dispersed to the XR training community.
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Appendix A: Interview Questions

Background

1.1. What kinds of Virtual or Augmented Reality training have you facilitated?
1.2. What was the task?

1.3. What was the learning objective?

1.4. How many people were trained?

1.5. Did the trainees have any previous experience with VR/AR?

1.6. What were the demographics of the trainees?

Setting and Methodology

2.1. Tell me about the last time you facilitated a VR/AR training session with a trainee.
2.2. What hardware was used?

2.3. Where did the training take place?

2.4. Was there any introductory training to use the hardware?

2.5. How long did the training take?

2.6. How did you monitor the progress of the trainee?

2.7. How were the tasks conveyed to the trainee during the simulation?

2.8. How did you communicate with the trainee while they were immersed in the Virtual
Environment?

2.9. What were the pain points for the trainee during the simulation?

RQI1 - Causes of Confusion
3.1. Tell me about a time when you had to help a trainee who was confused in VR/AR.

3.2. What was the source of their confusion?
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3.3. How often does this scenario result in confusion?

3.4. What other examples of confusion during VR/AR training can you tell me about.

RQ2 - Recognizing Confusion

4.1. How did you know that the trainee was confused during the training?

4.2. What do/don’t they do?

4.3. What do they say?

4.4. What other cues tell you that there is a problem?

4.5. What did you do when you realized the trainee was confused?

RQ3 - Intervention Methods

5.1. If you intervened, how did you intervene?

5.2. How did you determine when to intervene?

5.3. What did you say or do?

5.4. Why did you choose to intervene this way?

5.5. How did your method of intervention help the trainee overcome their confusion?
5.6. How did you know the trainee had overcome their confusion?

5.7. How often do you have to intervene to clarify or resolve confusion during VR training?

5.8. If you didn’t intervene, did you use any other technique to mitigate the trainee’s
confusion in the future?

5.9. If you didn’t intervene, did you use any other technique to mitigate the trainee’s
confusion in the future?



99

Appendix B: IRB Approval Form

T AT T Institutional Review Board
IOWA S ]- A l E U N [V ERSI l Y Office for Responsible Research
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Date: 02/28/2020
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Abstract

The rising popularity of commodity Head Mounted Displays means participants who own
VR devices can be recruited to complete unsupervised studies online, on their own time. This
method of performing research has the potential to save VR researchers significant time and
effort normally spent conducting lab studies. However, for unsupervised studies to be beneficial,
researchers must ensure that participants understand the task and complete the study as intended.
The authors propose using adaptive automated feedback to supplant the need for researcher
supervision in remote VR studies. A study application was designed with five different kinds of
adaptive feedback triggered by common errors made during a specified task by monitoring
operator, spatial, and temporal inputs. Participants included 47 VR HMD owners with a
successful completion rate of 89%. Results showed that the adaptive feedback had the intended
effect of intervening when participants needed more instruction (at the beginning of the study)
and teaching the participants to complete the task in a manner that was not overtly intrusive.
Future work includes determining what type of feedback is most helpful during remote VR
studies and examining other triggers and feedback channels such as audio or haptics.
Key Words: Virtual Reality, Remote Research, Unsupervised Research, Adaptive Automation,

Feedback
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Introduction

When the COVID-19 pandemic began in 2020, researchers all over the world had to
engineer new ways to conduct research and collect data. In many cases, this meant turning to the
internet. In some research fields, like human-computer interaction (HCI), the practice of
completing entire user studies online has been commonplace for many years (Andrews et al.,
2003; Goodman & Paolacci, 2017; Kittur et al., 2008). Online user studies in HCI have been
made possible by the prevalence of computers, laptops, and smartphones, which made finding
participants relatively easy. Virtual reality (VR) does not yet benefit from the same
pervasiveness and therefore necessitates more training in order to use it effectively. However,
commodity VR head-mounted displays (HMDs) are becoming increasingly popular, making
large-scale, remote VR research feasible for the first time (Kelly et al., 2021; Mufioz-Saavedra et
al., 2020).

Before the pandemic began, scant research existed regarding how to conduct VR research
online. Out of necessity, researchers have begun to devise and share their methods for collecting
VR data online from participants who have access to their own HMDs (Ratcliffe et al., 2021).
Although the world is beginning to re-open, and face-to-face studies are once again possible,
some researchers will continue to conduct VR studies online because in many cases, online
research is faster and less time consuming than conducting a study in the lab (Goodman &
Paolacci, 2017). Online VR research has other benefits as well, such as reaching more
geographically diverse populations, and allowing many participants to complete a study
simultaneously (Moelson & Hornbak, 2017). However, online VR research is not without its
challenges. One of the biggest challenges of online data collection is ensuring data validity.
When the researcher is not in the room with the VR user, it can be difficult or impossible to

troubleshoot problems, or even to recognize when they occur. This can result in errors and noise
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in the data set, compromising the power of the results (Moelson & Hornbak, 2017). To solve
this problem, the authors propose introducing adaptive automation to replace or supplement the
role of a researcher during online VR studies.

Adaptive automation is a process that uses information about a human-computer system
to automatically diagnose the system state and reallocate tasks accordingly (Rouse, 1976). This
technique has been employed in training applications to customize feedback for learners and
improve training outcomes (Kelley, 1969; LaViola et al., 2015). The authors propose using
adaptive automation to provide responsive, real-time instructions during remote VR research to
replace feedback typically provided by a co-located instructor in the lab as shown in Figure 6.1.
Learning to complete a study task in VR is not very different from training applications studied
in existing adaptive training literature (Zahabi & Abdul Razak, 2020). Therefore, the authors
hypothesize that adaptive automation applied to task instructions will help participants complete

remote studies successfully.
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Figure 6.1. Left: A researcher training a participant on how to teleport during a VR lab study.
Right: An example of adaptive feedback that is triggered when a participant attempts to
teleport to the wrong location during an unsupervised online study.
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To test this hypothesis, an experiment was devised that used adaptive feedback to help
participants complete a navigation task in VR. Five different types of automated adaptive
feedback were developed for the application based on feedback from pilot testing. Data was
collected from remote participants with no supervision from a researcher. The data was then
investigated to see if the adaptive feedback impacted navigation error and task completion time.
Additionally, more detailed analysis showed relationships between task conditions and the types

of adaptive feedback triggered. Finally, subjective data from the participants was analyzed.

Related Work

The following section reviews the existing literature on remote VR research. However,
the amount of research on the subject is somewhat limited at this time, so the authors draw from
literature regarding remote research in other similar fields as well. The subsequent section details

literature pertaining to adaptive automation and its use in training applications.

Remote VR Research

During the COVID-19 pandemic, conducting VR research in person became inherently
unsafe due to the risk of spreading disease. To remedy the situation, researchers began to
conduct more studies online. In computing, having users participate in product testing on their
own devices, and in their own spaces is often referred to as research "in the wild" or
"crowdsourcing" (Crabtree et al., 2013; Goodman & Paolacci, 2017). This type of research can
elicit richer and more contextual data than lab tests because the product is being used in an
environment that is more natural to the user. However, researchers must find a qualified pool of
participants for their online study. HCI researchers have demonstrated that online work sites,

such as Amazon Mechanical Turk (MTurk) and Prolific can be used to find large sample
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populations (Buhrmester et al., 2011; Mason & Suri, 2012). However, finding those who own
very specific hardware, such as a VR HMD, lends an additional challenge. Crabtree et al. also
suggested that preparing for "in the wild" research can be trickier. For example, developers have
to spend additional time automating processes and data collection (Crabtree et al., 2013).
Additionally, recruiting VR participants from online work sites can lead to the recruitment of
more male than female participants (Kelly et al., 2021).

One practical study, which was published before the pandemic began, showed that VR
research could be conducted successfully online. In that paper, Steed et al. used participants' own
smart phones to display VR content and conduct research on embodiment and presence in VR
(Steed et al., 2016). They collected survey data, hardware data, and head tracking information,
which was uploaded directly to their server from participants' devices. This was innovative
because it required no synchronous contact (face-to-face or virtual) between the researcher and
the participant, allowing for more efficient data collection than traditional lab-based research
methods. However, there were some additional challenges with their online VR research method.
Specifically, the process required more development time and time spent checking data to ensure
participants performed tasks correctly without supervision (Steed et al., 2016).

Since the pandemic began, more researchers have been conducting unsupervised VR
experiments online (Ratcliffe et al., 2021). However, detailed descriptions of their work have
only recently entered into publication. In 2021, Mottelson et al. conducted two unsupervised,
online studies using participants' own VR devices. The first studied learning in virtual
environments (VEs) by having participants respond to a knowledge questionnaire before and
after a VR learning session. This study was conducted both online, and in a lab for comparison

purposes. They found that the online sample had a higher percentage of negative or identical pre-
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to post-test scores, and therefore a lower rate of attentive participation than the lab sample. In the
second experiment, the researchers asked participants to complete a hand gesturing task, and
tracked their finger movement using an Oculus Quest 1 or 2. They found that gesture tracking
was not always reliable because of environmental factors such as lighting, and had to implement
additional measures, such as a screening task, to avoid recording useless data (Mottelson et al.,
2021).

The studies by Mottelson et al. demonstrated that VR research conducted online is prone
to increased errors and attention lapses that can render data unusable (Mottelson et al., 2021). In
order to mitigate the collection of erroneous data, the authors propose incorporating adaptive
automation into a VR experiment. This feedback could serve a role similar to that of a researcher
in a lab environment to guide a participant and reduce errors during data collection. By
automating feedback to a participant, the research can remain unsupervised, resulting in benefits

to researchers, such as savings of time and effort.

Automating the Researcher Role

A researcher typically plays a large role in the success of the participant during VR
research. For example, in a online VR study by Saffo et al., a VR chat room application called
VRChat was used to conduct research (Saffo et al., 2020). Using VRChat, researchers could
meet with participants distributed across the globe. In their case study, they report on a procedure
that includes researchers meeting "face-to-face" with participants in VR to explain the study
objective and instruct them how to complete the task (Saffo et al., 2020). Although it adds a
personal element to the study, remote, supervised research requires significant time and effort on
the part of the researcher, similar to that required by in-person research. Not to mention, many

studies have multiple supervising researchers, which can lead to less internal validity if protocols
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are not followed very closely (MacKenzie, 2012). By automating the researcher's role in the
study, data can be collected much more quickly, efficiently, and consistently online.

In general, automation means replacing a manual task with a task performed by a
computer system (Parasuraman et al., 2000). In the case of this research, the manual task being
replaced is that of a researcher identifying incorrect actions performed by a participant and
providing information to supplement the participant's understanding of the research task.
However, it is not sufficient to simply create a user interface (UI) with text instructions in a VE,
because it is common for trainers to adapt their instructions according to the performance level
of the learner (or participant) (Kelley, 1969). Therefore, by using adaptive automation to provide
instructions to a participant, the experience can be similar to that of a supervised study performed
in a lab. Kelley et al. described the process of adaptive training as a closed-loop system where a
system monitors inputs from a trainee, such as moving through a Virtual Environment (VE).
Their input is then evaluated, and adaptive logic intervenes and changes the stimuli experienced
by the trainee (Kelley, 1969). In Figure 6.2, this feedback loop has been modified to reflect the

factors specific to training in a VR experiment.

Performance
Measurement
(head/hand movement,
object interaction,
button presses, etc.)

Trainee
(Participant)

Stimulus Generation
(Virtual Environment)

Adaptive Logic |«

Figure 6.2. Flowchart demonstrating adaptive automated feedback during VR study training.
Adapted from Kelley et al., 1969.
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It is worth noting the difference between true adaptive automation and the use of a wizard
(Van Welie et al., 2001). A wizard is a UI design pattern in which users answer a series of
questions while clicking Next after each one. It can be used to guide users through complex
decisions, but the process is not adaptive to different contexts. In order to design adaptive
automation for VR applications, app designers must select triggers that activate predefined
changes to a VE (Lagu et al., 2013). Defining these triggers allows a system to identify certain
user behaviors automatically and implement a prescribed adaptation matching the trigger.
Furthermore, adaptive automation can be used to continuously update a system and apply
increasingly aggressive interventions, often described using different Levels of Automation
(LOASs) (Sheridan & Verplank, 1978).

In human subjects research, it is often not possible to allocate the performance of tasks to
a computer because it could compromise the resulting data. However, adaptive automation can
be used to manipulate how much information a participant receives. For example, remembering
which button to press and which part of the task to work on can be easily monitored and

displayed by the computer so the participant doesn't have to remember them.

Designing Adaptive Automation for VR

When designing adaptations for computer systems, there are two main factors to
consider: the inputs that trigger an adaptation, and the way the adaptation modifies the system
(Feigh et al., 2012). The paper by Feigh et al. demonstrated these factors by creating taxonomies.
They categorized inputs into five categories: Operator, System, Environment, Task/Mission,
Spatio-Temporal. Then, they grouped adaptations into four types of modifications to the system:
function allocation, task scheduling, interaction, and content (Feigh et al., 2012). These

generalized classifications explain the options available when designing adaptive systems.
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However, it remains up to the designer or developer to determine how best to apply these
methods to VR applications.

Researchers have found some success in implementing adaptive automation into their VR
and augmented reality (AR) applications, however, few provide empirical evidence or case
studies in real-world settings (Zahabi & Abdul Razak, 2020). In the absence of extensive
literature on how to design systems that combine VR and adaptive automation, these studies are
useful tools for choosing how to combine these two technologies. One quite literal example of
adaptive automation replacing human supervision during training is the virtual agent called
"Steve" (Rickel & Johnson, 1999). This early example used a human-like avatar to instruct and
assist trainees in conducting naval operations in VR. Steve used gestures and verbal instructions
when guidance was requested by a trainee. Although using an avatar is the most analogous
representation of a researcher in the virtual space, providing feedback via an avatar is not always
feasible or necessary.

Other examples of adaptive VR/AR systems have used automation to adapt the difficulty
of a VR task based on real-time user performance (Barzilay & Wolf, 2013; Fricoteaux et al.,
2014). In one study, authors used signals such as heart rate, head position, interactions, and
performance metrics to change the interface elements and task difficulty in a fluvial navigation
task (Fricoteaux et al., 2014). Another study used electromyographic (EMG) sensors and motion
tracking data to adapt the difficulty of physical therapy tasks to the needs of users (Barzilay &
Wolf, 2013). In both of these cases, the adaptations were effective, but changing the difficulty of
the task at hand is not typically feasible in a research experiment, since the task needs to be very
controlled for consistency across participants. Additionally, if the research is conducted online,

using the participant's own hardware, it is not possible to include measures like heart rate and
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EMG in the design of triggers. However, motion tracking data, such as head and hand positions,
are easily monitored using the innate inertial measurement units (IMUs) in most VR HMDs and
controllers, making them viable data to use in the design of triggers. Interactions with the
environment can also be easily monitored through event systems in game design software like
Unity, making them feasible adaptation triggers as well.

Other research in the AR training domain has pointed to the helpfulness of text and
graphics in the VE to provide guidance to the trainee. In a study by Westerfield et al., the authors
developed an adaptive AR application for assembling a computer motherboard (Westerfield et
al., 2013). Their application focused on adapting the text and 3D models seen by the trainees to
help them self-correct their errors. They found that the adaptive interface helped improve
practical test scores by 25% over those who did not receive adaptive feedback. Radkowski et al.
supported the use of text and 3D graphics to present training instructions as well by creating an
AR application that varied Ul elements such as text and graphics depending on the difficulty of
each task in a pump assembly (Radkowski et al., 2015). Their results showed that using text and
animated 3D models of parts to present instructions resulted in better performance than using
text and arrows alone. Based on these results, it is clear that text and 3D models can be useful
targets for adaptations in AR. It stands to reason that these may also be helpful outputs for

adaptations in VR systems.

Online Experiment with Adaptive Feedback

Rotational self-motion cues are essential to accurate navigation in VR (L. Cherep et al.,
2021; L. A. Cherep et al., 2020; Kelly et al., 2020; Lim et al., 2020). The importance of self-
motion cues is especially evident in navigation performance when using teleporting interfaces,

which necessarily lack some self-motion cues. When using a partially concordant teleporting



110

interface, participants maintain their heading when teleporting between points and physically
rotate their body to turn. When using a discordant teleporting interface, participants manipulate
their desired heading using a joystick or capacitive touchpad before teleporting, effectively
removing rotational self-motion cues. The terminology, partially concordant and discordant,
refers to the extent that movement through a VE is consistent with movement of the body. The
navigational benefit of rotational self-motion cues (i.e., the benefit of partially concordant
teleporting compared to discordant teleporting) has been demonstrated repeatedly (L. Cherep et
al., 2021; L. A. Cherep et al., 2020; Kelly et al., 2020; Lim et al., 2020). One experiment used a
triangle completion task to evaluate the effects of three variables (teleporting interface, path size,
and VE size) on triangle completion performance (Kelly et al., 2020).

This original study was used as the foundation for the current experiment because it
involved a simple task with many similar trials, which meant that learning and training
predominantly occurred early in the study. Additionally, the authors conducted informal
interviews with researchers who conducted the original triangle completion task study in a lab.
The researchers reported that participants often struggled with initially learning how to use the
controllers to navigate through the environment. This made the task perfect for implementing
adaptive feedback to replace the need for customized instructions from a supervising researcher.

In the current study, rather than bringing participants to a lab, the same experiment was
conducted online with participants using their own VR equipment. The authors expected that a
remote, unsupervised study could result in more variability in measurements (compared to a
supervised, lab-based study) due to differing equipment and environments. However, conducting

the study remotely was unavoidable in this case due to the COVID-19 pandemic.
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Rather than analyzing the factors that affect navigation performance (those data are
presented in a separate paper (Kelly et al., n.d.)), this paper focuses on how adaptive feedback
impacts a user’s performance and task completion time during an unsupervised, remote study.
The relationships between the treatments and the quantity and type of adaptive feedback are also
analyzed. Additionally, the authors address how users felt about the quantity, helpfulness, and

intrusiveness of the adaptive feedback provided.

Overview

At this time, no published works have addressed the application of adaptive feedback and
automation in an online, unsupervised VR study. This work will fill the gap in the current
research by applying adaptive feedback to train participants to complete a VR research task. The
task used in this experiment is a triangle completion task, in which participants travel two legs of
an outbound path through the VE before attempting to point to the path origin (i.e., to complete
the triangle). Three independent variables are manipulated in a 2x2x2 within subjects design:

teleporting interface, triangle path length, and VE size.

Hypotheses

First, the authors wish to investigate whether the adaptive feedback worked as intended,
and if it can be improved upon in future study designs. This will be done by testing the following
hypotheses.

The first hypothesis (H1) was that the magnitude of errors produced by participants when
completing the triangle completion task would decrease over time, as they improve at interacting
with the VE. Similarly, the next hypothesis (H2) was that the time needed to complete the task

would decrease toward the end of the study as participants spent less time interpreting feedback
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and acclimated to the task. These predictions were made because adaptive feedback paired with
detailed instructions has been shown to be effective at training users to perform a task in VR and
AR in (Fricoteaux et al., 2014; Westerfield et al., 2013). However, the feedback was designed to
remind participants about instructions they had already been given and help them complete the
task, not to help them perform the triangle completion task at a higher level of proficiency.

The third hypothesis (H3) was that participants with more video game and VR experience
would trigger less adaptive feedback overall than those with less experience. This was because
those with more VR and video gaming experience were likely have more familiarity with system
controls, resulting in fewer mistakes.

The fourth hypothesis (H4) was that adaptive feedback would be triggered by participants
more frequently at the beginning of the experiment than at the end. This prediction was made
because participants would likely make more feedback-triggering mistakes at the beginning,
when the task and interface were less familiar. If the information provided by the adaptive
feedback was effective, a participant would learn to correct their mistakes as the experiment goes
on, causing feedback to diminish.

The fifth hypothesis had to do with the participants’ perceptions of the quality and
quantity of the adaptations received. It was predicted that participants' perceptions of the
intrusiveness, helpfulness, and quantity of the adaptive feedback would not differ, despite
variations in the actual quantity of feedback they received (HS). This outcome would show that
the adaptive feedback worked as intended because participants who made more mistakes, would
receive more feedback, and participants who made fewer mistakes would receive less feedback.
If H5 were true, then both of these groups would report that the amount of feedback they

received was appropriate and helpful.
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Finally, in order to show that the research study with adaptive feedback was effective at
replacing the need for a research supervisor in remote VR studies, two things would need to
happen: Participants would complete the study at a similar rate as participants in a lab
environment (H6), and the participants' performance on the task would be similar to that of lab-

based participants (H7). (H7 is addressed in the paper by Kelly et al., n.d.)

Methodology

A remote VR study was designed to answer the proposed research questions and to
mitigate the risk of spreading the COVID-19 virus. For this study, participants were asked to use

their own VR HMD at home, without the help of a supervising researcher.

Table 6.1. Summary of HMD features.

HMD Resolution per eye Binocular FOV* Max refresh rate
(Hz)

Oculus Rift 1080 x 1200 ~100° 90

Oculus Rift S 1280 x 1440 ~100° 80

Oculus Quest 1600 x 1440 ~100° 72

HTC Vive 1080 x 1200 ~110° 90

HTC Vive Pro 1440 x 1600 ~110° 90

Valve Index 1440 x 1600 ~130° 144

* Binocular field of view are estimates based on manufacturer’s reported specifications for HTC
Vive and Valve Index. And on a combination of manufacturer reported values and comparisons
for Oculus products.

Hardware/Software

The VE could be delivered on the Oculus Rift, Oculus Rift S, Oculus Quest, HTC Vive,
HTC Vive Pro, or Valve Index. The specific hardware depended on what was available to each
participant. Because of this asynchronous, distributed method, graphics were rendered on the
user’s VR-capable personal computer. Therefore, the HMD had to be connected to the computer,

even if it was capable of wireless functionality (e.g., the Oculus Quest). Since system
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specifications could not be controlled, graphics card, processor types, and amount of random-
access memory were recorded and considered during data analysis. Similarly, the resolution,
field of view, and refresh rate depended on the HMD used by each participant. Table 6.1
contains a list of the qualifying HMDs and their specifications.

The HMD used by each participant also impacted the type of controllers used during the
experiment, and therefore altered the interaction method. Specifically, this impacted the method
used to teleport in the VE. Users of the HTC Vive and Vive Pro used the capacitive trackpad on
the Vive motion controllers, while Oculus Rift, Rift S, Quest, and Valve Index owners used the
mechanical joystick on their controllers. All of the qualifying controllers have an index finger-
activated trigger which was used to point and click when selecting buttons or submitting their

response during the triangle completion task.

Application Design

Although performance on the triangle completion task was used as a measure of the
success in the adaptive, remote VR experiment, it was not the main focus of this research (those
data are reported in detail elsewhere (Kelly et al., n.d.)). The scope of the current research was to
evaluate the effectiveness and qualities of adaptive feedback as a method for replacing the need
for a human supervisor/trainer in an online VR research task. Therefore, this section will
describe the triggers and adaptations employed during the remote VR task.

The VR software application for this research was developed using Unity 3D. During
development, it was important that the new VR application provided the same, or nearly the
same experience as the original lab study. To achieve this goal, basic instructions were added at
the beginning of the application to mimic the ways researchers explained the task during the in-

person user study. In between trial blocks, a menu was added to allow participants to take a
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break and report if they had experienced technical difficulties during the previous block of trials.

Since there was no researcher supervising the session, self-report measures were important to

determine if the application worked as expected during the experiment. Additionally, data

linking features including an interface for entering the participant’s ID number, and the ability to

upload data automatically to a server via WiFi were implemented. This allowed researchers to

receive data from the VR application and match it up with consent forms and other survey data

gathered outside the VR app using Qualtrics.

Table 6.2. Design of Triggers and Adaptations.

Trigger Task Adaptive Feedback
Incorrect button press Teleporting | Use your thumb pad/stick to teleport.
Correct button press & Teleporting | You must be locked onto the target to teleport.
Incorrect teleport position
1. Teleport to the colored marker to continue.
. Make sure you are pointing the controller at
15 seconds without
activating teleportation Teleporting the ground to teleport.
. 3. Press down with your thumb, aim the
interface
controller at the colored marker, and then
release to teleport.
1. Point to where the green marker was located
to continue.
15 seconds without 2. Make sure you are pointing the controller at
activating response Answering the ground to submit your response.
interface 3. Press down on the trigger with your index
finger, aim the controller at the ground, and
release the trigger to submit your response.
Incorrect button press Answering Use the trigger instead of your thumb to submit
your response.

Triggers

Triggers are signal events that are used by the system to choose and apply an adaptation.

For this application, the triggers were designed to recognize common task errors during pilot

study observations. Specifically, five different triggers were designed to recognize when a




116

participant had missed the teleporting target, pressed the wrong teleporting button, pressed the
wrong response button, failed to teleport within 15 seconds, or failed to give a response in the
triangle complete task within 15 second. Triggers were created using combinations of several
different input types from Feigh et al., 2012, including operator, temporal, and spatial inputs. For
the temporal triggers, 15 seconds was determined during pilot tests to be an appropriate amount

of time to signal inaction based on pilot testing.

Adaptations

For this research, adaptations appeared as text instructions in the VE. In the experiment,
the adaptive feedback was presented using red text presented on a semi-opaque background. The
“billboarding” technique was used to keep the feedback in the center of the user’s field of view.
Feedback was presented for five seconds before disappearing. This gave participants enough
time to read the text without interfering with their ability to complete the task during pilot
testing. Additionally, only one type of feedback could be displayed at a time so that the user
would not be overwhelmed by the information. The adaptive feedback text was customized to
the needs of the user based on the triggering event. A complete list of the types of feedback
given and their corresponding triggers is shown in Table 6.2. Note that two of the triggers had
three different levels of adaptive feedback denoted by numbered lists. The feedback was
authored to increase in specificity with each level, starting with a reminder of the general goal,
then advice for reaching the goal, and finally step-by-step instructions to accomplish the goal.
This method of feedback was modeled off of that used by Corbett et al. in their research on
intelligent tutoring systems (Corbett et al., 2001). In these cases, the feedback level increased by
one each time the trigger was activated until it reached level three. Level three feedback was

repeated until the associated action was completed successfully.
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48 Trials Total
I

Training Block Block Block Block Training Block Block Block Block
1 2 3 4 5 6 7 8
| 6 Trials | : 6 Trials |
T |
24 Trials (e.g., Partially Concordant) 24 Trials (e.g., Discordant)

Figure 6.3. Visualization of trial blocks. The study had eight trial blocks, each containing 6 trials.
Blocks 1-4 used one teleporting method, while blocks 5-8 used the other teleporting method. The
order of the teleporting methods was counterbalanced during the study. Before a participant was
exposed to a new teleporting interface, they experienced a training module to teach them the new
technique.

Procedure

All procedures described in this section were approved by the Institutional Review Board
at lowa State University. The approval form for this research can be found in Appendix: IRB
Approval Form. After a participant completed the screener and informed consent document via
Qualtrics, they received a unique six-digit identification number and were directed to a website

with instructions to download and install the VR application. After launching the
application and donning their HMD, they entered their identification number and gender. Then,
their identification number was used to determine the order in which they would experience the
counterbalanced condition levels.

Before the experimental trials, participants were presented with a training module to
teach them how to use the first teleportation interface. Once they felt comfortable, the participant
could advance to the experiment trials, where they would complete four trial blocks, each
comprised of 6 triangle completion task trials. Next, they were trained on how to use the other

teleporting interface, and then completed a second set of four trial blocks. Figure 6.3 shows how
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all 48 trials were broken into blocks with different treatments. The eight treatments were the
results of a 2x2x2 full-factorial design with the following conditions and levels: teleporting
interface (partially concordant/discordant), triangle path length (10 feet/40 feet), and VE size
(small/large). During the trials, adaptive feedback could be triggered based on the participant's
inputs. Next, they would repeat the training and experimental trials with the second teleporting
condition, resulting in a total of 48 trials. Conversely, the previously conducted lab condition of
the study required the participant to complete 96 trials of the triangle completion task (12 of each
combination of conditions.) The number of trials in each condition block was reduced by half in
order to keep the remote study under 60 minutes in duration and to decrease the rate of study
discontinuation, since online users would not have the additional motivation and social pressure
resulting from a researcher's physical presence. During the remote study, participants were
offered breaks and asked to report on simulator sickness and technical difficulties every 6 trials.
After the VR task, participants were instructed to remove their headset and were directed
to a Qualtrics questionnaire via a short link to give feedback on their experience and answer
demographics questions. The survey included questions about VR and video game experience, a
simulator sickness questionnaire, and subjective questions about the adaptive feedback they
received during the experiment. Lastly, participants were compensated through Amazon

Mechanical Turk, Prolific or with an e-gift card via email.

Participants

Participants for this research were recruited using Amazon Mechanical Turk, Prolific,
Facebook, and Reddit. Participants qualified for the study if they had access to an Oculus Rift,
Oculus Rift S, Oculus Quest, HTC Vive, HTC Vive Pro, or Valve Index, which they could

connect to a VR enabled PC using Steam. They also had to be 18 years of age or older and reside
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in the United States. In total, 47 people participated in the online study, with 42 completing the
entire study successfully. Of the 47 participants, data from four were excluded because they did
not complete the entire study, or some of their data was missing. Another four were excluded
because they used an HMD that was not on the approved list to complete the study. One
participant was excluded because they reported a technical difficulty that impacted their ability
to complete the study as it was designed. Therefore, a total of nine samples were excluded, and
the final online study sample included data from 38 unique participants.

Within the group that completed the study online, 33 identified as male, four female, and
one who preferred not to specify. Their ages ranged from 18 to 55 with a mean of 28. They also
used a variety of approved HMDs with the HTC Vive being the most popular. The distribution of

HMDs used can be found in Table 6.3.

Table 6.3. HMDs used in the online study.

HMD Number of Participants
HTC Vive 8
Oculus Rift
Oculus Rift S
Oculus Quest 2
Valve Index

Oculus Quest
HTC Vive Pro

e AN BN |

Results

The results section will first address how the presence of adaptive feedback in the remote
study affected the participant's performance on the triangle completion task in terms of error
magnitude. In the second section, analysis will be conducted to show how the adaptive feedback

affected task completion time. Finally, the authors explore the types and quantity of feedback
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received by the participants, and subjective measures regarding their opinions of the adaptive

feedback.

Task Error

During the triangle completion task, participants were asked to teleport along two legs of
a triangle, and then point back at the ground to indicated where the path started (completing the
triangle). The amount of error in their response was then calculated to be the shortest distance
between the given answer and the correct path origin location along the ground plane measured
in meters. Errors were averaged across all trials in the same treatment group for each participant
to mitigate the effect of outliers. A natural log transformation was used to remove skewness from
the data (Osborne & Costello, 2008). The resulting data was more normally distributed and had
more similar variances than the untransformed data. Although there were small departures from
normality, the authors determined that the data was within reasonable limits to continue with the
statistical test. A linear mixed-effects model (LMM) was found to best describe the relationship
between the response and predictor variables because it could account for multiple main effects
and incorporate a random effect to account for having multiple data points from each participant
(repeated measures).

The main effects incorporated into the model were the number of adaptations triggered
and block number (1 to 8), along with the following covariates: teleporting interface (discordant
or partially concordant), triangle path length (10 ft or 40 ft), and VE size (small or big). The
LMM was fit using the Restricted Maximum Likelihood (REML) and t-tests using
Satterthwaite’s method. The results of the LMM showed that the number of adaptations
triggered, £=0.099, #273)=3.266, p=.001, teleporting interface, f=-0.298, #(266)=-5.669, p<.001,

path length, 5=1.024, #(252)=23.865, p<.001, and VE size, 3=-0.170, #252)=-3.956, p<.001, had
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statistically significant impacts on absolute distance error, while block number, =0.031,
#(265)=1.699, p=.091, had a nearly significant impact and a positive beta value. Lastly, there was
a significant interaction between the number of adaptations received and block number when
predicting task error magnitude, =-0.014, t(269)=-2.472, p=.014. Details about all the predictors
used in this analysis can be found in Table 6.4.

Table 6.4. Results of the LMM to test the effects of adaptive feedback quantity and trial block

number on performance and task completion time with covariates of teleporting interface,
triangle path length, and VE size.

Independent Var. Predictor (Reference Point) Estimate (B3) Std. Error t-value p-value
Intercept 0.404 0.132 3.048 003 **
Adaptation Triggers 0.099 0.030 3.266 .001  **
Block Number 0.031 0.018 1.699 .091 -

Task Error Teleporting Interface (part. Concord.) -0.298 0.053 -5.669 <.001  kx*
Path Length (40ft) 1.024 0.043 23.865 <.001  R**
VE Size (small) -0.170 0.043 -3.956 <.001  R**
Adaptation Triggers * Block Number -0.014 0.006 -2.472 014 *
Intercept 2.537 0.087 29.063 <.001  R**
Adaptation Triggers 0.140 0.019 7.295 <.001  kx*
Block Number -0.005 0.012 -0.443 .658

Completion Time Teleporting Interface (part. Concord.) -0.274 0.033 -8.199 <.001  kx*
Path Length (40ft) 0.206 0.027 7.599 <.001  RH*
VE Size (small) -0.021 0.027 -0.776 438
Adaptation Triggers * Block Number -0.019 0.004 -5.150 <.001  kx*

Significance codes: <.001 = ***_ 0] =** 05=* 1="-

Based on the negative beta coefficient, there is an inverse relationship between the
number of adaptations triggered by the participant, and the magnitude of their errors in each
block of trials. This means that participants had smaller errors during trial blocks where they
triggered less adaptive feedback, and vice versa. The block number alone did not have a
significant effect on magnitude of errors, but when looked at in conjunction with the amount of
adaptive feedback presented, there was a relationship. A slopes analysis using Johnson-Neyman
intervals was performed to investigate this relationship. The results showed that the number of
adaptations triggered by participants was only a significant predictor (p<.05) of error magnitude

when the block number was outside of the interval [4.62, 18.50]. Since the maximum block
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number is eight, the interval shows that the predictor is only significant when the block number
is lower than 4.62, which is during the first half of the study. The covariates listed in Table 6.4
(teleporting interface, path length, and VE size) were necessary to build a robust model but are
not the subject of this paper. These variables and their relationship to various types of errors and

response time are discussed elsewhere (Kelly et al., n.d.).

Task Completion Time

The duration of every trial was recorded from the time the first marker appeared for the
triangle completion task to the time the participant submitted their response. This was used as the
response variable in an LMM to analyze how task completion time was affected by the number
of times participants triggered adaptive feedback, and block number with teleporting interface,
triangle path length, and VE size as covariates. Again, speed of trial completions were averaged
across treatments, and a log transformation was used to eliminate skewness from the data. The
result was a more normally distributed model with the similarities in variance necessary for the
statistical test.

The results from the LMM using the Restricted Maximum Likelihood (REML) and t-tests
using Satterthwaite’s method can be found in Table 6.4. The results showed that the number of
adaptations triggered, £=0.140, #269)=7.295, p<.001, teleporting interface, 5=-0.274, (264)=-
8.199, p<.001, and path length, 5=0.206, #(253)=7.599, p<.001, had statistically significant
impacts on task completion time. Lastly, there was a significant interaction between the number
of adaptations received and block number when predicting task error magnitude, $=-0.019,
#(266)=-5.150, p<.001. The block number and the VE size did not have a statistically significant

impact on the task completion time.
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Based on the positive beta coefficient, there is a direct relationship between the number
of adaptations triggered by the participants and the magnitude of their errors in a given block of
trials. This means that as the amount of adaptive feedback shown to the participant increased, the
amount of time it took them to complete the task increased as well. Once again, the block
number by itself did not have a significant impact on the response variable, but there was a
significant interaction between the number of adaptations triggered, and the block number. A
slopes analysis using Johnson-Neyman intervals was performed to investigate this relationship.
The results showed that the number of adaptations triggered by participants was only a
significant predictor (p<.05) of trial completion when the block number was outside of the
interval [6.18, 9.94]. Again, the interval maximum is greater than the maximum block number.
So, the results of the Johnson-Neyman interval imply that the predictor was only significant

during the first 6 trial blocks.

Previous VR Experience

Subsequent LMMs were used to determine if VR and video game experience could
explain performance and task completion time trends. Three self-reported metrics were used to
describe VR and video game experience: average number of hours spent playing video games
per week (M=32.68, SD=26.63), frequency of VR use (measured on a 5-point Likert scale and
treated as an ordered factor), and average length of VR play session in minutes (M=79.08,
SD=60.63). None of the VR or video game metrics were significant predictors of performance or
task completion time. Similarly, an LMM analysis was conducted to see if the participants'
previous VR and video game experience had an impact on the amount of adaptive feedback they
triggered during the study. The LMM again showed that none of the VR or video game

experience metrics were statistically significant predictors of adaptive feedback quantity.



124

Trigger
. Missed Target
. Not Answering

4- . Not Teleporting
. Wrong Answer Button
Wrong Teleport Button

2-
0- : . l ..ﬁ. .Hl .hl .J[
1 2 3 4 5 6 7 8

Trial Block Number

Average Quantity of Feedback Triggered

Figure 6.5. Average number of times feedback was triggered as a
function of type of feedback and block number. Error bars represent +1
standard error of the mean.
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. Not Answering

. Not Teleporting

. Wrong Answer Button
0. Wrong Teleport Button

Average Quantity of Feedback Triggered

0-

Discordant Partially Concordant
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Figure 6.4. Average number of times feedback was triggered as a function
of type of feedback and teleporting interface. Error bars represent +1
standard error of the mean.
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Table 6.5. Results of the LMM to test the effects of block number, teleporting interface, triangle
path length, and VE size on the number and types of feedback received by the participant.

Independent Var. Predictor (Reference Point) Estimate (B3) Std. Error t-value p-value

Intercept 3.756 0.282 13.323 <.001  R**

Block Number -0.123 0.032 -3.852 <.001  R**
Total Feedback Teleporting Interface (part. concord.) -1.764 0.146 -12.046 <.001  kx*

Path Length (40ft) 0.257 0.146 1.755 .080

VE Size (small) 0.199 0.147 0.811 418

Intercept 3.895 0.445 8.743 <.001  kx*

Block Number -0.283 0.068 -4.132 <.001  R**
Missed Target Teleporting Interface (part. concord.) -2.089 0.340 -6.136 <.001  kx*

Path Length (40ft) 0.845 0.307 2.754 006 **

VE Size (small) -0.306 0.306 -0.999 318

Intercept 0.656 0.100 6.553 <.001  kx*

Block Number -0.108 0.016 -6.921 <.001  R**
Not Answering Teleporting Interface (part. concord.) -0.095 0.071 -1.330 .184

Path Length (40ft) 0.041 0.071 0.571 .568

VE Size (small) 0.044 0.071 0.617 .538

Intercept 1.016 0.207 4.899 <.001  RH*

Block Number -0.145 0.031 -4.616 <.001  R**
Not Teleporting Teleporting Interface (part. concord.) -0.130 0.145 -0.898 370

Path Length (40ft) 0.172 0.144 1.193 234

VE Size (small) -0.013 0.144 -0.093 926

Intercept 0.908 0.236 3.852 <.001  R**

Block Number -0.175 0.035 -4.991 <.001  R**
Wrong Answer Button Teleporting Interface (part. concord.) 0.101 0.166 0.611 .542

Path Length (40ft) 0.311 0.166 1.880 .061

VE Size (small) 0.181 0.166 1.088 278

Intercept 2.438 0.436 5.593 <.001  R**

Block Number -0.332 0.067 -4.924 <.001  R**
Wrong Teleport Button Teleporting Interface (part. concord.) -0.452 0.316 -1.429 154

Path Length (40ft) 0.571 0.316 1.808 .072

VE Size (small) -0.082 0.317 -0.258 796

Significance codes: <.001 = ***_ 0] =** 05=* 1="-

Types of Adaptive Feedback

Like in previous analyses, LMM was selected to account for multiple participant samples,
and to measure the effects of multiple predictors simultaneously. Block number, teleporting
interface, path length, and VR size were used as predictors in the model. For the response
variable, the number of times each type of feedback was triggered was summed across all trials
in the same treatment group. This resulted in eight measurements for each participant. The types

of adaptive feedback being measured were labeled based on the user error that triggered it.
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Therefore, the response variables will be referred to as: missed target, not answering, not
teleporting, wrong answer button, and wrong teleport button. Additionally, the sum of all
feedback received during the treatment was considered as a response variable and is referred to
as "total feedback" in Table 6.5. Each of the models described in this section were tested for
significant two- and three-way interactions. None of the interactions were significant, therefore
they were removed from the final models.

The results of the LMM showed that block number, =-0.123, #262)=-3.852, p<.001, and
teleporting interface, =-1.764, 1(262)=-12.046, p<.001, were statistically significant predictors
of the total amount of feedback triggered by participants. Path length was almost a statistically
significant predictor, £=0.257, #(262)=1.755, p<.080, and VE size was not a significant predictor.

By looking at the impact of block number on the response variable, one can understand
the behavior of the response variable over time. The negative beta value shows that the amount
of adaptive feedback triggered by the participants decreased as the block number increased
(Figure 6.5), showing that fewer adaptations were triggered during later trials. The analysis also
showed that participants received less feedback overall when using the partially concordant
teleporting interface, rather than the discordant interface (Figure 6.4). This is represented by the
negative beta value for teleporting interface with the partially concordant interface as the

reference level (i.e., the level that was coded as zero for analysis purposes) in Table 6.5.

Missed Targets

A "Missed Target" error occurred when participants attempted to teleport to the next
corner of the triangle (as marked by a colored post) but missed the mark. When comparing the
impact of the predictors on the quantity of Missed Target adaptations, the LMM showed that

several of the main effects were significant. Specifically, block number, =-0.283, #(700)=-



127

4.132, p<.001, teleporting interface, =-2.089, #701)=-6.136, p<.001, and path length, 5=0.845,
1(688)=2.754, p=.006, were significant predictors of this type of feedback.

In practical terms, this means the number of missed targets decreased as block number
increased, since the beta value was negative. Participants also had fewer target misses when they
were using the partially concordant teleporting interface. Lastly, participants had more missed
targets when they were navigating larger triangles, meaning targets that were farther away were

harder to hit.

Not Answering and Teleporting

Participants could trigger two types of adaptive feedback due to inaction. Participants
who failed to teleport to the next point on the triangle received adaptive feedback messages after
15 seconds. Adaptive feedback was also triggered when participants did not give their response
at the end of their triangle completion task within 15 seconds. The results of the LMMs showed
that these temporal triggers were activated less frequently as the participant progressed through
the study. This is evident from the negative beta values associated with block number for both
the "Not Answering" feedback, =-0.108, #301)=-6.921, p<.001, and "Not Teleporting"
feedback, =-0.145, 1(279)=-4.616, p<.001. None of the other main effects had a significant

impact on this type of adaptive feedback.

Wrong Button Presses

Incorrect button presses could happen in two different situations, each triggering their
own feedback. First, the participant could press the trigger button instead of the thumb pad when
trying to teleport ("Wrong Teleport Button" in Table 6.5). Alternatively, the participants could

depress the thumb stick instead of the trigger when attempting to indicate their response at the
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end of the triangle completion task ("Wrong Answer Button" in Table 6.5). Other button presses,
such as activating the grip button, did not trigger these adaptations.

The LMMs showed similarities in results for both types of incorrect button presses. First,
when "Wrong Answer Button" triggers was the response variable, block number, =-0.175,
#(313)=-4.991, p<.001, was a statistically significant predictor, while path length, $=0.311,
#(313)=1.880, p=.061, was nearly significant. The results for "Wrong Teleport Button" showed
the same predictors with block number, =-0.332, #336)=-4.924, p<.001, again being a
significant predictor, and path length, $=0.571, #(331)=1.808, p=.072, being nearly significant. In
both cases, there was a decrease in the respective feedback type as participants progressed

through the study exemplified by the negative beta values associated with block number.

User Opinions

After completing all trials of the online study with adaptive feedback, participants were
asked to respond to three Likert scale questions about their views on the helpfulness,
intrusiveness, and frequency of the feedback. The results of these surveys are visualized in
Figure 6.6, where the y-axis is the number of participant responses, and the x-axis shows the
ordered levels of the Likert scales.

The graphs of responses to the Likert scale questions show that participants tended to find
the quantity of adaptive feedback they received was appropriate, since the majority of
participants (66%) reported that it was "the right amount" n=24) on the frequency scale.
Similarly, participants tended to rate the feedback low on the intrusiveness scale, represented by

76% of the responses labeled "Not at all annoying" n=12) or "Somewhat annoying" (n=17).
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Figure 6.6. Visualizations of participants’ opinions of the adaptive feedback.

Conversely, participants' opinions on the helpfulness of the adaptive feedback were more

varied. Responses tended toward the middle of the range, represented by "Somewhat helpful"

(n=12), "Moderately helpful" (n=11), and "Very helpful" (n=13). Only two participants

described the adaptive feedback as "Not helpful at all," and none described it as "Extremely

helpful.”

Three separate Poisson regressions were conducted to predict the participants' ratings of

feedback quantity, helpfulness, and intrusiveness based on the number of times they triggered

each of the five types of feedback. The Poisson regression was chosen for its ability to handle

response variables that represent count data, rather than continuous or factor data. The purpose of

this analysis was to see if any individual type of feedback influenced these ratings more than

other. The results of the Poisson regression showed that no one type of adaptation had a
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statistically significant impact on the way participants scored the helpfulness, intrusiveness, or

quantity of the feedback.

Discussion

The purpose of this research was to validate the use of adaptive feedback in lieu of
supervision from a researcher during online VR research and determine how the adaptive
feedback could be improved. Participants completed a research study involving a locomotion
task online using adaptive feedback to help them complete the study independently.

The first objective of this work was to determine if the adaptive feedback worked as
designed, and to learn how it could be improved for future research. The first hypothesis (H1)
was that the magnitude of errors produced by participants on the task would decrease over time.
The results did not directly support this hypothesis because block number was not shown to be a
significant driver of performance. The authors speculate that this was due to the nature of the
adaptive feedback. The goal of the adaptive feedback was to help the participants complete the
task, by giving instructions on which buttons to push, and reminding them what step they were
currently working on. The purpose of the adaptive feedback was not to help them perform the
triangle completion task with higher accuracy, which is what was tested by this hypothesis. With
this in mind, the authors determined that this was not the best measure of the adaptive feedback's
success.

The second hypothesis (H2) was that the time needed to complete the task would
decrease toward the end of the study. Again, the block number did not have a significant impact
on the speed with which participants completed the task. However, the results showed that
participants took longer to complete task trials when they received adaptive feedback during the

first half of the study. This is likely because participants spent some of that time reading the
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adaptive feedback. The authors also speculate that this relationship was not upheld in the second
half of the study because participants triggered much less adaptive feedback near the end of the
study. Additionally, if they triggered the same feedback more than once, they may not have spent
as much time reading it during subsequent trials.

The third hypothesis (H3) addressed the potential impact of previous video game and VR
experience on the participants' performance, task completion times, and the amount of adaptive
feedback they received. The analysis showed that previous VR and video game experience had
no relationship with performance, task completion times, nor the amount of feedback received by
participants. This was counter to the hypothesis that participants with more VR and video game
experience would trigger feedback less frequently. One theory that could explain this result is
that participants who own their own VR hardware are more familiar with the controls, thereby
reducing the learning curve typically associated with using new hardware. This theory is
applicable because the VR participants recruited for this study had a high amount of video game
experience, consistent with previous research on VR HMD owners (Kelly et al., 2021).

The fourth hypothesis (H4) was that adaptive feedback would be triggered by participants
more frequently at the beginning of the experiment than at the end. This hypothesis was
supported by the data, which showed an inverse relationship between block number and the
number of times participants triggered feedback during the study. This result showed that online
participants were able to learn from the adaptive feedback as they would from a live researcher
and changed their behaviors, which resulted in fewer errors that trigger adaptive feedback later in
the study. Additionally, participant tended to make more errors that triggered feedback when
using the discordant teleporting condition. This result is supported by previous work that showed

the discordant teleporting interface was inherently more difficult to use because of the added
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rotation control needed to teleport (Kelly et al., 2020). The increase in feedback when using the
discordant interface was partly due to missing the target, since participants needed to align both
the position and orientation of the teleport marker with that of the target in order to proceed. This
was supported by the analysis because the number of missed target errors was also greater during
the discordant teleporting trial blocks. The rest of the adaptive feedback triggers were not
influenced by the teleporting condition but did follow the trend of decreasing frequency as the
study progressed.

The fifth hypotheses (HS) suggested that the participants' ratings of the adaptive feedback
in terms of helpfulness, intrusiveness, and quantity would not be different depending on the
quantity and type of adaptations received. This hypothesis was partially supported by the data,
since the participants' opinions about the feedback quantity and intrusiveness did not change
based on the actual quantity of feedback they received. This result shows that the adaptive
feedback worked as intended because participants who made more mistakes (and received more
feedback), and participants who made fewer mistakes (resulting in less feedback) did not
necessarily rate their experience with the feedback differently. Additionally, the majority of
participants felt that the amount of feedback they received was "just the right amount" and that it
was "not at all annoying" or only "somewhat annoying." This suggests that the design of the
triggers was effective for this application. The perceived helpfulness of the feedback was also
not affected by the amount of feedback the participant received. However, lower ratings of
helpfulness overall indicated that perhaps some of the wording of the adaptive feedback should
be changed, or adaptive feedback could be authored for other types of errors that were not

initially accounted for.
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To show that the remote VR study using adaptive feedback was successful in helping
participants complete the study (H6), the authors looked at attrition rate of the online and lab
studies. In this study 89% of participants completed the entire study successfully. The lab study
conducted in 2019 (Kelly et al., 2020) had a similar success rate. In that study, 37 participants
were recruited, and 4 of them either did not complete the study, or had technical difficulties
during the study, resulting in an 89% success rate as well. This shows that the adaptive feedback
was capable of ushering participants through the study at a similar rate as a researcher in the lab.
Furthermore, the online study elicited similar results on the navigation task in terms of errors and
response time, satisfying H7. These are the subject of another paper which focuses on the
participants' use of navigational self-motion cues. For more information see the paper by Kelly et
al., n.d. Overall, the results showed that conducting unsupervised remote research using adaptive
feedback elicited similar performance and completion rates as the lab equivalent, making the use
of unsupervised, remote studies with adaptive feedback a viable method for data collection in
VR research.

One limitation of this study is that the authors did not compare the remote study with
adaptive feedback to a control study in which remote participants did not experience adaptive
feedback. This was not carried out because of limited access to online participants. However, this
research should be conducted in the future and compared to the data from this study to ensure
that the adaptive feedback in fact improves completion rates over traditional non-adaptive

instructions.

Conclusion

Ultimately, the adaptive feedback aided participants in completing the unsupervised,

remote VR study successfully. The adaptive feedback also worked as intended, triggering when
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the participants most needed it, which tended to be at the beginning of the experiment when they
were learning how to interact with the VE. This suggests that adaptive feedback is an adequate
replacement for live supervision from a researcher during VR studies, which is consistent with
results from AR/VR training studies using adaptive feedback during lab-based studies
(Fricoteaux et al., 2014; Westerfield et al., 2013). Additionally, the performance and task
completion time of the online participants was not influenced by their previous gaming and VR
experience, which could be tied to online recruitment, since online VR owners tend to have a lot
of previous video game experience (Kelly et al., 2021). Furthermore, participants tended to
trigger more adaptive feedback earlier in the study than at the end, showing that they learned
from the adaptive feedback and changed their behavior. Future work in this area is to compare
the remote study with adaptive feedback to the same remote study without adaptive feedback to
further understand the difference made by the adaptive elements.

When evaluating the design of the adaptive feedback, it was found that the adaptive
feedback triggered successfully when participants made mistakes during the VR task. Surveys
conducted at the end of the study showed that most participants felt the amount of adaptive
feedback they received was appropriate, and not too intrusive. This showed that the inputs used
in the design of the triggers (operator, temporal, and spatial inputs) were effective. Some
participants found that the adaptive feedback they received was not helpful, or only somewhat
helpful. Based on this information, the adaptations applied to the system should be modified and
further testing conducted to determine how to best present the adaptive feedback to the
participants. Some options for future adaptations include changing the wording of text-based

feedback to better fit the needs of the user, and trying new channels for feedback, such as haptics
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or audio. Further research is needed to test more varied channels for adaptive feedback and to

understand what types of feedback and triggers are ideal for VR training in research studies.
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CHAPTER 7. SUPPLEMENTAL RESULTS

This supplemental results section will address differences in performance between the
online sample with adaptive feedback, and a lab sample without adaptive feedback. The newly
collected online sample then compared to a sample group that completed the study in a lab
without the use of adaptive feedback. More information about the results from the lab-based
study can be found in the 2020 paper by Kelly et al. This sample used the same procedures, task,
and treatments as the online study However, in the lab sample, participants completed 12 trials of
each treatment (resulting in a total of 96 trials), while online participants only completed 6
(resulting in 48 trials.) The decrease in trials was designed to increase engagement and
participation since online users would not have the additional motivation and social pressure
resulting from a researcher’s supervision. A total of 37 participants, who were mostly
psychology undergraduates at lowa State University, completed the study in the lab in 2019.
Data from four participants were excluded from this data analysis because their data sets were
incomplete, leaving 33 samples in the lab group. Eighteen of the participants identified as male,
and 14 identified as female. All participants in this group completed the study using an HTC
Vive.

The measure of performance used for the following analysis was absolute distance error
between the participant's response and the correct answer in the triangle completion task. In the
second section, analysis will be conducted to compare the task completion time between the lab

and online groups.
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Performance

During the triangle completion task, participants were asked to teleport along two legs of
a triangle, and then point back at the ground to indicated where the path started (completing the
triangle.) The absolute distance error was calculated to be the shortest distance between the given
answer (response) and the correct path origin location along the ground plane measured in
meters. Absolute distance errors were averaged across all trials in the same treatment group for
each participant to account for the differences in number of trials completed by participants in
each group, as well as to mitigate the effect of outliers. A natural log transformation was used to
remove skewedness from the data (Osborne & Costello, 2008). The resulting data was more
normally distributed and had more similar variances than the untransformed data. Although there
were small departures from normality, the authors determined that the data was within
reasonable limits to continue with the parametric test. A linear mixed-effects model (LMM) was
found to best describe the relationship between the response and predictor variables, because it
could account for multiple main effects, and incorporate a random effect to account for having
multiple data points from each participant (repeated measures).

The main effects incorporated into the model were location (online or lab), condition
order (1 to 8), teleporting interface (discordant or partially concordant), triangle path length (10
ft or 40 ft), and VE size (small or big). No interactions, only main effects were found, so the two-
and three-way interactions were removed from the model. The LMM was fit using the Restricted
Maximum Likelihood (REML) and t-tests using Satterthwaite’s method. The results of the LMM
showed that teleporting interface, =-0.361, #477)=-12.113, p<.001, path length, =1.031,
#(477)=34.563, p<.001, and VE size, f=-0.193, #(477)=-6.473, p<.001, had statistically
significant impacts on absolute distance error, while location, =-0.185, #(67)=-1.946, p=.056,

had a nearly significant impact. Details about all the predictors used in this analysis can be found
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in Table 7.1. The order of conditions did not have a statistically significant impact on
performance.

The negative beta value associated with location suggests online participants with
adaptive feedback had less severe errors than participants in the lab (however not to a level that
indicated statistical significance.) This analysis supported the hypothesis that the online study
using adaptive feedback would result in similar performance levels as the lab study. And in some
cases, the online group even performed better on the triangle completion task than the lab group.
However, it is not clear from this test if the online group's performance level was a result of well-

designed adaptive feedback, or other factors such as previous VR experience.

Task Completion Time

The duration of every trial was recorded and used as the response variable in an LMM to
analyze how task completion time was affected by location, condition order, teleporting
interface, triangle path length, and VE size. Again, speed of trial completions was averaged
across treatments, and a log transformation was used to eliminate skewedness from the data. The
result was a more normally distributed model with the similarities in variance necessary for the
statistical test.

No interactions, only main effects were found, so the two-and three-way interactions
were removed from the model. The results from the LMM using the Restricted Maximum
Likelihood (REML) and t-tests using Satterthwaite’s method can be found in Table 7.1. The
results showed that the teleporting interface, $=-0.323, #(477)=-16.845, p<.001, path length,
=0.173, t(477)=9.007, p<.001, and condition order, =-0.050, #(477)=-11.857, p<.001, had

statistically significant impacts on task completion time, while location, £=0.125, #67)=-1.990,
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p=.051, did not have a statistically significant impact. The VE size did not have a statistically
significant impact on the task completion time.

The analysis of the factors influencing task completion time showed that the online group
performed the triangle completion task as fast as the lab group, with a trend toward faster mean
completion times. This supports the hypothesis that the adaptive feedback provided in the online

study is sufficient to replace the need for an instructor in VR research.

Table 7.1. Results of the LMM to test the effects of location, condition order, teleporting
interface, triangle path length, and VE size on performance and task completion time.

Independent Var. Predictor (Reference Point) Estimate (B) Std. Error t-value p-value
Intercept 0.875 0.080 10.973 <.001  ***
Location (online) -0.185 0.095 -1.946 056 -

Performance Teleporting Interface (part. Concord.) -0.361 0.030 -12.113 <.001  kx*
Path Length (40ft) 1.031 0.030 34.563 <.001  ***
VE Size (small) -0.193 0.030 -6.473 <.001  ***
Trial Block Number -0.001 0.007 -0.115 .908
Intercept 3.057 0.052 58.435 <.001  kx*
Location (online) -0.125 0.063 -1.990 051 -

Completion Time Teleporting Interface (part. Concord.) -0.323 0.019 -16.845 <.001  kx*
Path Length (40ft) 0.173 0.019 9.007 <.001  ***
VE Size (small) -0.008 0.019 -0.433 .666
Trial Block Number -0.050 0.004 -11.857 <.001  ***

Significance codes: <.001 = ***_ 0] =** 05=* 1="-

Performance Improvement

The author also analyzed how participant’s accuracy on the triangle completion task
changed over time in the online study with adaptive feedback compared to the labs study with
researcher supervision. To do this, the difference in the average error magnitude was calculated
between the first and last trial blocks for each participant. Next, a regression analysis was
conducted which used the study location (online or lab) to predict the difference in error

magnitude. The analysis showed that the difference in error magnitude for the online group (M=

1.041, SE=0.696) and the lab group (M=0.109, SE=0.760) was not statistically significant

(»=0.269) and had a small effect size (d=0.274). The marginal means for each group, along with
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Figure 7.1. Mean difference in error magnitude from the first trial block to the last, grouped by
study location (lab vs. online). Error bars represent +1 standard error of the mean.

their respective standard errors are depicted in Figure 7.1. Although the difference was not
statistically significant, the graphs shows that the average difference in error magnitude in the
online group was negative, meaning participants in this group tended to improve their
performance over time. In the lab group, the mean was positive and close to zero, showing that
the lab group tended to maintain a similar level of performance between the beginning and the
end of the study. This trend points toward the possibility that participants improved their
performance more when using the adaptive feedback interface. This trend is especially
interesting considering the online group with adaptive feedback completed half as many trials
than the lab group, meaning that their performance improved just as much, or more than the lab
group in half as many trials. More samples would need to be collected to see if this trend persists

and becomes more significant with larger sample sizes.
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Hardware Differences

New questions arose after analyzing the factors that influenced the number of adaptations
triggered by participants in the previous chapter. The author theorizes that the “Missed Target”
triggers, which happened the most frequently, were influenced by the hardware used by the
participants. Since the participants use their own hardware, the types of HMD and controllers
used varied greatly. The different types of controllers are particularly of interest because HTC
Vive and HTC Vive Pro headsets used controllers with a capacitive touch pad for rotation during
the discordant teleporting condition, while the other HMDs used thumb stick. Figure 7.2 shows
how frequently “Missed Target” feedback was triggered when using each type of headset. A
linear mixed effects model was used to determine whether the controller type, which was
dictated by the HMD, and the teleporting interface influenced how often this type of feedback
was triggered. The model showed a statistically significant impact of both teleporting interface,
=-2.099, 1(703)=-6.088, p<.001, and controller type, f=-1.155, #(51)=-2.017, =.049. Since the
reference points for these factors were the partially concordant interface and the capacitive
touchpad controllers, respectively, the negative beta values mean that Missed Target triggers
occurred more when using thumbs sticks and the discordant teleporting interface. This is also
exemplified by looking at the bars representing the HTC Vive and HTC Vive Pro in Figure 7.2,
which represent the HMDs with capacitive touch pads. This result was interesting, because the
author originally believed the capacitive touch pad to be more difficult to use for teleporting
through the VE. More research in a controlled environment is needed to determine why this

occurred. Furthermore, more samples should be obtained to ensure that uneven sample sizes did
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not influence this result since only 9 participants used capacitive touch pad controllers and 29

used thumb sticks.

[

" Quest 1

B oculus Rift s
Oculus Rift CV1

B HTC Vive

B HTC Vive Pro

Avg. Feedback Triggered per Trial Block

O-

Discordant Partially Cfoncordant
Teleporting Interface

Figure 7.2. Average number of “Missed Target” triggers per trial block grouped by HMD type
and teleporting interface. Error bars represent +1 standard error of the mean.
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CHAPTER 8. GENERAL CONCLUSIONS

Adaptive automation is a powerful way to assist trainees in learning new skills. The use
of adaptive automation can help learners by reallocating processes and information between a
human and a computer, thereby reducing the burden on a learner when they are under stress.
Learning to use equipment like a XR HMD can be a stressful undertaking, especially when the
trainee must simultaneously learn to accomplish a training task with the complex hardware.
Traditionally, a trainee would have the assistance of a live trainer to teach them how to use the
XR hardware one on one. However, this is not an efficient ratio for training large numbers of
people using XR. Additionally, with the advent of the COVID-19 pandemic, more research and
training are moving online, making one on one support from a trainer more difficult. This
research seeks to ease the burden on the learner by combining adaptive automation and virtual
reality technologies to create adaptive training environments in XR that eliminate or reduce the
need for training personnel. Specifically, this dissertation addressed three key research questions:

RO 1. When are adaptations needed by a leaner in an XR training task?

RO 2. Can an automated adaptive feedback model supplant the need for a live instructor
in an XR training system?

RO 3. What specific automated adaptive feedback mechanisms/practices are required
for XR training tasks?

The work presented in this dissertation took initial steps towards answering these
questions by first understanding how AR and VR expert trainers interact with trainees to mitigate
confusion when learning to use new XR interfaces and hardware. Interviews were conducted
with 12 experts to learn about how they identify and react to confusion exhibited by a trainee. An

in-depth theme analysis was conducted on the resulting interviews and recommendations for the
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development of adaptive XR systems were presented. The recommendations based on expert
interviews served to answer the first two research questions, and can be summarized as follows:

1. When it comes to adaptation triggers, verbal and physical triggers should be prioritized.
This means triggers should use inputs such as verbalizations from the learner, as well as
signals that indicate inaction, incorrect action, or incorrect body position.

2. When designing the effects adaptations have on an XR training system, the author
recommends physical adaptations be replicated using models and animations in the VE to
demonstrate physical tasks and audio or text instructions be used to provide information
on procedures.

3. Additionally, the specificity of information provided by adaptations can be increased
incrementally to allow the learner to think through a problem on their own and create
varying levels of difficulty.

These recommendations were then used to inform the design of adaptations in an online
user study. The user study evaluated the use of adaptations to replace the need for a supervisor in
during a remote VR research task. The task in question was a triangle completion task, which is
used to evaluate a person’s ability to navigate through a virtual space. It was essential that this
research be conducted remotely, rather than in a lab because of the risk of spreading COVID-19.
By successfully implementing adaptive automation to replace researcher supervision in this task,
the researchers would save significant time and effort, while participants completed the task
without their aide.

The author designed the adaptive feedback for this task by using information from expert
interviews, input from researchers, and extensive pilot testing. The resulting adaptations

provided text-based feedback which was triggered by temporal, spatial, and operator inputs. The
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events which elicited adaptive feedback included attempting to teleport to the wrong location,
pressing the wrong button when teleporting, pressing the wrong button when giving an answer at
the end of the task, failing to teleport within 15 seconds, and failing to give a response to the
triangle completion task after 15 seconds. Some of the adaptations also provided increasingly
detailed instructions based on the number of times the participant made similar errors.

42 VR owners completed the remote, unsupervised study with adaptive feedback. The
results showed that participants were able to complete the study at a rate of 89%, which was
equal to the completion rate of a similar study conducted in a lab with supervision from a
researcher. The study demonstrated that the adaptive feedback worked as intended because
participants made more mistakes that triggered adaptations at the beginning of the study and
were able to mitigate their mistakes in later trials. Additionally, participants reported that the
feedback was not very intrusive, and that the quantity of feedback they received was appropriate.
These results showed that the design of the adaptation triggers was successful. Some participants
remarked that the feedback they received was only “somewhat helpful.” This indicated that some
of the adaptations could be authored differently, or that more adaptations should be authored for
situations that were not considered during the initial design.

In response to RQ3, this study showed that the adaptive triggers designed using operator,
spatial, and temporal inputs resulted in successful adaptation triggers, and could be extensible to
other adaptive training scenarios. However, the results showed that text UI that was used to
provide information to learners once an adaptation is triggered was not necessarily ideal. Further
research is needed to determine the best way to author the adaptations, whether that means
changing the language used, or trying other channels such as audio, haptic, or visual feedback

using 3D models.
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Overall, this paper addressed all three research questions which were presented at the
beginning of the dissertation. The research discussed in this paper supported the use of adaptive
automation as a method to supplant supervisors in XR training tasks and made recommendations
for developers who seek to employ adaptive automation in future XR applications for training.
Future research includes testing more of the recommendations from expert interviews in
empirical user studies and testing the effectiveness of adaptive feedback in a variety of VR and

AR applications.



