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ABSTRACT

Spatial ability is the ability to generate, store, retrieve, and transform visual information
to mentally represent a space and make sense of it. This ability is a critical facet of human
cognition that affects knowledge acquisition, productivity, and workplace safety. Although
having improved spatial ability is essential for safely navigating and perceiving a space
on earth, it is more critical in altered environments of other planets and deep space, which
may pose extreme and unfamiliar visuospatial conditions. Such conditions may range from
microgravity settings with the misalignment of body and visual axes to a lack of landmark
objects that offer spatial cues to perceive size, distance, and speed. These altered visuospa-
tial conditions may pose challenges to human spatial cognitive processing, which assists
humans in locating objects in space, perceiving them visually, and comprehending spatial
relationships between the objects and surroundings. The main goal of this paper is to exam-
ine if eye-tracking data of gaze pattern can indicate whether such altered conditions may
demand more mental efforts and attention. The key dimensions of spatial ability (i.e., spatial
visualization, spatial relations, and spatial orientation) are examined under the three simu-
lated conditions: (1) aligned body and visual axes (control group); (2) statically misaligned
body and visual axes (experiment group |); and dynamically misaligned body and visual
axes (experiment group ll). The three conditions were simulated in Virtual Reality (VR) using
Unity 3D game engine. Participants were recruited from Texas A&M University student pop-
ulation who wore HTC VIVE Head-Mounted Displays (HMDs) equipped with eye-tracking
technology to work on three spatial tests to measure spatial visualization, orientation, and
relations. The Purdue Spatial Visualization Test: Rotations (PSVT: R), the Mental Cutting Test
(MCT), and the Perspective Taking Ability (PTA) test were used to evaluate the spatial visu-
alization, spatial relations, and spatial orientation of 78 participants, respectively. For each
test, gaze data was collected through Tobii eye-tracker integrated in the HTC Vive HMDs.
The rate of change of gaze position over time was used to detect and analyze saccades
(quick eye movements) as a measure of mental effort in the eye-tracking data. The results
showed that the mean number of saccades in MCT and PSVT: R tests was statistically larger
in experiment group Il than in the control group or experiment group |. However, PTA test
data did not meet the required assumptions to compare the mean number of saccades in
the three groups. The results suggest that spatial relations and visualization may require
more mental effort under dynamically misaligned idiotropic and visual axes than aligned or
statically misaligned idiotropic and visual axes. However, the data could not reveal whether
spatial orientation requires more/less mental effort under aligned, statically misaligned,
and dynamically misaligned idiotropic and visual axes. The results of this study are impor-
tant to understand how altered visuospatial conditions impact spatial cognition and how
simulation- or game-based training tools can be developed to train people in adapting to
extreme or altered work environments and working more productively and safely.

Keywords: Spatial ability, Eye-tracking, Visuospatial conditions, Virtual reality (VR), Cognitive
processing
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BACKGROUND

Spatial ability is a fundamental cognitive skill that plays a crucial role in vari-
ous aspects of human life. It involves the capacity to generate, store, retrieve,
and manipulate visual information to mentally represent and comprehend
the spatial characteristics of a given environment (Hegarty et al., 2002). This
cognitive ability has far-reaching implications for knowledge acquisition, task
performance, and safety in various settings, including routine workplaces
(Li & Wang, 2021). Humans apply this critical cognitive ability to com-
plete their day-to-day personal, vocational, and recreational tasks safely and
productively (Lunneborg & Lunneborg, 1986).

The relevance of spatial ability becomes particularly crucial in scenarios
where individuals are exposed to extreme or unfamiliar visuospatial condi-
tions such as those encountered in environments of other planets and deep
space (Lunneborg & Lunneborg, 1986; Newcombe, 2002). As human space
exploration extends beyond Earth, individuals are likely to face a range of
challenging visuospatial conditions (Jawin et al., 2019). These conditions
can encompass factors like microgravity, which results in the misalignment
of body and visual axes making spatial cognitive processing a difficult task
(Kanas & Manzey, 2008). Likewise, spatial settings on other planets lack
visual landmarks or reference points that are available on Earth to help
humans determine size, distance, and speed (Paul et al., 2020). This lack
of familiar landmarks makes it difficult to perceive the spatial environments
and navigate space safely. Therefore, understanding how altered visuospatial
conditions impact human spatial cognitive processing becomes a pivotal area
of research (Salehi et al., 2023).

Recent studies have highlighted the importance of spatial ability in such
altered settings. For instance, research by Kozhevnikov et al. (2018) inves-
tigated spatial cognitive abilities in astronauts during space missions and
found that spatial reasoning and mental visualization skills were essential
for mission success (Kozhevnikov et al., 2005). Spatial ability encompasses
key dimensions, including spatial visualization, spatial relations, and spatial
orientation, which are integral to helping individuals navigate and compre-
hend their spatial surroundings (Kolb & Whishaw, 2009). Standardized tests
such as the Purdue Spatial Visualization Test: Rotations (PSVT: R), the Men-
tal Cutting Test (MCT), and the Perspective Taking Ability (PTA) test assess
these dimensions. Spatial visualization evaluates mental object manipulation,
while spatial relations focus on mental 2D figure rotation, and spatial orien-
tation assesses the creation of mental spatial representations from various
viewpoints (Carroll, 1993; Guzsvinecz et al., 2022; Harle & Towns, 2011).
These dimensions significantly influence spatial information processing, ulti-
mately impacting an individual’s cognitive problem-solving skills (Clément
et al., 2013; Harle & Towns, 2011; Lohman, 1979).

The use of Virtual Reality (VR) in combination with eye tracking technol-
ogy in spatial ability studies presents several significant advantages. First,
VR provides an unparalleled level of realism and immersion, allowing
participants to engage with spatial challenges in environments that closely
mimic real-world scenarios (Winter, 2014; Zhang et al., 2020). This not only
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enhances the ecological validity of the study but also ensures that the data col-
lected accurately reflects how individuals interact with and navigate through
spatial tasks in practical settings (Salehi et al., 2023a; Slater et al., 2022).
Eye tracking, on the other hand, offers precise and objective measurement of
participants’ gaze patterns and fixations (Keskin et al., 2018; Kiefer et al.,
2017). It allows researchers to gain insights into how individuals visually
process spatial information, uncovering the subtle nuances of their eye move-
ments during spatial tasks (Keskin et al., 2018). This objective data collection
method eliminates potential biases associated with self-reporting or subjec-
tive assessments, ensuring the accuracy and reliability of the findings (Orquin
& Holmgvist, 2019). Moreover, the combination of VR and eye tracking
technology sheds light on the cognitive processes at play during spatial tasks.
Researchers can observe how participants mentally represent and manipulate
spatial information within a dynamic and interactive environment (Soroli,
2011). This expands our understanding of the strategies individuals employ
to solve spatial problems, providing valuable insights into spatial cognition
(Vieira et al., 2021).

Beyond research, the combination of VR and eye tracking holds promise
for spatial training and rehabilitation. It provides a safe and controlled envi-
ronment for individuals to develop and enhance their spatial skills, making
it especially valuable for professionals requiring spatial competence in their
fields, such as pilots or medical practitioners (Salehi et al., 2023b). In eye-
tracking experiments, saccades, rapid and involuntary eye movements reveal
valuable insights into human spatial cognitive processing (Dong et al., 2018).
They indicate attention allocation, visual scanning patterns, information
processing speed, cognitive load, task strategies, learning processes, and indi-
vidual differences in spatial abilities (Raptis et al., 2016). Analyzing saccades
helps understand how individuals visually engage with and process spatial
information, aiding the design of efficient spatial tasks and training programs
(Clark, 1999; Liversedge & Findlay, 2000; Paul et al., 2020).

METHODS

Objectives

The main goal of this study is to understand whether the analysis of saccades
of eye-tracking data can effectively reveal the heightened mental effort and
attention required in response to simulated altered visuospatial conditions.
This goal is reached by pursuing the following research objectives:

. Create Virtual Reality (VR) environments that simulate altered visuospa-
tial conditions and incorporate digitalized behavioral tests to assess spatial
ability.

. Assess participants’ spatial visualization, spatial relations, and spatial
orientation in response to diverse control and experiment conditions
simulating gravity and microgravity conditions.

. Investigate the potential impact of statically or dynamically misaligned
idiotropic and visual axes in microgravity on cognitive effort during
spatial ability tasks measured through saccade patterns.
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Participants

The study recruited 99 participants, including 27 females, all possessing nor-
mal or corrected-to-normal vision. Recruitment was carried out within the
Texas A&M University student community via email announcements dis-
tributed through the university’s email system. The participants’ age spanned
from 18 to 52 years with an average age of 24.45 years and a standard devi-
ation of 6.156663. The Institutional Review Board (IRB) of the university
granted approval for the study, and all participants furnished written consent
before its commencement.

Study Environment

Three spatial ability tests were digitalized, integrated into VR settings, and
administered to participants in this study (See Figure 1). The Mental Cut-
ting Test (MCT) was used to assess spatial relations by requiring participants
to mentally cut 3D objects and select the accurate 2D cross-sectional view
from the given options. The Purdue Spatial Visualization Test: Visualization
of Rotation (PSVT:R) evaluated spatial visualization by testing the ability
to mentally rotate 3D objects. The Perspective Taking Ability (PTA) mea-
sured the capacity to imagine views from different perspectives. These tests
provided a comprehensive evaluation of participants’ spatial ability, essential
for understanding how they cognitively adapt to altered visuospatial condi-
tions. This study used the Unity 3D game engine to create VR environments
with spatial tests representing three conditions. The first condition of the
control group (CG) simulated Earth-like conditions with aligned visual and
idiotropic axes (participants’ body axis). The second and third conditions
represented experiment group 1 and 2 (EG1 and EG2), which simulated
microgravity scenarios with static and dynamic misalignment of the visual
and idiotropic axes, respectively. In the case of EG1, participants’ body axis
was misaligned with the visual frame of reference, and this misalignment
was fixed. On the other hand, in the case of EG2, this misalignment of body
(idiotropic) and visual axes was randomly changing with time. To sum up,
participants were divided into one control (CG) and two experiment groups
(EG1 and EG2). Participants sat in swivel chairs as the VR environment
rotated. Table 1 shows the spatial tasks for each group, and random assign-
ments prevented repetitive task completion by participants across conditions.
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Figure 1: Experiment tests: A) mental cutting test, B) PSVT:R test, C) PTA test.
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Table 1. Spatial tasks for different experiments.

CG1 EG1 EG2
PSVT: R N1 N2 N3
MCT N2 N3 N1
PTA N3 N1 N2

Procedures and Data Collection

Participants were introduced to the test procedures and apparatus before
their participation. Before their study session, they completed two surveys.
All experiments were conducted in a controlled environment, with partici-
pants engaging in VR tests using HTC VIVE Pro Eye head-mounted displays
(HMDs) and hand-held controllers. This HMD is integrated with Tobii eye-
tracker to collect gaze data. Data on choices, response times, and survey
responses were recorded automatically. Trained graduate students monitored
apparatus functionality and collected raw eye-tracking and spatial ability
score data.

Extraction of Saccades

To extract the number of saccades from raw gaze data, we developed a script
that enabled the automated detection of saccades. Saccades, rapid and invol-
untary eye movements, are fundamental in understanding visual attention
and cognitive processes. This script is highly adaptable and serves as an
essential tool for researchers seeking to explore the relationship between eye
movements, mental effort, and visuospatial conditions in their studies. This
script employs several criteria to identify and analyze saccades effectively:

1. Velocity Threshold: A key parameter in the script is the velocity threshold.
Saccades are characterized by high-speed eye movements. Researchers can
adjust this threshold as needed to determine the minimum speed required
for a movement to be considered a saccade. The script identifies sac-
cades based on changes in gaze point positions that exceed this threshold.
By modifying this value, we can fine-tune the sensitivity of the saccade
detection process.

2. Input Data: The script reads eye-tracking data from input CSV files.
Each file typically represents data collected from a single participant
during a specific experiment, under particular conditions. The script pro-
cesses multiple input files and can handle data from various participants,
experiments, and conditions.

3. Data Pre-Processing: Before identifying saccades, the script preprocesses
the input data. It converts time values to seconds and calculates the
velocity of gaze points, which is crucial for saccade detection.

4. Saccade Identification: Saccades are identified based on changes in gaze
point velocities. The script scans through the data and marks the begin-
ning and end of a saccade when the velocity exceeds the defined threshold.
It records the start and end points of each saccade.
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5. Data Organization: The script organizes the saccade data into a struc-
tured format. It associates saccades with relevant participant information
including participant IDs, experiment details, and experimental condi-
tions. Each saccade event is linked to the specific trial or test question it
corresponds to.

6. Output: The script generates individual CSV files for each participant,
documenting their saccades during the experiment.

In summary the script’s criteria for calculating saccades revolve around
adjusting the velocity threshold, processing multiple input files, identifying
saccades based on velocity changes, and organizing the data. These criteria
collectively enable us to extract and analyze saccade data efficiently and with
flexibility, supporting the investigation of cognitive processes in response to
altered visuospatial conditions.

RESULTS

The research question sought to ascertain whether a significant difference
existed in the mean saccade numbers between the control group, experiment
group I, and experiment group Il across the MCT, PSVTR, and PTA tests. The
application of a one-way analysis of variance (ANOVA) was considered to
determine if there were statistically significant differences among the means
of these three independent groups in each test, contingent on the required
assumptions being met. The essential assumptions encompassed the absence
of significant outliers in any compared group, a normal distribution of the
dependent variable within each group, and homogeneity of variances across
all groups. In cases where these assumptions were not met, the Kruskal-Wallis
H Test was employed, contingent on the assumption that there was equivalent
variability (similar distribution shape) for each independent variable group.

For the MCT test, Figure 2 highlighted outliers in the experiment group I,
rendering the required assumptions for one-way ANOVA unmet. Subse-
quently, the Kruskal-Wallis H Test was applied, and Levene’s test affirmed
the equality of variances assumption. The Kruskal-Wallis H test indicated a
statistically significant difference in the mean saccade numbers among the
groups in the MCT test, y2(2) = 27.568, p = .000. The saccade numbers’
mean ranks were 28.79 for control group, 31.21 for experiment group I, and
58.50 for experiment group II. Dunn’s post hoc test results confirmed sig-
nificant differences between the mean ranks of saccade numbers in control
group and experiment group II and in experiment group I and experiment
group II, with p-values below 0.05. Pairwise comparisons demonstrated that
the mean saccade numbers in the experiment group II group exceeded those
in the control group and experiment group 1.

For the PSVTR test, outliers were observed in the control group and experi-
ment group I, indicating unmet one-way ANOVA assumptions. Subsequently,
the Kruskal-Wallis H Test was applied, and Levene’s test supported the equal-
ity of variances assumption (see Figure 3). The Kruskal-Wallis H test revealed
a statistically significant difference in the mean saccade numbers among the
groups in the PSVTR test, y2(2) = 18.291, p = .000. The saccade numbers’
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mean ranks were 29.31 for control group, 34.46 for experiment group I, and
54.73 for experiment group II. Dunn’s post hoc test results confirmed sig-
nificant differences between the mean ranks of saccade numbers in control
group and experiment group II and in experiment group I and experiment
group II, with p-values below 0.05. Pairwise comparisons showed that the
mean saccade numbers in the experiment group II were higher than those in
the control group and experiment group 1.
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Figure 2: Boxplots for each independent variable group in the MCT test.
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Figure 3: Boxplots for each independent variable group in the PSVT:R test.

In the PTA test, outliers were observed in all three groups, which sig-
nified unmet one-way ANOVA assumptions (see Figure 4). Consequently,
the Kruskal-Wallis H Test could not be employed due to the inequality of
variances.
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Figure 4: Boxplots for each independent variable group in the PTA test.

DISCUSSION

The main objective of this study was to explore whether the analysis of
saccades, as revealed in eye-tracking data, can effectively serve as an indi-
cator of heightened mental effort and attention in response to altered visu-
ospatial conditions. To achieve this goal, the study created virtual reality
environments that replicated these conditions and integrated spatial ability
behavioral tests to measure spatial visualization, spatial relations, and spa-
tial orientation. These aspects were assessed within the context of simulated
gravity and microgravity conditions with a focus on the potential impact of
statically or dynamically misaligned idiotropic and visual axes on cognitive
effort during spatial ability tasks.

The analysis of the study’s results focused on the mean saccade num-
bers among the control group, experiment group I, and experiment group
IT across three different spatial ability tests: Mental Cutting Test (MCT), Pur-
due Spatial Visualization Test: Rotations (PSVTR), and Perspective Taking
Ability (PTA). The results revealed that in the MCT test, experiment group
II, exposed to dynamic misalignment of axes, exhibited a significantly higher
mean saccade number compared to the control group and experiment group
L. This finding suggests that dynamic misalignment imposes a more complex
spatial cognitive challenge, requiring an increased number of saccadic eye
movements, thus indicating heightened mental effort (Kabaya et al., 2023).
In other words, the misalignment of the two axes may pose visuospatial chal-
lenges for the participants, demanding increased cognitive processing than the
control group condition. In the case of PSVTR test, a similar pattern emerged
with the experiment group II demonstrating a significantly higher mean sac-
cade number compared to the control group and experiment group I. This
underscores the notion that adapting to continuously shifting visuospatial
conditions demands greater cognitive resources and, consequently, more sac-
cadic eye movements (Imaoka et al., 2022). However, the PTA test did not
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yield clear results due to the presence of outliers and a lack of homogeneity in
variances. This may suggest a need for a more comprehensive study to under-
stand conclusively if saccade numbers may consistently indicate cognitive
effort in all spatial ability dimensions. The fact that PTA test is a large-scale
spatial test that differs from the MCT and PSVTR, which are object-based
small-scale tests, may offer an explanation for this lack of clear results in the
case of the PTA test.

This study demonstrates that saccade numbers can effectively serve as
a reliable indicator of heightened mental effort and attention when indi-
viduals are exposed to dynamically misaligned idiotropic and visual axes,
as experienced in microgravity simulations. These findings have significant
implications for understanding how individuals adapt to extreme visuospa-
tial environments, whether on Earth or in space. By leveraging saccade data,
researchers and educators can develop more effective training tools and inter-
ventions to enhance spatial cognition and problem-solving skills in such
challenging conditions. This research aligns with existing literature high-
lighting the role of saccades in measuring cognitive effort and underlines
the importance of saccade analysis in understanding human adaptation to
complex spatial challenges (Fukushima et al., 2013; Imaoka et al., 2022).

CONCLUSION

This study explored the research question whether saccade analysis can effec-
tively reveal heightened mental effort and attention in response to altered
visuospatial conditions. A custom script was developed to extract saccade
patterns from raw eye-tracking data. From the study results, it is evident that
saccade numbers may play a crucial role in assessing cognitive demands in
such scenarios. For the MCT and PSVTR tests, results further demonstrate
that the number of mean saccades in the case of dynamically misaligned
visual and idiotropic axes was higher than the cases of aligned and stati-
cally misaligned axes. This means that when humans are free floating under
microgravity and their body axis’s alignment with the visual axis of the
space station or spacecraft keep changing with time, their eyes may engage
in increased saccadic movements indicating increased demand for cognitive
processing. Even though the number of saccades was the highest in EG2 con-
dition, the EG1 condition showed higher number of saccades than the control
group condition denoting that even a static misalignment of axes may require
more cognitive efforts. However, in the case of PTA test, the presence of out-
liers in all groups and a lack of homogeneity in variances prevented a clear
comparison of saccade numbers, which emphasizes the complexity of assess-
ing spatial orientation under altered conditions and suggests that saccade
numbers may not consistently indicate cognitive effort in all spatial ability
dimensions.

In conclusion, this study demonstrates that saccade numbers can serve as
a reliable indicator of the mental effort and attention required in response
to dynamically misaligned idiotropic and visual axes, as seen in microgravity
simulations. These findings have important implications for understanding
how individuals adapt to extreme visuospatial environments, whether on
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Earth or in space. By leveraging saccade data, researchers and educators can
develop more effective training tools and interventions to enhance spatial
cognition and problem-solving skills in such challenging conditions.
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