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ABSTRACT

Recent advances in computers and technology have made VR (Virtual Reality) devices with imbedded training
applications more commercially available. Additionally, there is potential to realize effective training with minimal
human-instructor interaction. Our hypothesis is that a VR training environment, coupled with software designed to
effectively guide the subject through a task, would improve the performance outcomes of a USAF pilot measured by
a reduction in time to complete a task or reduction in errors. The authors chose checklist execution as the measured
task during static flight operations (e.g. the aircraft may be “airborne” but the focus is on checklist execution rather
than aircraft control), and investigated whether training provided by the VR device improved pilots’
performance. Twelve subjects (n=12) were selected; six had no VR training (no-VR) and six had VR training (yes-
VR). The six no-VR subjects had completed a 3-month training program consisting of lectures, computer-based
training, testing, and guided practice sessions at a physical cockpit station (aka “cardboard trainer”). Whereas, the
six yes-VR subjects were only afforded 20 hours of training exclusively within the VR device. They had no other
academics. After completing training, both the no-VR and yes-VR groups were asked to complete the BEFORE
STARTING ENGINES CHECKLIST in a new environment — a full-motion simulator representative of the actual
aircraft. The study used measures “time to completion” (time) and “number of errors” (numErr) as indicators of
subject pilot performance. The results showed that there was no statistically significant difference in time between
the no-VR and yes-VR subjects (p=0.8713). However, the number of mistakes made by the yes-VR subjects was
significantly less than the no-VR subjects (p=0.0402). The authors conclude that a VR device coupled with software
designed to focus the subject’s training to the task, is responsible for the reduction in errors.
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INTRODUCTION

This paper compared the effectiveness of virtual reality (VR) training versus traditional training tools like:
paper print-outs of the cockpit; life-like cardboard replicas of the cockpit; stationary simulators; and full-motion
simulators. This study evaluated the use of VR training on the performance of checklist procedures, i.e. the act of
moving switches in a particular sequence in order to properly operate an aircraft as published by the manufacturer.
The findings of this study is the beginning of future studies to quantify performance outcomes in subject pilots
trained by VR devices.

Since the first time mankind flew an aircraft, people have been developing ways to artificially re-create
flight because of the associated costs with operating aircraft. Training in a simulated environment allows for more
cost-efficient learning paradigms, while also providing the ability to present hazardous flight scenarios (e.g. an
engine fire) without actually putting the student’s life at risk. In the 1920’s, Edwin Link understood the cost-benefit
of a simulator, and developed one of the first well-documented trainers for flying called the “Link Trainer”
(McIntosh, 1988).

As time passed, computers and technology advanced resulting in more sophisticated flight simulators.
However, with an increase in fidelity came a short-term linear increase in cost followed by an exponential increase.
The increase in simulator fidelity drove a cost-benefit challenge between achieving the desired training outcomes
while doing so at a reasonable cost. Another way to describe this relationship is as follows: during lower stages of
simulator fidelity, an increase in fidelity was met with a similar increase in cost; and when making the simulator as
life-like as possible, any increase in fidelity is met with tremendous increases in cost. For example, compare a
simulated cockpit where the switches move but there is no additional feedback, to a simulated cockpit where
switches move and corresponding changes to lights, gauges and screens occur relatively identical to the actual
aircraft. Simple tasks like checklist rehearsal can be practiced in the former example, whereas additional and more
complex tasks (e.g. takeoff, or landing) can be accomplished on the latter; though at a significantly increased cost.
There is an optimum fidelity-cost relationship as applied to a list of pilot training tasks, where more tasks can be
trained as fidelity-cost increases, and before the relationship increases exponentially (Barnes, 1971; Rolfe, 1977;
Rolfe and Caro, 1982; Rolfe and Staple, 1986; Finnegan, 1977).

The number of available training solutions has also multiplied as the technology has advanced (Flexman el
al., 1972; Jacobs and Roscoe, 1975; Taylor et al., 2005a, 2005b). As new training devices are created, new human-
machine interface dynamics are realized. Many studies have been done on the training efficacy and transfer of
training suitability of ground-based aviation devices (Finnegan, 1977; Flexman et al., 1972; Jacobs and Roscoe,
1975; Roscoe and Williges, (1980); Kelly (1982); Kelly et al., (1985); Baldwin and Ford (1988); Taylor et al.,
2005a). Most of these devices focus on the procedural nature, like checklist execution, but tend to neglect the
physical and psychological components of the user experience (Swezey and Llaneras, 1997). With the relatively
new technology of VR, there is potential to reasonably affect the physical and psychological domains with the
inherent immersion that VR provides.

The introduction of VR in flight training simulations had several outcomes. Studies have shown that the
impact of VR training can replace live-training (Champney et al., 2017), and can maximize training effectiveness
with minimal cost (Padron et al., 2018). On the other hand, physiological maladaptations can lead to negative VR
user experience, and overall negative training outcomes (Feng et al., 2017; Basak et al., 2019; Stanney, Lawson et
al., 2020). Understanding the technological advancements of VR (Champney et al., 2017) with the physiological
ramifications (Stanney, Hughes et al., 2021) should lead to a positive user experience. Combining the technological-
physiological limitation understanding with a need to identify fidelity requirements in a training task (Muller et al.,
2006) will lead to better development of VR training strategies (Stanney, Cohn et al., 2013). The aim of this paper
is to include a quantitative analysis to the product of training strategy and identifying fidelity requirements keeping
the physiological limitations in mind.
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METHODS

The purpose of this study was to investigate whether a different training technique — VR — improved the
performance of student pilots above what could be expected using strictly traditional training techniques. Though a
dynamic flight environment would be the ideal testing ground, the task of checklist training and execution was
selected because of its simplicity. Checklist execution will also serve as a good starting point for quantitative
analysis of VR as a new training tool. Because a laboratory was not available, an operational environment was used
to perform the case study. In this environment, the subjects available for the study were limited to those of ground-
school graduates and others in “casual status” waiting to start ground school. Though we desired to randomly select
from a larger population to be able to extrapolate inferences on statistical conclusions, we decided to continue with a
case study in order to develop test metrics for future studies.

All twelve of the subjects selected for the study had completed a year-long primary flight training program
prior to arriving to the advanced aircraft training program. They had no other flight-related training prior to
attending advanced aircraft training. Six of the subjects were graduates of a 3-month academic program for the
advanced aircraft consisting of hundreds of hours of instruction, course study, and simulator training. They were
randomly selected from a pool of twelve pilots that graduated the academic portion of the advanced aircraft training
program. The six subjects selected for VR training were in “casual status” waiting to begin training for the
advanced aircraft. They had received no other additional training since their primary training program. These six
subjects were the only ones available for the VR-training portion of the study. No selection from a larger pool;
hence, the limitation of this research to a “case study.”

The graduates of the academic program (no-VR) for the advanced aircraft were limited to traditional
training tools. The traditional training tools consisted of the following: computer-based training in the form of
presentations or written lectures; video lectures; in-person lectures; a simplified (but not very accurate) physical
mock-up of the cockpit; a more physically accurate mock-up of the cockpit called a CPT (cockpit procedures
trainer); and the most accurate aircraft representation called the WST (weapon-system trainer). The physical mock-
up (fig. 1) has most of the switches found in the actual aircraft, but none of the switches would react as they would
in the actual aircraft (e.g. turning “on” the battery in the aircraft would power on some gauges whereas nothing
happens in the mock-up). The CPT (fig. 2) is another physical representation of the cockpit, but the switches feel
and move like the actual aircraft, and also activate simulated systems (e.g. when the battery switch is turned “on”
respective systems are powered). The “Weapons System Trainer” (WST) functions just like the CPT, but adds out-
the-window visual simulations as well as full-motion. The ground-school graduates (no-VR) received training in the
simplified mock-up, the CPT and the WST. They had zero training with the VR device.

Figure 1: Mock-up of the cockpit from the left seat. Figure 2: Cockpit Procedures Trainer from the left seat

The six subjects that were exclusively VR-trained (yes-VR) had not started any formal advanced aircraft
training, and had zero hours of experience in the advanced aircraft. Each subject in the yes-VR group was afforded
20 hours of time to train exclusively on checklist execution in VR. The VR experience provided a life-like cockpit
visually where switches and gauges would react to user input, and the reactions were accurate to actual aircraft
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designs. The subjects interfaced with the VR environment with two hand-held game controllers with joysticks and
various buttons. These joysticks were the methods which the subject would interface with the VR cockpit.
Specifically, the VR user would point to a switch, or control, in the VR cockpit and use the controller’s joystick and
buttons to manipulate the switch. Noise to simulate events like engine-start was embedded in the software in order
to immerse the user. The cockpit was rendered by an artist to look as realistic as possible, and the cockpit
components (switches, screens, etc) were constructed with high accuracy. This was designed such that the VR-
user’s movements would be as close to life-like as possible. A tutorial-like experience was embedded into the VR
experience such that no human-guidance was needed to move from one checklist step to the next. An additional
evaluation-like experience was embedded into the VR-training system so that the subject pilots could independently
self-evaluate their performance.

\

Figure 3: Screenshot of VR device from left seat. F igre 4: Actual aircraft from left seat.

At the conclusion of the training, both populations were tested in a full-motion simulator called the WST.
The WST provides the most life-like experience. All of the screens and switches are present and moveable switches
provided resistance nearly identical to the real-life aircraft. Other haptic conditions like ambient noise and motion
are present in the WST. The subjects were asked to complete the BEFORE STARTING ENGINES checklist, and
checklist errors (numErr) and time-to-completion (time) were measured. There were 49 checklist steps for the
observers to monitor and determine whether the subject did the step correctly, or not. An instructor was placed in
the other crew position to run the checklist. Two observers were present to measure time to completion and
checklist errors. A statistical analysis was performed on one factor (training type) with two levels (no-VR and yes-
VR), and two outcome variables: number of errors (numErr), and time to complete the task (time). The tested
hypothesis was whether the yes-VR subjects made statistically fewer errors, and/or completed the checklist faster
than the traditional-trained (no-VR) subjects. The error location (checklist step) and type of error (omitted, skipped
but later corrected, incorrectly performed) was also recorded for further analysis, but were not relevant to the
hypothesis.

Some assumptions were made for this study: 1) The no-VR group was randomly selected from a group
whereas the yes-VR group consisted of all available casual subjects. First, this was the nature of the operational
environment that we recognized, and one of the leading factors that limits this research to a case-study. 2) Training
provided in a VR environment is of substantially different quality than traditional training methods. In other words,
we assumed that one hour of training in a VR device is of better training quality than one hour in traditional devices.
Ideally, we wanted to put both groups through the ground-school of the advanced aircraft where one group only uses
the traditional tools, and the other uses the VR device in place of the traditional tools. The operational environment
limited the scope of this research such that this comparison was accomplished between academic graduates (no-VR)
and those awaiting training (yes-VR). However, we believed that by comparing academic graduates versus those
awaiting training would be a powerful indicator for future studies. When simply observing the number of hours of
training each group received, the VR-trained subjects had less than 95% training hours than the non-VR trained
subjects.  3) How to test the performance of both groups? We selected the WST because it represents a physical
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device that closely represents the actual aircraft, and we were interested in performance improvements with
operating the actual aircraft. We selected the BEFORE STARTING ENGINES checklist because that was a
complicated, difficult checklist (where errors are commonly made) that contains switches present across all of the
training devices. 4) The instructor in the opposing seat performed the same for each subject during the test. There
were two instructors used for test, and both had thousands of hours of flight experience as well as being Formal
Training Unit instructors. We assumed that the different instructors would have little impact on the subject’s
performance, and was not included as a variable in the model.

RESULTS

The raw data from the study included completion time and number of errors for each subject. Box plots
(fig.5) of the data show the upper/lower bounds of one standard deviation, the upper/lower bounds of the data set,
and the mean. In order to ensure the data was suitable for ANOVA, MANOVA, and Cohen’s D measures, several
tests were performed: Shapiro-Wilk Normality Test, testing the positive determinant of the variance-covariance
matrix; Box’s M-test for Homogeneity of Covariance Matrix; and Hotelling’s t-squared test. The results of the
Shaprio-Wilk test (p-value = 0.1082) gave a p-value greater than 0.05, which informs that there is no statistically-
significant abnormal distribution of the variable, and we could accept that the two variables have a normal
distribution. The determinant of the variance-covariance matrix is 24.11571, indicating that the data are positively
proportional and generally not dispersed. Box’s M-test for Homogeneity of covariance matrices between yes-VR
and no-VR factors reveal a p-value of 0.4958, where a value greater than 0.05 shows that there is no statistically
significant difference between the yes-VR variance-covariance matrix and the no-VR variance-covariance matrix.
Hotelling’s t-squared test reveals that the grouping of the two means (time, number of errors) under the yes-VR
factor is not statistically different from the grouping of the two means under the no-VR factor. For subjects trained
with VR, the average time to completion was 15.98 min with one standard deviation of 1.60 min. The average
number of errors for VR-trained subjects was 13.17 with one standard deviation of 1.94. For subjects trained
without VR, the average time to checklist completion was 16.14 min with one standard deviation of 1.80 min. The
average number or errors was 16.67 with one standard deviation of 3.08. Results of the MANOVA reveal that there
is no statistically significant difference (p-value = 0.1354) in the mean of the no-VR time*numErr interaction and
the mean of the yes-VR time*numErr interaction. The ANOVA analysis shows that there was no statistically
significant difference in the means of task time-to-completion (time p-value = 0.8713), but there was a statistically
significant difference in means for the number of errors (numErr p-value = 0.0402) between yes-VR and no-VR
subjects. Yes-VR subjects made statistically significant fewer errors than no-VR subjects.
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Figure 5: Box plots of the “time” and “numErr” variables against the Factors “yes-VR and “no-VR”. The dark
line is the median. The mean is the center of the box plot.
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DISCUSSION

Quantitative VR investigation. When we first started working with VR as a training tool, we knew that
we needed to evaluate whether VR improved the performance outcomes for the subject pilots. We also knew that
we had limited resources — we live in an operational environment and not a lab; the subject pilots are limited to a
prescribed training timeline restricting when we would have subjects to do the study; the number of subjects per
class are limited; and the number of subjects on casual status were limited. We also understood that VR alone
would not train, but would require an instructional-like environment embedded into the user experience. A lot of
time was spent on developing the user experience so that educational outcomes of checklist usage were likely to
happen within the user experience itself. It was easy to become distracted in the study of this haptic experience
alone. So, given this situation, we decided to focus on the training outcomes of the traditional versus VR with the
resources we had at the time in order to inform future studies. Simultaneously, we decided to minimize the number
of variables in the model while making reasonable assumptions. This minimization of variables was one of the
reasons why we decided to observe a static task, like checklist execution, instead of a more complex task like flying.
We concluded that time-to-completion (time) and number of errors (numErr) would be sufficient measures of
performance given the situation regarding resources and assumptions.

Training in VR with “guidance” software reduces error rate. The model we used to test the hypothesis
included the variables of time, numErr, and the interaction of time and numErr (time*numErr). The two factors were
training without VR (no-VR) and training with VR (yes-VR). The analysis showed that the only variable where the
means from the two groups differed significantly was numErr. Two ways to explore this outcome are: 1) the
subjects from both groups completed the task in the same amount of time; and 2) the subjects that trained with VR
made fewer errors than those that trained under traditional methods. The VR trained subjects made an average of
three fewer errors (p-value = 0.04), or roughly 19% less, than the traditionally trained subjects. Recall that the
traditional subjects in this study received at least ten times more hours of total training, with twice as many hours at
the seat of some type of training device. The reduction in error rate is likely attributed to haptic (human-machine
interface), or user experience, that describes the VR trainer in its entirety: it is immersive, fun, realistic, and displays
relevant kernels of information appropriate to task at the right time directly in the user’s field of view. It is this
combination of visual information delivery, realism, and timing of delivery while also being enjoyable for the user
that makes the VR experience unique. Additionally, there is a computer monitoring the user’s VR experience and
“tracking” their progress to ensure they correctly complete the step before moving on.

Consider the static “cardboard” trainers that the non-VR trained subjects used for their training. The
switches exist, but not all of them are displayed like the user would expect in the real aircraft. The mock-up doesn’t
respond to switch interaction from the user (i.e. no lights illuminate or gauges move) because there are no sub-
systems behind the switches and gauges. The user is forced to imagine how the cockpit environment would respond
after a switch interaction, or interactions. Further, the user of the cardboard mock-up depends on a human-observer
to catch mistakes, or their own ability to monitor their performance while doing the task. In either case, the user has
to synthesize learning how to correctly execute a checklist in the right order, imagine how the cockpit environment
responds, further imagine how to correctly analyze the cockpit response, move on to the next step, repeat the switch-
environment feedback analysis, and evaluate whether this process was done correctly. This is a complex and
intensive human performance process.

In the traditional training methods, the observer has to recognize that the subject using the training device
has performed a step incorrectly and give the appropriate guidance to correct errors. The guidance employed by the
VR training device is such that the appropriate item is highlighted, and the highlight does not disappear until the
user has done the checklist step correctly. The guidance method employed in the VR device performs better than a
human observer. When a VR user desires to test their skill, they can exit this mode and have the VR device evaluate
their checklist performance. Sensors like eye-tracking improve the performance of the guidance model in VR by
employing simple algorithms to determine whether the user is looking in the right place, and for the right amount of
time.

Proprioception * VR environmental response > virtual feel of the switch. A common critique of VR

cockpit training environments is that the environment with which the user interacts is virtual. The VR user does not
actually feel the weight of the switch being flipped, or the resistance of a dial being turned, and this lack of tactile
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feedback detracts from human performance. Typically critics use the terminology “muscle memory” to describe
their critique. The VR device used in this study employed the use of joysticks for the human-virtual environment
interaction. The users would press a button with their middle finger, or ring finger, or pivot a joystick with their
thumb to make the switches in the VR environment move in the user’s desired direction. In other words, the VR
user had to learn an extra skill to be able to interact with the VR environment. Despite this, they made fewer
checklist errors than non-VR users in the actual test environment. This suggests that it is not the feel of the switch
manipulation that is important, but the combination of proprioception and the visual reception of environmental
responses (e.g. what lights illuminate after the battery switch is flipped on, and where they occur). This finding
supports other research that visual and proprioceptive coupling support spatial training transfer more accurately than
visual systems alone (Stanney, Cohn, et al., 2013). In the case of checklist learning and execution, proprioception
and environmental response were important. However, actual switch “feel” and other haptic phenomena may be
crucial for more dynamic tasks (e.g. yoke feedback during air refueling).

Deep dive in error location: a result of identifying fidelity requirements with a VR training strategy.
After discovering that the error rate decreased for subjects trained in VR environments, we decided to look deeper
into what errors the two groups made. There were a total of 49 checklist steps that a subject could perform in the
test. Of those 49 checklist steps, the yes-VR subjects made an error on only 15 of those steps, whereas the
traditionally trained subjects made errors on 21 steps. A histogram was plotted to show these results (fig.6). Only
one checklist step was unique to the yes-VR subjects’, step 7. One yes-VR subject failed to look at the MAIN TANK
low warning light. This only happened once across the entire group of yes-VR subjects. Traditionally trained
subjects (no-VR) made 6 unique checklist step errors (steps 4, 17, 23, 26, 28, and 48) — that is 5 more unique
checklist errors than yes-VR subjects. We also looked at checklist steps that had higher frequency of errors (i.e. 4 or
more errors) for VR subjects and found that 6 out of 7 were also higher frequency for non-VR subjects. These
checklist steps (3, 18, 29, 34, 43, 46 and 49) were some of the more complicated steps that required several sub-
steps for successful completion. What is more interesting is that only 3% of the errors yes-VR subjects made were
unique, whereas approximately 20% of the errors made by traditionally trained subjects were unique. This suggests
that the VR training technique was superior to traditional training techniques as a result of the planning for fidelity
requirements (Muller et al., 2006) and a strategy to incorporate VR into checklist execution training (Stanney, Cohn
et al., 2013).
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Figure 6: Histogram of yes-VR and no-VR error locations. X-axis is error location, y-axis is frequency.

VITSEC 2022 Paper No. 22195 Page 7 of 10



2022 Interservice/Industry 2Training, Simulation, and Education Conference (I/ITSEC)

CONCLUSIONS

We originally set out to determine whether this VR training tool would be an effective investment from the
stand point of improving the performance outcomes of the subject pilots. Our hypothesis was that a VR training
environment, coupled with software designed to effectively guide the subject through a task, would improve the
performance outcomes of a USAF pilot measured by a reduction in time to complete a task or reduction in errors.
Due to limitations in resources, working in an operational environment, and shorter timeline, we limited the
variables to determine performance outcomes to time-to-completion (time) and number of errors (numErr). The
study consisted of 12 subjects, 6 of them were academic graduated and 6 were casual subjects, who performed the
BEFORE STARTING ENGINES CHECKLIST in the WST. The yes-VR subjects completed the checklist in the
same amount of time as the academic graduates. However, the yes-VR subjects made significantly fewer errors (p-
value = 0.04) than the academic graduates even though they had never touched the aircraft prior to this study. We
attribute the improvement in performance to: 1) the guidance model built into the VR training device; and 2) the
combination of proprioception with environmental responses to user inputs. The results of this analysis agree with
other studies that, when task-fidelity and VR strategy are planned for (Muller et al., 2006; Stanney, Cohn et al,,
2013; Stanney, Hughes et al., 2021), VR can maximize training effectiveness while minimizing cost (Padron et al.,
2018; Stanney, Lawson et al., 2020).

Due to the nature of the case-study, the next step is to perform a similar study where the yes-VR subjects
conduct the ground-school program using the VR training device, and compare that group with traditionally-trained
pilot groups. This would give us greater insight into the performance outcomes, and allow for generalized findings
for VR training in checklist execution. Additionally, looking at the training efficacy and transfer-of-training while
the VR device is being used would give us greater understanding about variables to observe during a training
session, or across several training sessions. The authors hypothesize that the set of variables for performance
outcomes will have members exclusive to the set of variables relative to monitoring transfer-of-training and training
efficacy. Further, the set of variables important for measuring the performance outcomes for a static task like
checklist execution, will be different than a set of variables for a dynamic task (e.g. taking off, landing, etc). Finally,
we should investigate the relationship of variables between performance outcomes and those relative to training
efficacy for dynamic flight tasks.
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