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R E S E A R C H  A R T I C L E

Spatial disorientation (SD) is a major threat to pilots’ flight 
safety. SD refers to pilots’ inability to accurately recognize 
their position or aircraft’s maneuver with respect to the 

direction of the Earth’s gravity.31 SD illusions include vestibular 
illusions such as Leans and Coriolis, and visual illusions such as 
the False Horizon and Black Hole Illusion.4 In general, SD can 
be classified into three types according to whether a pilot con-
sciously detects a disorientation situation.2,25 In unrecognized 
SD (Type I), a pilot controls the aircraft without detecting any 
indications of SD, while in recognized SD (Type II), a pilot is 
consciously aware of the SD situation, but there is a discrepancy 
in the control of the aircraft between human senses and instru-
ment information. Finally, in incapacitating SD (Type III), a 
pilot largely recognizes that he or she is disoriented but cannot 
interpret instrument information or control the aircraft under 
SD conditions. According to U.S. Air Force data analyzed 
between 1999 and 2009,19 SD was an important factor in 11% of 

all aviation accidents and 42% of all mortalities. Because fighter 
aircraft account for 65% of aviation accidents caused by SD and 
the fatality rate of pilots is high, it is important to study how SD 
affects pilots and how to overcome it to ensure their flight safety.

Existing studies mostly focus on how SD affects pilots in 
terms of flight or cognitive performance; however, these studies 
do not comprehensively assess flight performance and mental 
stress using both quantitative and qualitative measures. For 
example, in some studies, changes in flight performance were 
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 BACKGROUND:  Circumstances in flight can adversely affect a pilot’s spatial abilities and lead to spatial disorientation (SD), increasing  
the potential for fatal accidents. To systematically understand the impact of SD, it is important to quantitatively and 
qualitatively analyze pilots’ flight performance and mental stress, and to verify the effectiveness of verbal reports (VR) in 
enabling pilots to deal with an SD situation. This study investigated the effects of VR execution and type of SD on flight 
performance and mental stress.

 METHODS:  SD simulation experiments were conducted on 30 Air Force fighter pilots (15 in the VR group and 15 in the non-VR 
group) with electrocardiography (ECG) sensors attached. The pilots gave their VRs by immediately verbalizing their 
attention to instrument information and six potentially disorientating scenarios were implemented in each flight phase. 
Flight performance was analyzed using instructor evaluation and self-evaluation scores, and mental stress was mea-
sured using heart rate variability (HRV) and perceived distress score.

 RESULTS:  In maintaining flight performance, the VR group, respectively, had 8% and 10% higher scores for altitude and speed 
than the non-VR group. The self-evaluation scores were lowest for Coriolis, while Graveyard Spin was scored lowest in 
the instructor evaluations. Regarding mental stress, the VR group tended to have higher HFs and lower LF/HF ratios 
among HRV measures than the non-VR group, and an 11% lower perceived distress score. The highest perceived distress 
score was for Coriolis.

 DISCUSSION:  We suggest that pilots can be assisted to understand and overcome SD situations through VR.
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identified through deviations of certain flight specifications 
such as altitude, airspeed, attitude, or control reversal errors.14,15,32 
Others determined changes in cognitive performance through 
secondary tasks such as a duration discrimination task, a digit 
span task, and an addition task under SD conditions.6,7,37 How-
ever, to systematically understand the impact of SD, the rela-
tionship between objective and subjective measures of flight 
performance and the mental stress of pilots under an SD condi-
tion must be analyzed.

In addition, previous studies of how to overcome SD focused 
on designing systems to support the functions of human sen-
sory organs such as the visual, auditory, and tactile senses. 
However, research is needed to determine how pilots can over-
come SD using conventional aircraft instruments. For instance, 
Malcolm18 suggested a visual cue system that provides a virtual 
horizon to control spatial orientation in the pilot’s peripheral 
vision. Lyons et al.17 found that pilots overloaded with visual 
information could minimize workload and response time by 
gathering information through their auditory systems. In addi-
tion, Gilliland and Schlegel5 and Rupert28 proposed a method 
for preventing SD by enhancing situational awareness in flight 
through a head vibro-tactile display and mechanical tactile 
stimulators, respectively. However, a countermeasure strategy 
that enables pilots to overcome SD must be devised to help 
them proactively cope with SD situations.

Methods for overcoming SD that pilots can perform during 
a flight are a transfer to instrument flight rules, use of the auto-
pilot function, transfer of aircraft control authority, and the 
execution of verbal reports (VR). In particular, VR is an action 
taken by a pilot to verbally express procedures or instrument 
information. Therefore, it can be used as evidence of attention 
allocation and information perception during a flight.3 VR is 
executed using a concurrent or retrospective method. In the 
concurrent method, the pilot immediately reports the process 
of allocating attention and perceiving information while per-
forming the task, while in the retrospective method, the pilot 
recalls the process after completing the task.13 VR execution 
can improve pilots’ cognitive functions during flight training, 
help them understand their psychological state in each flight 
phase,26 and strengthen their situational awareness in abnormal 
situations, including SD.33

On the other hand, a pilot’s physiological status can be quanti-
tatively measured using bio signals such as an electroencepha-
lograph, electrooculograph, electrocardiograph (ECG), and 
electrodermal activity. For example, Horng et al.9 observed 
changes in visual functions under a Coriolis condition based on 
electroencephalograph and electrooculograph data. Tropper 
et al.36 evaluated a systematic motion-based training program to 
cope with SD phenomena using ECG data, and Tamura et al.34 
examined electrodermal activity data on SD situations to develop 
indices of pilots’ physiological changes. Specifically, a pilot’s men-
tal anxiety or stress in a SD situation can cause a change in the 
autonomic nervous system.39 One method to measure this is by 
frequency analysis of heart rate variability (HRV).

The purpose of this study was to analyze the impact of 
pilot’s VR execution according to type of recognized SD. 

Flight performance was measured using an instructor evalua-
tion score and a self-evaluation score. Mental stress was mea-
sured using the HRV scales and a perceived distress score. A 
statistical analysis was performed to determine the difference in 
flight performance and mental stress according to VR execu-
tion and type of SD.

METHODS

Subjects
The experiment was conducted on 30 male Air Force fighter 
pilots (30.6 6 3.7 yr) who were randomly assigned into the VR 
group (15 pilots) and non-VR group (15 pilots). The random 
assignment was performed by generating and allocating ran-
dom numbers to participants. This study recruited fighter pilots 
enrolled in the aerospace physiological training course. Of the 
enrolled fighter pilots, none were female; thus, the researchers 
could only recruit male fighter pilots. To avoid the effects of bias 
due to the flight cycle or SD training experience on the experi-
ment, pilots currently operating in fighter squadrons who had 
undergone at least two training sessions using an SD simulator 
were selected to participate in the experiment. In addition, the 
selected participants did not have a cardiovascular disease and 
were instructed to have sufficient rest the day before the experi-
ment. Smoking and the consumption of caffeine were banned 
on the day of the experiment. The study protocol was approved 
in advance by the Institutional Review Board of the Korean Air 
Force Aerospace Medical Center (Approval number: ASMC-
19-IRB-003). Each subject provided written informed consent 
before participating.

Equipment
This study measured pilots’ flight performance and mental stress 
during SD induced in an SD simulator. The SD simulator—
GL-4000 (ETC Aircrew Training Systems, Southampton, PA, 
USA)—is designed to provide pilots with the ability to recog-
nize and cope with the risk of an SD situation. In addition, this 
device can realize 24 types of SD with high fidelity using 4 axes 
of motion freedom. The ECG measurement equipment used, 
the MP-160 (BIOPAC Systems Inc., Goleta, CA, USA), mea-
sures bio signals through wireless receivers with two sensors 
attached to the upper left and right chest and one to the lower 
left chest.

Variables
In this study, VR execution and type of SD were employed as 
the independent variables. In addition, two flight performance 
scales (instructor evaluation score and self-evaluation score), 
two mental stress scales (HRV measures and perceived distress 
score), and the simulator sickness score were used as the depen-
dent variables. VR execution was implemented using the con-
current method, which allows a pilot to promptly state the 
instrument information visually scanned during the simulated 
flight. Previous studies using the concurrent method processed 
the VR data by transcribing, segmenting, and coding to analyze 
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the pilot’s underlying cognitive process.26,33 Since the purpose 
of this study was to confirm the effect of VR execution under 
SD scenarios, however, this study only monitored whether 
pilots performed VR as evidence of attention to the instrument 
information. Six types of SD often encountered by pilots were 
applied in each flight phase, namely four vestibular illusions 
and two visual illusions, as shown in Table I.

The instructor evaluation score, as an objective variable of 
flight performance, was derived based on the ability to manage 
flight specifications in each flight phase. One pilot qualified as 
an instructor was assigned to the evaluation per Kallus et al.10 
using the Air Force Flight Evaluation Criteria. Blind evaluation 
was conducted to prevent bias that might arise during the 
assessment. The instructor pilot was unaware of the VR execu-
tion groups while giving evaluation throughout the experiment 
and was asked to perform the same procedure as in an actual 
flight assessment. In addition, the instructor pilot did not inter-
act at all with the subject during the SD scenarios in order to 
prevent experimenter cueing. The ability to manage flight spec-
ifications was measured with the elements of altitude, speed, 
and attitude. A 10-point scale (8–10 points: excellent; 6–7 
points: satisfactory; 5 points or less: unsatisfactory) was used to 
rate each element depending on the degree of deviation from 
standard specifications. The self-evaluation score, as a subjective 
variable of flight performance, was measured using a question-
naire on pilots’ perceived performance ability to manage their 
flight status under the SD situations in each flight phase that was 
scored on a 7-point scale (1 point: very difficult; 4 points: neutral; 
7 points: very easy) based on pilots’ subjective feelings.

The HRV measures, variables that objectively measure men-
tal stress, were low frequency (LF), high frequency (HF), and 
LF/HF ratio in the frequency domain.35 LF refers to the spectral 
components of HRV in the range 0.04–0.15 Hz and HF those 
from 0.15–0.4 Hz. LF represents the activities of both the sym-
pathetic nervous systems (SNS) and parasympathetic nervous 

systems (PNS), and HF is used as an indicator of PNS activity. 
LF/HF is the ratio between LF and HF, which indicates the 
overall balance of the autonomic nervous system.8,22,27,29 Mean-
while, stress can simultaneously activate two axes: the hypo-
thalamus-pituitary-adrenal and sympathetic-adrenal medullary 
axes. The activation of the hypothalamus-pituitary-adrenal sys-
tem results in cortisol changes in body fluids, and the activation 
of the sympathetic-adrenal medullary system changes heart 
rate. When the autonomic nervous system is activated by stress, 
the heart rate may increase or decrease depending on the shift 
direction of the sympatho-vagal response.20,40 Generally, it is 
known that as stress level increases, HF tends to decrease, while 
LF and the LF/HF ratio are more likely to increase. This is 
because the PNS withdraws the inhibitory effect, promoting the 
SNS’s reactions to stress.12 The perceived distress score, a sub-
jective variable of mental stress, was evaluated using a question-
naire on pilots’ perceived level of mental stress under the SD 
situations in each flight phase. A 7-point scale (1 point: very 
low; 4 points: neutral; 7 points: very high) was used to rate the 
items based on pilots’ subjective opinions. Table II shows the 
experimental dependent variables used in this experiment. 
Finally, simulator sickness score was assessed using the simula-
tor sickness questionnaire (SSQ).11 The SSQ can be used to cal-
culate nausea, oculomotor, disorientation, and total severity 
scores, reflecting pilots’ perceived severity of simulator sickness. 
A 4-option scale (none, slight, moderate, and severe) was used 
to evaluate 16 symptoms.

Procedures
The experiment consisted of four stages: experimental prepa-
ration, preliminary experiment, main experiment, and post-
survey questionnaire. In the experimental preparation stage, 
participants were provided with a description of the experi-
mental process, including flight procedures and specifications 
in each flight phase, and provided their informed consent in 
writing. Additionally, the participants of the VR execution 
group were asked to sequentially give a verbal report on the 
information they obtained from the aircraft instruments based 
on procedures specified in the Air Force manual. In the pre-
liminary experiment stage, the participants attached ECG sen-
sors to their bodies to measure ECG baseline data, and then 
conducted a practice flight for 5 min under normal flight con-
ditions. In the main experiment stage, the ECG data were 
obtained as the participants flew for 15 min under specific types 
of SD situations in each flight phase. At the same time, the 
instructor evaluation was completed using the same cockpit 
instrument panel data displayed on the screen in the simulator 
control station by a pilot qualified as an instructor. The instruc-
tor pilot was asked to evaluate flight performance as objectively 
as possible based on the Air Force Flight Evaluation Criteria, 
and was blinded to the participants’ group status to avoid uncon-
scious bias. Fig. 1 shows the flight profiles and types of SD 
employed in the experiment. In the postsurvey questionnaire 
stage, participants assessed their self-evaluation score, perceived 
distress score, and simulator sickness score, and then provided 
feedback and other opinions related to the experiment.

Table I. General description of the six Types of spatial disorientation.

TYPES OF SPATIAL 
DISORIENTATION DESCRIPTION

Vestibular illusions
 somatogravic illusion false climbing sensation caused by 

the increasing thrust of an aircraft.
 coriolis false abrupt sensation of rotation 

when pilots move their head while 
the aircraft is turning.

 Leans false roll attitude sensation due to 
changes in the stimulus threshold 
of the semicircular canal.

 Graveyard spin false rotation sensation when trying 
to level the aircraft following a 
prolonged descending turn.

Visual illusions
 false Horizon false horizontal sensation on virtual 

horizons due to the predominance 
of the peripheral visual field.

 Black Hole illusion false shape or size sensation on the 
runway due to limited visibility in 
night-time landing situations.
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ECG Data Processing
ECG data were processed in four steps: data extraction, data 
preprocessing, data normalization, and data integration.  
In the data extraction step, ECG raw data were collected using 
a sampling frequency of 2000 Hz for 5 min in the baseline and 
15 min in the main experiment. The R-peak values were 
extracted from the ECG raw data using the Pan-Tompkins 
algorithm24 based on the MATLAB program (ver. R2019a; 
MathWorks, Natick, MA, USA). In the data preprocessing 
step, a low-level artifact correction method was performed to 
remove any outliers of the R-peak values and an autoregres-
sive method was employed to calculate LF, HF, and the LF/HF 
ratio in the frequency domain using the HRV analysis  
program Kubios HRV (ver. 3.3.0; Kubios, Kupio, Finland). 
The autoregressive method is known to be more effective in 

analyzing short-term HRV data than the fast Fourier trans-
form method.16 In the data normalization step, the prepro-
cessed ECG data were normalized through the ratio of individual 
data to the baseline data to offset differences in the size of the 
bio signal data for each participant. In the data integration 
step, 2-min analysis intervals during the six types of SD phe-
nomena in each flight phase were determined, and the data of 
each analysis interval for each individual were combined into 
one data set.

Statistical Analysis
In this study, a two-way mixed analysis of variance (ANOVA) 
was conducted at a significance level of 0.05 to investigate the 
effects of VR execution and type of SD on flight performance and 
mental stress level. VR execution was analyzed as a between-

subject variable and type of SD 
as a within-subject variable. The 
results of the ANOVA for each 
dependent variable were applied 
to the modified P-value by per-
forming Greenhouse-Geisser 
adjustments when Mauchly’s 
test of sphericity was violated. 
Multiple comparisons were 
implemented with a Bonferroni 
correction to the significance 
level for the effects of VR  
execution and type of SD. For 
the simulator sickness score, a 
2-sample t-test was performed 
at a significance level of 0.05 to 
evaluate the effect of VR execu-
tion using the statistics program 
R (ver. 3.6.1; The R Foundation, 
Vienna, Austria).

RESULTS

For flight performance, the results 
showed a significant difference 

Table II. General description of experimental dependent Variables.

EXPERIMENTAL VARIABLES UNITS DESCRIPTION

flight performance
 instructor evaluation point A 10-point scale measured by an instructor-qualified pilot using the Air force flight evaluation criteria.
  Altitude
  Airspeed
  Attitude
 self-evaluation point A 7-point scale measured by participants based on subjective flight evaluation judgments.
Mental stress
 HrV measures ms2

  Lf power in frequency range from 0.04 Hz to 0.15 Hz indicating sympathetic and parasympathetic nervous system activity.
  Hf power in frequency range from 0.15 Hz to 0.4 Hz indicating parasympathetic nervous system activity.
  Lf/Hf ratio -- ratio between Lf and Hf indicating the balance of the autonomic nervous system activity.
 perceived stress point A 7-point scale measured by participants based on subjective mental stress judgments.

HrV: heart rate variability; Lf: low frequency; Hf: high frequency.

Fig. 1. General description of flight profiles. sd: spatial disorientation.
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in instructor evaluation scores of altitude and airspeed for the 
main effect of VR execution, and in all instructor evaluation 
scores and self-evaluation scores for the main effect of type 
of SD. Regarding mental stress, significant differences were evi-
dent in only the perceived distress scores for both main effect of 
VR execution and type of SD. The interaction effects between 
VR execution and type of SD did not significantly affect flight 
performance and mental stress. Table III and Table IV sum-
marize the results for the descriptive statistics and ANOVA, 
respectively.

Flight Performance
The main effect of VR execution significantly affected instruc-
tor evaluation scores of altitude and airspeed. However, no sig-
nificant impact on the self-evaluation score was evident. The 
altitude score in the VR execution group (7.62 6 0.10) was 8% 
higher than in the non-VR execution group (7.07 6 0.10), and 
the airspeed score in the VR execution group (7.63 6 0.10) was 
10% higher than in the non-VR execution group (6.96 6 0.10). 
Furthermore, the analysis indicated that the main effect of type 
of SD significantly influenced all the instructor evaluation 
scores: altitude, airspeed, and attitude. In addition, the self-eval-
uation scores were significantly affected. The altitude score for 
Graveyard Spin (6.63 6 0.18) was significantly lower than for 
Somatogravic Illusion (7.63 6 0.16), Coriolis (7.57 6 0.15), 
Leans (7.53 6 0.17), and False Horizon (7.73 6 0.10). The air-
speed score for Graveyard Spin (6.63 6 0.19) was significantly 
lower than for Leans (7.70 6 0.15) and False Horizon (7.57 6 
0.14). Finally, the attitude score for Graveyard Spin (5.90 6 0.15) 
was significantly lower than for Somatogravic Illusion (7.00 6 
0.17), Coriolis (6.83 6 0.17), Leans (6.90 6 0.15), False Hori-
zon (6.73 6 0.16), and the Black Hole Illusion (7.37 6 0.19). 
On the other hand, the self-evaluation scores were significantly 
lower for Coriolis (2.37 6 0.25) than Somatogravic Illusion 
(4.10 6 0.24), Leans (3.50 6 0.21), and False Horizon (3.73 6 
0.25). The interaction of VR execution and type of SD did not 
have a significant effect on altitude, airspeed, or attitude in the 
instructor evaluation and self-evaluation.

Mental Stress
A significant main effect of VR execution and type of SD was 
not found in any HRV scale. However, this study identified that 

the VR execution group tended to have a higher HF and lower 
LF/HF ratio than the non-VR execution group, but the differ-
ence between the two groups in LF was relatively small. On the 
other hand, the perceived distress score had a significant effect 
on both VR execution and type of SD. The perceived distress 
scores were significantly lower in the VR execution group 
(4.83 6 0.16) than in the non-VR execution group (5.42 6 0.13) 
by 11%. The perceived distress scores for Coriolis (6.53 6 0.12) 
were significantly higher than for Somatogravic Illusion 
(4.00 6 0.27), Leans (4.70 6 0.22), False Horizon (4.60 6 0.16), 
and Graveyard Spin (4.90 6 0.20). The interaction between 
VR execution and type of SD did not significantly impact the 
LF, HF, and LF/HF ratio in the HRV measures and perceived 
distress score.

Simulator Sickness
The main effect of VR execution was not significant for nau-
sea [t(28) 5 0.418, P 5 0.679], oculomotor [t(28) 5 20.725, 
P 5 0.475], disorientation [t(28) 5 0.367, P 5 0.717], or the 
total severity score [t(28) 5 20.205, P 5 0.839] of the SSQ 
subscales. The SSQ scores of the VR execution group were as 
follows: nausea, 1.91 6 1.02; oculomotor, 6.06 6 1.52; disori-
entation, 4.64 6 1.75; and total severity score, 4.99 6 0.87. 
The SSQ scores for the non-VR execution group were as fol-
lows: nausea, 2.54 6 1.13; oculomotor, 4.55 6 1.44; disorien-
tation, 5.57 6 1.82; and total severity score, 4.74 6 0.85.

DISCUSSION

This study systematically investigated the characteristics of 
flight performance and mental stress of pilots based on VR 
execution and type of SD. The participants were divided into 
two groups according to VR execution, and six types of  
SD that pilots often experience during an actual flight were 
employed in a simulator environment. The effects of VR exe-
cution and type of SD were verified through the instructor 
and self-evaluation scores in terms of flight performance, and 
mental stress with the HRV scales and perceived distress 
scores. The results of this study objectively confirm that pilots’ 
VR execution in SD situations can help to improve their flight 
safety.

Table III. summary of the Analysis of Variance (AnoVA).

DEPENDENT 
VARIABLE

VR SD VR3SD

DF F P DF F P DF F P

flight performance
 Altitude (1, 28) 9.87 0.004 (5, 140) 10.58 , 0.001 (5, 140) 1.26 0.372
 Airspeed (1, 28) 11.37 0.004 (5, 140) 8.04 , 0.001 (5, 140) 1.39 0.287
 Attitude (1, 28) 3.06 0.091 (3.8, 105.5) 13.82 , 0.001 (3.8, 105.5) 1.29 0.239
 self-evaluation (1, 28) 0.49 0.490 (5, 140) 14.64 , 0.001 (5, 140) 0.61 0.270
Mental stress
 normalized Lf (1, 28) 0.26 0.613 (1.9, 54.4) 1.15 0.324 (1.9, 54.4) 0.55 0.577
 normalized Hf (1, 28) 3.77 0.062 (1.9, 52.0) 0.54 0.575 (1.9, 52.0) 0.69 0.498
 Lf/Hf ratio (1, 28) 1.45 0.239 (2.3, 65.3) 0.56 0.598 (2.3, 65.3) 1.15 0.329
 perceived stress (1, 28) 9.72 0.004 (5, 140) 28.13 , 0.001 (5, 140) 1.08 0.372

df: degree of freedom; Vr: verbal reports; sd: spatial disorientation; Lf: low frequency; Hf: high frequency.
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For the main effect of VR execution, flight performance dif-
fered significantly for altitude and airspeed on the instructor 
evaluation scales, while mental stress differed slightly for HF 
and LF/HF ratio of the HRV measures and significantly for per-
ceived distress scores. The VR execution group had increased 
accuracy in maintaining altitude and airspeed during recovery 
from a disorientating scenario. This might be because pilots 
performing VR tend to focus on managing flight specifications, 
thereby compensating for the spatial ability reduced by SD. In 
the case of self-evaluation, there was no difference in the effec-
tiveness of VR execution, which needs to be studied in the 
future. In addition, the VR execution group was likely to have 
higher HF and lower LF/HF ratio than the non-VR execution 
group. The results suggest that the task of maintaining flight 
specifications in the SD scenarios was likely to cause significant 
mental stress and changes in HRV to pilots and that VR execu-
tion tended to reduce mental stress in an SD situation by acti-
vating the PNS.1 This is consistent with the results of previous 
studies that acute stress increases LF/HF and decreases HF, sug-
gesting activation of the SNS as well as withdrawal of PNS activ-
ity under stress.23 The perceived distress scores of the VR 
execution group were lower than those of the non-VR execu-
tion group, which may be attributed to the characteristics of 
verbal working memory. Echoic memory is known to disappear 
more slowly than iconic memory and to be more easily remem-
bered when provided for a short time.21 For example, Wickens 
et al.38 found that pilots could learn better when navigational 
information was presented in auditory rather than visual paths 
in high workload situations. Therefore, when pilots efficiently 
perform VR in an SD situation, they can benefit from the effect 
of redundancy gain by checking the information verbally and 
visually. Thus, redundancy gain can enhance attention alloca-
tion and the working memory of a pilot’s instrument informa-
tion, and eventually reduce perceived mental stress.

For the main effect of SD types, flight performance differed 
significantly for all instructor evaluation scores and self-evalua-
tion scores, while mental stress differed significantly only for 
perceived distress scores. Coriolis scored the lowest in the self-
evaluations and Graveyard Spin the lowest in all instructor 
evaluations. The reason for the discrepancy between the 
instructor and self-evaluation results is that Coriolis is likely to 

have a greater impact on self-evaluation, as it occurs when a 
pilot moves his or her head directly to check for friendly/hostile 
aircraft or the surrounding terrain during a turn. However, 
since this type of SD can allow a pilot to quickly correct flight 
specifications, the impact on the instructor evaluation would be 
relatively low. Furthermore, Graveyard Spin tends to have a 
weaker effect on self-evaluation because it occurs when a pilot 
is not aware of the adaptation of his or her vestibular senses by 
an aircraft’s continuous turning. Therefore, this type of SD 
could negatively affect the instructor evaluation because a pilot 
cannot properly manipulate flight specifications. These findings 
can help in the development of effective training plans and 
response procedures for pilots based on the characteristics of 
each SD. In the case of HRV measures, there was no difference in 
the effect of SD types, which means that the difference in mental 
stress by SD types was likely not to be significant. On the other 
hand, the perceived distress score according to type of SD was 
similar to that for the self-evaluation, meaning a high correlation 
between flight performance and pilots’ judged mental stress.

The simulator sickness scores measured using the SSQ were 
not significant in terms of VR execution and the total severity 
scores of the VR execution and non-VR execution group dif-
fered by less than 5 points. Simulator sickness is a form of 
motion sickness that results from a mismatch between the sim-
ulated visual motion and sense of movement detected by the 
vestibular organ. Therefore, in this study, the effects of simula-
tor sickness might have confounded the impact of VR execu-
tion and type of SD on flight performance and mental stress. 
However, the simulator sickness scores of the VR execution 
group (total severity score: 4.99 6 0.87) and non-VR execution 
group (total severity score: 4.74 6 0.85) were both negligible 
according to the SSQ scoring category criteria.30 These results 
indicate that the effects of simulator sickness on the measure-
ment of flight performance and mental stress under an SD situ-
ation were insignificant.

This study has limitations in terms of pilot recruitment, the 
experimental environment, and flight performance measure. 
The study was conducted with 30 male Air Force fighter pilots 
in their 20s and 30s. However, additional analyses, including 
factors such as gender, age, type, and flight qualification, are 
required to validate the results for flight performance and 

Table IV. summary of descriptive statistics.

DEPENDENT VARIABLE

VR EXECUTION SD TYPES

VR NON-VR SD1 SD2 SD3 SD4 SD5 SD6

flight performance
 Altitude (point) 7.62A (0.10) 7.07B (0.10) 7.63A (0.16) 7.57A (0.15) 7.53A (0.17) 7.73A (0.10) 6.63B (0.18) 6.97AB (0.19)
 Airspeed (point) 7.63A (0.10) 6.96B (0.10) 7.00AB (0.19) 7.43AB (0.19) 7.70A (0.15) 7.57A (0.14) 6.63B (0.19) 7.43AB (0.18)
 Attitude (point) 6.99A (0.11) 6.59A (0.09) 7.00A (0.17) 6.83A (0.17) 6.90A (0.15) 6.73A (0.16) 5.90B (0.15) 7.37A (0.19)
 self-evaluation (point) 3.13A (0.14) 3.39A (0.17) 4.10A (0.24) 2.37B (0.25) 3.50Ac (0.21) 3.73A (0.25) 3.33AB (0.28) 2.53Bc (0.22)
Mental stress
 normalized Lf (-) 2.46A (0.30) 2.10A (0.28) 2.93A (0.87) 2.43A (0.40) 1.87A (0.25) 1.80A (0.33) 2.54A (0.56) 2.11A (0.36)
 normalized Hf (-) 3.48A (0.60) 1.09A (0.20) 2.15A (0.75) 2.41A (0.64) 1.92A (0.70) 2.94A (1.24) 2.40A (0.71) 1.88A (0.62)
 Lf/Hf ratio (-) 2.52A (0.43) 4.08A (0.28) 3.08A (0.97) 3.64A (0.74) 2.85A (0.69) 2.50A (0.68) 4.13A (1.52) 3.62A (1.00)
 perceived stress (point) 4.83A (0.16) 5.42B (0.13) 4.00A (0.27) 6.53B (0.12) 4.70A (0.22) 4.60A (0.16) 4.90A (0.20) 6.03B (0.18)

Vr: verbal reports; sd: spatial disorientation; Lf: low frequency; Hf: high frequency; sd1: somatogravic illusion; sd2: coriolis; sd3: Leans; sd4: false Horizon; sd5: Graveyard spin; sd6: 
Black Hole illusion. Values indicate mean (standard error). Letters represent statistical significance.
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mental stress according to VR execution and type of SD. In 
addition, although the experiment was conducted using an SD 
simulator, it was difficult to accurately analyze physiological 
and psychological responses in the experimental environment 
because of differences from the actual flight environment. 
Lastly, though the evaluation score given by one instructor pilot 
was used as an objective variable of flight performance, it is nec-
essary to extract and analyze flight specification data from the 
simulator in order to more objectively measure flight perfor-
mance of pilots. Therefore, consideration of specific pilot groups, 
an actual SD situation, and simulator data analysis in future 
studies will further contribute to developing strategies to effec-
tively understand and overcome SD through VR.
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