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Pilots’ Spatial Visualization Ability Assessment

Based on Virtual Reality

Mengdi Zhang; Meng Wang; Huimin Feng; Xunyuan Liu; Lihong Zhai; Xianrong Xu; Zhanguo Jin

The aim of this study was to investigate the effectiveness of the mental rotation test (MRT) based on virtual reality (VR)

Based on VR, 118 healthy pilots’ SVA were evaluated by MRT. The pilot flight ability evaluation scale was used as the

criterion of test validity. According to the scale score, pilots were divided into high, middle, or low spatial ability groups
pursuant to the 27% allocation principle. Differences in reaction time (RT), correct rate (CR), and correct number per
second (CNPS) of MRT between groups were compared. Correlations between scale scores and MRT scores were
analyzed. RT, CR, and CNPS of MRT among different age groups and between genders were also compared.

The RT of the high spatial ability group was remarkably slower than that of the low spatial ability group (363.4+140.25,

458.1+151.7s). The CNPS of the high spatial ability group was dramatically higher than that of the low spatial ability
group (0.111+0.0455s, 0.086+0.001 s). There were no significant differences in RT, CR, and CNPS between different
genders. Pilots in the 29-35yr old age group had considerably slower RT than those in the 22-28yr old age group
(330.8+140.35,417.2+132.7 5). Pilots in the 29-35yr old age group had conspicuously higher CNPS than pilots in the
22-28yr old age group (0.119£0.0405, 0.096 £ 0.036 5). All pilots’ scale scores were positively correlated with CNPS

MRT based on VR has a good discrimination efficacy for SVA of pilots and is a good indicator for the SVA component

BACKGROUND:
in predicting pilots’ spatial visualization ability (SVA).
METHODS:
RESULTS:
(r=0.254) and negatively correlated with RT (r=-0.234).
DISCUSSION:
measurement.
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patial ability is the individual ability to understand and

remember spatial relationships among objects. It is one of

the most widely investigated domains of cognitive ability,
which is a key element in determining how individuals perceive
and interact with their surroundings. Spatial ability enables us
to locate targets in space, perceive objects visually, and under-
stand the two-dimensional (2D) and three-dimensional (3D)
spatial relationships among objects and the environment.” In
the course of flight, pilots first need to observe the changes of
landmarks through vision, listen to the sound of the engine,
and feel the change of acceleration through hearing and pro-
prioception, and then receive, process, integrate, decide, and
judge the spatial information to form the perception of the air-
craft status. It is of great practical importance to study the basic
theory and experimental methods of spatial ability, especially
how to predict and train spatial cognitive ability.'! In recent
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years, one of the key development directions of aviation medi-
cine is how to apply the scientific and technological progress
and research achievements of medicine, psychology, and other
disciplines to the field of aviation medicine, so as to realize the
best model of “human-machine-environment”. Some major
breakthroughs in the field of cognitive psychology will be
applied to pilot selection, training, and medical assessment.
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The study of spatial ability originated in the late 19 cen-
tury from Western scholars’ research on human intelligence,
dating back to the experimental investigation of imagination
by Galtons. Since then, scholars have defined spatial abilities
from multiple perspectives and developed a great variety of
measures of spatial ability. So far, research on human cogni-
tive abilities has proposed several kinds of spatial abilities,
with partially overlapping distinctions and no complete agree-
ment. Scholars generally believe that spatial orientation and
spatial visualization are the stable elements of spatial ability.'*
Spatial visualization describes a variety of complex mental
operations on spatial information, such as imagining the rota-
tion of objects, the folding or unfolding of flat patterns, and
the ability to change the relative positions of objects, which
was one of the important components of spatial ability. Among
the traditional measures of spatial ability, the mental rotation
test is regarded as the most representative test content for esti-
mating spatial visualization.'?

With the rapid development of information technology,
exploring spatial ability tests with ecology, simulation, and
immersion has become an increasing research hotspot for
scholars."*® The advancement of VR has solved the short-
comings of inferior experience in traditional tests, fewer
data analysis indicators, relatively single dimension, and
poor visualization, providing a technical feasibility for
cognitive psychological science research based on virtual
environments.*?*? In this study, based on the Shepard-
Metzler Mental Rotation,*! a spatial ability testing system with
an immersive experience was developed by using 3D visual-
ization modeling software and HTC Vive as an interactive
experience platform. By comparing the test scores of pilot
groups with different spatial abilities, we explored the differ-
ences in the mental rotation ability between pilot groups, the
differences in spatial ability between different genders and
among different age groups of pilots, and the effects of pilots’
age and flight time on spatial ability. The results of the present
exploratory study show the interest of taking into consider-
ation different spatial abilities, different ages, and different
genders in pilots to study the RT, CR, and CNPS based on a
VR mental rotation task. In particular, this provides new the-
ories and approaches for predicting pilots’ spatial ability,
improving the efficiency of pilot selection and training and
the quality of medical assessment.

METHODS

Subjects

The project was approved by the Ethics Committee of the Air
Force Special Medical Center (KT2022-16-SL02), and in-
formed consent was obtained from each subject. The partici-
pants were 118 healthy pilots, 22-47 (28.91 +7.061) yr of age,
with flight time of 260-4500 (1218.69 +1060.78) h, including
106 men and 12 women. All participants possessed a bache-
lor’s degree, were right-handed, and had normal vision. All of
them could operate the handle skillfully and had no dizziness
when wearing the helmet.
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Measures

Apparatus. This task was the modification of the original task
by Shepard and Metzler.”! This study used 3D visualization
modeling software (3DMAX) to create 3D mental rotation
stimuli consisting of 10 cubes, while using the HTC Vive as the
interactive experience platform, combined with the Lighthouse
base station and Unity3D, to complete the participants’ immer-
sive experience in the virtual scene (Air Force Special Medical
Center, China) (Fig. 1). For subjects’ comfort, we used adjust-
able headbands to fit the head-mounted display during the test-
ing. A pair of operating handles were used to rotate the stimuli
and answer a question during the testing as well. By using the
handle and head-mounted display, participants could observe
and operate the cubes as a first-person viewer. The VR testing
was administered on a desktop workstation running Micro-
soft Windows 10 and equipped with a high-end graphics card.
The testing was observed by a researcher through a 24-in
light-emitting diode flat monitor, which showed the progress of
the program.

Each group of stimuli consisted of eight original stimuli. A
total of 96 different morphological stimuli were produced by
its original or mirror-reversed version, which was rotated
around the Z-axis respectively (30°, 60°, 90°, 120°, 150°, and
180°) clockwise or counter-clockwise from its vertical upright
position (Fig. 2). One stimulus was randomly selected from
the eight original stimuli via the Application Program
Interface (API). The original mental rotation stimulus was
placed on the left side of the virtual scene space, and the test
stimulus was placed on the right side. First, if the right stimu-
lus was the same as the left stimulus (just rotated at different
angles), then they were identical. And if the subject could
determine that the pair of cubes were identical, the response
was correct. If the subject thought the pair of cubes were a
mirror image, the response was incorrect. Second, if the right
stimulus was formed by the mirror image of the left stimulus,
then they were different. And if the subject could judge that
the pair of cubes had a mirror-reversed relationship, the
response was correct. If the subject thought the pair of cubes
were the same (just rotated at different angles), the response
was incorrect. There was a total of 48 questions in a test (com-
posed of 24 identical versions and 24 mirror-reversed versions
rotated around the Z-axis, respectively). Participants were
required to judge, as quickly and accurately as possible,
whether a pair of cubes had a mirror-reversed relationship or
were identical (just rotated at different angles). The method
was to press the VR handle trigger key with the right hand
(indicating a “yes” answer, namely coincidence), or press the
VR handle trigger key with the left hand (indicating a “no”
answer, namely mirror-reversed relationship).

The principle of the questioning adhered to the following
logic: four identical versions and four mirror-reversed ver-
sions were randomly selected from six angles (30°, 60°, 90°,
120°, 150°, and 180°) to ask questions. Of those questions, 24
contained a cube pair with an identical relationship and 24
contained a pair with a mirror-reversed relationship. Both the
order of angles and the order of identical versions or
mirror-reversed versions were random.
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Fig. 1. Practical demonstration of the mental rotation test. A) An example of using handle and head-mounted display for testing. B) Screenshot of the tutorial for
mental rotation tasks. C) An example of a correct answer (as shown, the two test stimuli are mirrored, and if the subject makes a correct judgement, the answer

is correct). D) An example of an incorrect answer (as shown, the two test stimuli coincide, and if the subject cannot make a correct judgement, the answer is
incorrect).

VR-based mental rotation test. The subjects were tested indi-  experiment at any time they chose. Afterward, the participants
vidually in a quiet room. Before the experimental session,  signed a written informed consent form.

the participants were informed about the aim of the study, the The basic process included four stages: 1) Preparation Stage:
procedure, their rights, and the possibility of stopping the firstly, the notes related to this experiment were introduced,
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Fig. 2. Presentation of the stimulus of mental rotation test. A) Eight original stimuli. B) One of the eight original stimuli with different rotation angles (0°, 30°, 60°,
90°, 120°,150°, and 180°). C) Mirroring the stimulus of Fig. 2B with different rotation angles (0°, 30°, 60°, 90°, 120°, 150°, and 180°).
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Fig. 3. Flow chart of the experiment.

then the participants read the paper instructions to clarify the
task of this experiment; 2) Learning Stage: participants wore
VR helmets to watch the guide tutorials, followed the instruc-
tions to complete the corresponding keystroke operations, and
chose to enter the next stage or learned the guide tutorial stage
again by operating the handle; 3) Practice Stage: after complet-
ing 10 exercises and thinking that they had mastered the oper-
ation keys, the participants entered the formal experiment; 4)
Formal Experiment Stage: there were 48 questions, which
required participants to respond as quickly and accurately as
possible to judge whether the pair of cubes had a mirror-reversed
relationship or were identical (just rotated at different angles).
The reaction time and the correct number were stored in the
local database simultaneously (Fig. 3).

Criterion test. The pilot flight ability evaluation scale was used
(Table I),'* and, according to the scale scores, the participants
were divided into groups based on a 27% allocation principle.
The upper and lower 27% rule was commonly used in item
analysis based on Kelley’s derivation.® He stated that 27%
should be selected at each extreme to yield upper and lower
groups that were most indubitably different with respect to the
trait in question. First, the total scale scores were calculated and
ranked; then, the first 27% of the total scores ranked from high-
est to lowest were used as the high spatial ability group (32
cases), the last 27% as the low spatial ability group (32 cases),
and the rest as the middle spatial ability group (54 cases).

Statistical Analysis

Data analyses were done with Statistical Package for the Social
Sciences (SPSS) 23 package software. Data with a normal dis-
tribution were presented as mean +SD, whereas the data with
a nonnormal distribution were described with median, upper,
and lower quartiles. The Freeman-Halton Test was used to
analyze the categorical variables. One-way ANOVA was used
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TABLE I. Pilot Flight Ability Evaluation Scale.

NO. QUESTIONNAIRE OPTION

Q1: How satisfied are you with the subjects you have completed
during your actual flight training?

Q2: How accurate do you think you are in judging various situations
during the actual flight?

Q3: In general, what is the speed and quality when you deal with
in-air events?

Q4: Basically, how well do you think you have accomplished for the
flight subjects in all weather?

Q5: How well do you think you did for your performance in
completing the complex, advanced, and special flight subjects?

Q6: What do you think about your flight training performance in a
long time?

Q7: How do you evaluate your overall reaction ability and reaction

speed to the several instruments'information when compared
to other pilots in terms of the relevant flight subjects?

Q8: How well do you think about your ability to control the
conditions of the aircraft while completing various flying
subjects?

Q9: How well do you orient the aircraft status by instrument in
complex weather conditions?

Q1o: How do you think about your performance on the landing?

Q11: How often have you experienced the flight illusion?

Q12: Based on all the factors and your flying performance, what level
do you think your flying skills are within the whole regiment?

Q13: How well do you handle problems in complex situations?

Q14 How well can you adapt to low altitude and high-speed flight
conditions?

Q15: How well are you able to overcome the illusion of flight once it
has occurred?

Q1e: What is your emotion when completing difficult technical
movements?

Q17: How do you think about your speed of refitting and adaption
when flying new types of aircraft compared to other pilots?

Q18: Do you think you are suitable for flying in higher performance
aircraft at your current skill level?

Q1o Do you perform well in aerial target shooting compared to other
colleagues?

Q20: How do you feel about your comprehension skills compared to
other colleagues when learning a new flying discipline or
maneuver?

Q21: How do you perform in imitating the new flight maneuvers?

when a quantitative data followed a normal distribution. The
Mann-Whitney U-test and Kruskal-Wallis test were used
when the quantitative data followed nonnormal distribution.
The Spearman test was used for the correlation analysis. The
criterion for significance was set at 0.05.

RESULTS

Among the 118 pilots, 32 cases were in the high spatial ability
group, 54 cases in the middle spatial ability group, and 32
cases in the low spatial ability group. There were no signifi-
cant differences in age, gender, or flight time among the three
groups [F(2, 115) = 2.894, P = 0.059; y’= 1.553, P = 0.535;
F(2,115) = 1.950, P = 0.147].

There were significant differences in reaction time (RT)
and correct number per second (CNPS) among the
high, middle, and low spatial ability groups [458.1+151.7,
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Fig. 4. Correlation analysis of the result of the mental rotation test and
calibration test; ** P < 0.01; *P < 0.05.

386.2+125.6, 363.4+140.2, P = 0.029; 0.086+0.028, 0.102
0.034, 0.111+0.045, P = 0.028, respectively; Kruskal-Wallis
test]. RT of the high spatial ability group was remarkably
slower than that of the low spatial ability group [363.4+140.2
and 458.1 + 151.7, respectively; Kruskal-Wallis test, P = 0.030].
CNPS of the high spatial ability group was notably higher than
that of the low spatial ability group [0.111+0.045 and
0.086 +0.028, Kruskal-Wallis test, P = 0.042].

In this study, there were 106 male pilots and 12 female
pilots. There was no distinguishable difference in RT, CR,
or CNPS between male and female pilots [394.8+141.0
and 441.7+137.5, P = 0.183; 0.748+0.116 and 0.736+0.161,
P =0.989; 0.102+0.037 and 0.088+0.032, P = 0.247; respec-
tively; Mann-Whitney test].

Remarkable differences in RT and CNPS existed between
pilots of different age groups [417.2+132.7, 330.8 +140.3,
397.3+151.5, P = 0.017 and 0.096 +0.036, 0.119+0.049,
0.100+0.036, P = 0.048, respectively; Kruskal-Wallis test].
Pilots in the age group of 29-35yr had considerably slower RT
than those in the age group of 22-28yr [330.8+140.3 and
417.2+132.7, respectively; Kruskal-Wallis test, P = 0.013].
Pilots in the age group of 29-35yr had a dramatically higher
CNPS than pilots in the age group of 22-28yr [0.119+0.397
and 0.096 £ 0.035, respectively; Kruskal-Wallis test, P = 0.042].

Correlation analysis between the scale scores and mental
rotation test scores showed that the flight ability of 118 pilots
in this study was positively correlated with CNPS (r = 0.254,
P = 0.006) and negatively correlated with RT (r = -0.234,
P =0.011) (Fig. 4).

DISCUSSION

In the study, using flight skills of pilots in flight practice as a
validator, we examined the predictiveness of spatial visualiza-
tion ability on flight skills with a newly developed immersive
spatial mental rotation test and the possible effects of age and
gender on test results in this population. The validity scale is
closely related to the actual working practice and operating
environment, and we found the flight skill level of pilots was
significantly positively correlated with CNPS in the virtual
mental rotation test, and negatively correlated with RT, which
indicates that the spatial visualization test with virtual reality
can offer good differentiation and prediction for individuals
with different flight abilities. Many researchers have shown that

there is a close relationship between operational tasks and
cognitive abilities.>!” Especially in the aerospace field, strong
spatial ability is the basis to ensure the correct flight status and
spatial orientation of the pilots.> A pilots workload requires
him or her to react to spatial information and process it accu-
rately in as short a time as possible. Therefore, a superior pilot
must have excellent spatial ability. It has been demonstrated
that a pilot’s spatial ability has some predictive value for their
flight ability.* Superb pilots are more capable in perceptual
quick conversion, as well as verbal and graphic memory, and
they have superior mental rotation, efficient thinking, and
excellent short-term working memory.

In the present study, three groups of pilots with different
spatial abilities were required to judge, as quickly and accurately
as possible, whether the two stimulus models in the virtual sce-
nario coincided. The results showed significant differences in
RT, CR, and CNPS among the high, middle, and low spatial
ability groups. The results revealed that the pilots in the high
spatial ability group had remarkably slower RT and higher
CNPS compared to the pilots in the low spatial ability group.
The significant gap between groups illustrated the correlation
between pilots’ spatial ability and mental rotation ability. This
was consistent with the results of previous studies. In a recent
study, Roach et al.'® used a timed mental rotation test to explore
differences in the performance of individuals in different spa-
tial ability groups when solving mental rotation tasks, and they
found that individuals with high spatial ability showed a strong
advantage over individuals with low spatial ability in terms of
the time required to complete the test and the accuracy of their
answers. Many studies have identified that when the speed of
visuospatial tasks is accelerated, the burden on working mem-
ory increases and the speed of mental processing becomes a key
factor in performance.?® Thus, the number of incorrect answers
may not be directly attributable to a deficiency in ability or the
lack of knowledge tested, but instead to their ability to process
information with great speed. Too much emphasis on answer
speed may mask the ability of individuals with low spatial abil-
ity to perform on tests requiring spatial reasoning, and the RT
may directly affect concentration during problem-solving and
reduce the ability to accurately perform MRTs.

Researchers have demonstrated that adults’ cognitive abilities
decline gradually with age after reaching optimal levels.
Salthouse et al.'® compared the spatial visualization ability of
male subjects in two age groups and found that there was a
decreasing trend in spatial visualization test scores with increas-
ing age. Using seven paper-and-pencil tests reflecting basic cog-
nitive ability, Wu et al.?’ explored the differences in the cognitive
test scores and the flight ability of pilots in different age groups,
and they discovered that the optimal ages of basic cognitive abil-
ities for pilots were between >26 and <29yr of age, with a decline
trend after 29yr. In another study, they also revealed that the
short-term memory ability of pilots decreased significantly after
35yr of age, and the acceleration algorithm and dual operation
ability of pilots decreased specifically after 29yr.?® This has sim-
ilarity with the outcomes of our study. There were significant
differences in RT and CNPS on the MRT among pilots in
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various age groups in our study. The pilots in the age group of
29-35yr had the fastest RT and the highest CNPS in the mental
rotation test. In addition, adult cognitive ability generally tends
to decline after reaching optimal levels; however, on the MRT in
this study, pilots over 35 yr had the higher CNPS, the higher CR,
and the slower RT than the younger pilots (<28yr). There are a
few possible reasons. Firstly, mental rotation ability reflects the
basic ability to encode and transform spatial graphics. More
experienced pilots, who have accepted a greater amount of
highly intelligent and informative training, manifest superior
spatial cognitive ability and are able to construct mental images
of objects in their minds more speedily after rotation. Secondly,
it is closely related to the actual working practice and operating
environment of pilots. As young pilots have shorter flight time,
insufficient flight working experience, and smaller spatial work-
ing memory capacity, they fail to adapt to the need to search,
process, integrate, and decide on various information decisively
and correctly in a shorter period of time, and therefore they have
longer reaction latency and reaction time than senior pilots in
mental rotation tasks. As a matter of fact, our findings showed
a significant difference in the flight time of pilots in differ-
ent age groups [388.0+125.4, 1682.0+455.2, 2564.8+636.9,
F(2115)=373.1, P = 0.000]. The flight time of the older group
was significantly longer than the other two groups. This may be
a verification of our assumption. However, we did not investi-
gate the effect of subjects’ gaming or VR experience on the expe-
riential criteria of this test, and future studies are needed to
explore the impact of prior gaming or VR experience on testing.

A large amount of literature also reports a relationship
between space performance and gender.** Earlier studies indi-
cated that females lagged in performance in tasks with spatial
factors, and the variance between males and females increased
with age. However, it has also been indicated that gender differ-
ence may be limited and even absent, depending on the stimuli
and tasks.”> Some studies have also pointed out that gender has
less effects on cognitive spatial processing speed in the pilots
with aviation experience.”> Gender effects may be associated
with lower spatial cognitive abilities, whereas in pilots who are
considered to have higher spatial cognitive abilities, there may
be an experience factor that leads to no gender differences.? In
our study, the male and female pilots in our study did not
exhibit any noticeable differences in RT, CR, or CNPS in the
MRT. Schnable et al.'® pointed out that the ability to get imme-
diate feedback by interacting with objects in a 3D virtual envi-
ronment contributed to a better understanding of spatial issues,
whereas display effects and technical drawings presented in 2D
form generally made it difficult for subjects to intuitively under-
stand space. The VR environment used in our study can realis-
tically simulate the structure of the stimulus after rotation,
which can reduce the cognitive load, thus helping to observe
and evaluate spatial information more intuitively, improving
the processing of spatial perceptual information and compen-
sating for the stress of weaker spatial abilities in females.
Besides, our findings showed insignificant differences in RT,
CR, and CNPS in consideration of gender in different ages and
flight times (P = 0.454, P = 0.207 and P = 0.468). However, a
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limitation of this study was that there were less female pilot sub-
jects, and possibly different consequences may emerge with
subsequent expansion of the sample size.

With the development of VR, it is believed that the experi-
mental research of spatial visualization ability will focus more
on the aspect of ecological scenarios, the spatial ability test
based on VR will be combined with comprehensive dynamic
flight actual tasks, and the test scene will be closer to real flight
scenarios, providing a new technical tool for the prediction and
training of pilots’ spatial cognitive ability.
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