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Abstract
The interaction time of students who did spatial ability tests in a virtual reality environment is analyzed. The spatial ability 
test completion times of 240 and 61 students were measured. A desktop display as well as the Gear VR were used by the 
former group and by the latter one, respectively. Logistic regression analysis was used to investigate the relationship between 
the probability of correct answers and completion times, while linear regression was used to evaluate effects and interactions 
of following factors on test completion times: the users’ gender and primary hand, test type and device used. The findings 
were that while the completion times are not significantly affected by the users’ primary hand, other factors have significant 
effects on them: they are decreased by the male gender in itself, while they are increased by solving Mental Rotation Tests 
or by using the Gear VR. The largest significant increment in interaction time in virtual reality during spatial ability tests is 
when Mental Rotation Tests are accomplished by males with the Gear VR, while the largest significant decrease in interac-
tion time is when Mental Cutting Tests are completed with a desktop display.

Keywords  Cognitive skills · Desktop display · Gear VR · Human-computer interaction · Interaction time · Mental rotation · 
Spatial ability · Virtual reality

1  Introduction

A theory is proposed by Gardner (1983), saying that every 
human has multiple types of intelligence and spatial intel-
ligence is one of them. This theory was improved by Maier 
(1996) who concluded that spatial intelligence is made up of 
five different parts: spatial perception, visualization, mental 
rotation, spatial relations and spatial rotations. According 

to Miller and Bertoline (1991), this ability is not a bio-
logical susceptibility, but can be improved through time: 
improvement can occur simply by life experiences or by 
being exposed to certain learning environments. It has been 
suggested in the study of Miller (1992) that spatial ability 
training should be included in the curriculum of engineer-
ing studies. According to Ghiselli (1973), the success in the 
fields of engineering, mathematics and architecture is related 
to the spatial skills of the person.

A well-developed spatial ability is important in modern 
age and it becomes more relevant with each passing day as 
it is required by many jobs. With it, the person can under-
stand relations between objects and space. A considerable 
amount of paper-based tests was developed through the years 
to improve spatial intelligence and ability of people. These 
tests include the Mental Rotation Test (MRT) (Ault and 
John 2010), the Mental Cutting Test (MCT) (Bosnyak and 
Nagy-Kondor 2008) and the Purdue Spatial Visualization 
Test (PSVT) (Branoff and Connolly 1999). Since these are 
paper-based tests, the following question can arise: “what 
happens when these tests are taken in virtual reality? (VR)”

This is an essential question as according to Burdea and 
Coiffet (2003), a VR system is made up of five important 
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components: the VR engine itself, its software/database(s), 
I/O devices, tasks and users themselves. This means that 
users are as equally important as the other factors in a VR 
system (Heldal 2007; Schroeder et al. 2006). As users are 
part of this, interactions can occur between its components 
as shown by several studies: not only the learning skills of 
users can be increased due to VR (Horváth 2016; Kovari 
2018; Wilson 2019), but their spatial skills as well (Dünser 
et al 2006; Macik 2018; Mclellan 1998; Molina-Carmona 
et al. 2018a; Parsons et al. 2004; Torner et al. 2016). The 
conclusion of the last two studies is that mental rotation of 
males are better than that of females in VR and in augmented 
reality (AR). Also, the suggestion of the last study is that AR 
could be a good tool for improving spatial ability.

Studies also exist which present the design of VR spa-
tial ability tests and the research plan of their authors. An 
MCT test in VR was developed by Hartman et al. (2006) 
with the goal to help other scientists in the creation of future 
MCT tests. A testing method was outlined by presenting 
the procedure and data analysis. As the study is about the 
creation of VR MCT tests, their results are not published 
in this study. A VR MRT test outline was created by Rizzo 
et al. (1998b) by presenting their future plan and their first 
results at the time of writing the referenced paper: the rates 
of correct answers between a pre-test and a post-test were 
investigated in it. Later, their preliminary results on these 
tests were published (Rizzo et al. 1998a). According to them, 
the VR MRT test helped users as their results were improved 
on the post-tests. A study that has different results also exist 
in the literature (Jiang and Laidlaw 2019), where results of 
two groups which did the MRT test type were compared: 
a desktop environment was used by one group and a vir-
tual environment (VE) by the other. According to them, low 
spatial ability participants benefited from learning between 
the pre-test and the post-test. The conclusion was that their 
performance on MRT tests were not significantly affected by 
using VR technologies.

However, in the study of Oman et al. (2000) it was found 
out that the performance of users who used head-mounted 
displays (HMDs) was slightly better than that of those who 
did not use them. Their conclusion was that VR can be used 
for spatial ability training and thus, is excellent for this pur-
pose. According to Chang et al. (2017), a perspective-test 
was developed in VR to measure the spatial skills of users. 
Similarly to the previous study, pre-tests and post-tests were 
conducted. Users were grouped into three: those who inter-
acted with the application with motion; those who interacted 
with a keyboard and a mouse; and users who interacted with 
motion, but used nonspatial tasks. Their conclusion was that 
the first two groups improved between the tests. However, 
significant improvements were only found in the case of 
the first group. The PSVT-R test in VR was created and 
evaluated by Molina et al. (2018b). Two groups of users 

were tested: a desktop display was used by one group and 
an HMD by the other one. Pre-tests and post-tests were done 
by both of them. In the study, the conclusion was that there 
are improvements in the spatial skills of both groups, but it 
is significant when an HMD is used.

It is proven by our earlier research that results which are 
similar to those of paper-based tests can be gathered when 
using a desktop display (Guzsvinecz et al. 2020a). However, 
when using an HMD such as the Gear VR, they change sig-
nificantly. This means that positive influence of an HMD is 
also confirmed, however new facts arose in the referenced 
study: while a significant difference exists between results 
of males and females when using a desktop display, this 
difference disappears when the Gear VR HMD is used. 
Moreover, a similar phenomenon can be observed between 
right-handed and left-handed users: in the case of a desktop 
display, the performance of right-handed people on the tests 
is significantly better than that of their left-handed coun-
terparts, but with use of the Gear VR, significantly better 
results are achieved on tests by left-handed users than by 
right-handed ones.

As can be seen that while transition from paper-based 
tests to digital ones is not easy, it has certain advantages, 
especially on different user groups. This is because when a 
user is placed inside a VE, interaction between the human 
and machine changes: for example, the user does not use 
a pen and paper, but a sensor (or other input devices) to 
take tests. This also means that in VR the human-computer 
interaction (HCI) and human-computer interfaces can be 
different from application to application (Kortum 2008): 
new interfaces and various I/O devices have to be learned 
in every VR application and the required tasks could dif-
fer between each of them. Due to this, the developers of 
VR applications have to take these differences into account 
(Sutcliffe et al. 2019), and the focus should be on user-cen-
tric development (Drettakis et al. 2007). To help users with 
HCI, a toolkit was developed by Takala (2014) which makes 
it easier to create VR applications using building blocks. 
With it, applications can be created for HMDs. In this study, 
spatial graphical user interface ideas of students are pre-
sented and the toolkit is evaluated. According to them, both 
received positive feedback.

Therefore, to investigate multiple aspects of differ-
ent types of user interaction in VR and influences of dis-
play devices and display parameters on it, a spatial ability 
measuring VR application was developed, which can use a 
desktop display and the Gear VR (Guzsvinecz et al. 2019). 
Regarding tests, since some factors and influences on cor-
rect answers were investigated in another paper (Guzsvinecz 
et al. 2020b), in this study the factors that affect the spatial 
ability test completion times are planned to be found. What 
can be extrapolated from the results is how to make inter-
action with the computer in VR less time consuming. As 
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mentioned in several studies (Chang et al. 2017; Guzsvinecz 
et al. 2020a; Molina et al. 2018b; Oman et al. 2000), using 
an HMD has positive influence on the users’ ratio of cor-
rect answers, but this effect is different between user groups. 
Thus, it is possible that completion times could be affected 
by different display devices, users’ various characteristics, 
and test types. If this is the case, designers of VR applica-
tions which require spatial skills (such as applications for 
education and even for cognitive rehabilitation) could use 
the results to create VEs which are less time-consuming and/
or more user-friendly as users’ characteristics are taken into 
account during development.

2 � Research questions and hypotheses

As mentioned in the introductory section, complexity of a 
VR system can be testified to some extent by completion 
times and even rates of correct answers: such systems are 
very complex and users, tasks and I/O devices are integral 
components of them. Therefore, the test completion times 
in VR were investigated because using different display 
devices can have certain positive or negative influences on 
the results of correct answers of users with various charac-
teristics. In case of this study, these human characteristics 
mean users’ gender, and their primary hand. These two char-
acteristics were chosen as significant differences were found 
in their rates of correct answers in our previously referenced 
research. In addition, the completion times of each test type 
are also investigated to see whether they interact with differ-
ent display devices and various user groups.

Therefore, firstly, the connection between completion 
times and the probabilities of correct answers were inves-
tigated. Secondly, the influence of used display devices on 
completion times regarding various user groups and test 
types was needed to be analyzed. Lastly, the goal was to find 
the combinations of display devices, human characteristics, 
and certain test types which result in either the smallest or 
the largest completion times. Therefore, before the research 
commenced, three research questions (RQs) were set up, 
which are the following:

•	 RQ1: Are completion times and probabilities of correct 
answers independent from each other?

•	 RQ2: Are completion times affected by different display 
devices, users’ various characteristics, and test types? Do 
they interact with each other?

•	 RQ3: Which combination of mentioned factors results in 
either the smallest or the largest test completion times?

After setting up the RQs, the same number of hypotheses 
(Hs) was formulated. These three Hs which contain both 
the null hypotheses and their alternatives, are the following:

•	 H1: Completion times and probabilities of correct 
answers are independent from each other, opposite to: 
completion times and probabilities of correct answers 
are dependent.

•	 H2: No significant effects on completion times are pro-
vided by different display devices, human characteristics 
and test types, opposite to: significant effects on com-
pletion times are provided by different display devices, 
human characteristics and test types.

•	 H3: The smallest and the largest completion times are 
not significantly affected by some of the mentioned fac-
tors, opposite to: the smallest and the largest completion 
times are significantly affected by some of the mentioned 
factors.

3 � Methodology

In order to answer the mentioned RQs, a spatial ability test-
ing application was developed at the University of Pannonia 
in 2019. The Unity game engine was used for development 
and two versions of spatial ability application exist: one 
was made for Windows 7 or newer operating systems and 
the other one was developed for Gear VR SM-R322 HMD, 
which uses Android operating system. A Samsung Galaxy 
S6 Edge+ smartphone was placed inside the Gear VR.

While the two versions of spatial ability testing applica-
tions are built similarly, two main differences exist between 
them. In the case of the desktop display version, interac-
tion is done with a keyboard and/or mouse. When using 
the Gear VR however, interaction is done with a touchpad 
which can be found on its right side. As the I/O devices are 
integral components of a VR system, this is a critical differ-
ence. Another distinction is that the virtual camera can rotate 
when the Gear VR is used: the smartphone inside it has 
accelerometer(s) and gyroscope(s), thus rotation of users’ 
head can be followed, meaning the virtual camera can rotate 
accordingly. Thus, all objects could be seen from slightly 
different perspectives and the students felt that they were 
inside the VE. However, the virtual camera cannot move in 
any direction due to the Gear VR being only able to handle 
rotations. In case of the desktop display version, the virtual 
camera could not be rotated or moved, thus the objects could 
only be seen from a frontal point of view: the immersion of 
users was not as high, because they were outside of the VE.

Testing was done in two groups during September 2019. 
At the University of Debrecen, an LG 20M37A (19.5”) 
desktop display device was used for testing by 240 students. 
Those who tested at the University of Debrecen were either 
architect and civil engineering or mechanical engineering 
students. The ones who came to tests were 23.5 years old 
on average with a dispersion of 3.1 years. For all tests, a 
computer laboratory was used. Due to its small size, twelve 



604	 Virtual Reality (2022) 26:601–614

1 3

groups of twenty students were made. Testing was done dur-
ing three weekdays and thus, was completed within a week. 
At the University of Pannonia, 61 users tested with the Gear 
VR: this group consisted of information technology (IT) and 
non-IT students. They were 19.7 years old on average with 
a dispersion of 1.5 years. In this case the tests’ duration 
was three weeks long as only one Gear VR was available at 
the University. This means that all testers had to come in a 
sequential order, one-by-one. Each of them required at least 
thirty minutes and an hour at most to complete the tests. 
Thus, the skills of 8 students were measured at most per day, 
while the smallest number of testers per day was 2. As they 
were students, their appointments were made according to 
their classes so they could come to the tests before or after 
their classes.

During measurements, each test type had to be done three 
times – in other words, three sequences. Each test type could 
be found in every sequence. In all of them, the order was 
the MRT, MCT, PSVT test types. As each test type con-
sisted of ten rounds, thirty questions could be found in every 
sequence. After one sequence of tests was completed, users 
could rest – if they wanted to – and after that they started 
the next round of testing which consisted of same test types, 
but their solutions to spatial ability problems were changed 
using a randomization technique. In total, each student was 
asked 90 questions on the tests. In Figs. 1, 2,  3 the MRT, 
MCT and PSVT test types can be seen in the application, 
respectively.

Naturally, on the tests, answers had to be chosen, while 
the completion times of users were also measured (as seen 
in the upper right corners in Figs. 1, 2, 3). This was done 
differently in each version of the application due to the two 
types of interactions. In case of the desktop display version, 
answers could be chosen by pressing certain numbers on the 
keyboard: 1–4 in case of the MRT test type and 1–5 during 
other test types. These numbers correspond to objects on 
screen from left to right. Selecting answers could also be 
done by clicking on a certain object with a mouse. However, 
when the Gear VR version is used, students had to look at 

objects they wanted to choose. Afterward, the touchpad had 
to be tapped on the right side of the Gear VR to select an 
object.

As mentioned earlier, the virtual camera’s position is 
locked in both versions, but it can be rotated when using 
the Gear VR. While the number of rotations was measured 
during testing, students were asked to not rotate the virtual 
camera to correctly investigate their spatial skills.

Regarding students at both universities, every person who 
was willing to do the tests could join. This means that there 
were no selection criteria applied. Moreover, since the spa-
tial skills of students were measured, no information was 
gathered of their height and body weight. To respect their 
anonymity, their names were not gathered.

It should be noted that information is logged about users 
(age, gender, primary hand, years spent at a university, what 
do they study), the test (test type, completion time, number 
of correct answers), and used technical parameters (virtual 
camera type, its rotation, its field of view, the contrast ratio 
between foreground object and the background, whether 
shadows are turned on in the scene and the used device) into 
a .csv file. Since completion times are in our focus, therefore, 
the effects of users’ gender, primary hand, the test type, and 
used device are investigated on them.

Fig. 1   Screenshot of the MRT test type

Fig. 2   Screenshot of the MCT test type

Fig. 3   Screenshot of the PSVT test type
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As mentioned, the goal is to identify effects of the men-
tioned factors on test completion times. Thus, the correlation 
between probabilities of correct answers and test completion 
times is also investigated. To evaluate the relation between 
probabilities and completion times, logistic regression analy-
sis method was used, while to analyze the factors’ effects 
on the latter, linear regression analysis methods were used 
(Hosmer Jr et al. 2013; Walpole et al. 2011). All calculations 
were performed by help of statistical program package R (R 
Core Team 2018).

4 � Results

In this section, completion times are analyzed in each case, 
and are measured in seconds. These are logged into the men-
tioned file after ten questions are answered (as one test type 
consists of ten questions). The smallest completion time is 
7.9 seconds and the largest one is 1168.43 seconds which is 
approximately 20 minutes. Their average is 200.388 seconds 
with a dispersion of 123.279 seconds.

The distribution of completion times is not normal as the 
Kolmogorov-Smirnov test resulted in p-value < 2.2 × 10−16 . 
Therefore, the hypothesis of normal distribution is rejected. 
The histogram of test completion times is presented in 
Fig. 4.

Since completion times and probabilities of correct 
answers are numerical values, the correlation coefficient 
can be used to evaluate whether they correlate or are 
independent.

The numerical value of correlation of completion times 
and probability of correct answers equals to 0.223. By 

performing a test to check whether it can be considered 
zero or not, p-value < 2.2 × 10−16 was received, therefore 
the hypothesis of correlation’s zero value is rejected. This 
means that these variables are not independent of each other. 
The positive sign of correlation coefficient means that when 
completion time increases, the probability of correct answers 
increases as well. It is shown by the correlation coefficient’s 
value that linear relationship is not strong between these two 
variables. If the correlation coefficient of the logarithm of 
completion time and probabilities is looked at, a somewhat 
larger correlation is yielded, which is 0.299.

Relations between completion times and the mentioned 
factors are analyzed by regression as seen in Table 1. In all 
Tables where the results of linear regression analysis are 
presented, the estimated coefficients (Est.), standard error 
(Std. err.), test statistics (t value) and p-value are shown in 
each case. It should be noted that the latter is the probability 
of type I. error (Pr(> |t|)). Inside those Tables where the 
results of logistic regression analysis are presented, z values 
are shown instead of t values.

According to Table 1, the influence of spatial ability 
test completion times is significant (p-value < 2 × 10−16 ). 
Meanwhile, according to the positive sign of estimated coef-
ficient 0.002307, it can be safely stated that when the tests’ 
time increases so does the probability of correct answers in 
tendency.

If the logarithm of spatial ability test completion times 
is analyzed by logistic regression, then the following coef-
ficients are resulted as can be seen in Table 2:

The similarity of the two p-values is presented by 
Tables 1 and 2: both are less than 2 ×10−16 in case of com-
pletion times and their logarithm.

For detecting the effects of further parameters on time it 
took to finish tests, three different subsections are created: 
the effects of factors are investigated one-by-one in Sect. 4.1, 
while the influences of pairs and triplets are analyzed in 

Fig. 4   The histogram of the spatial ability test completion times

Table 1   Results of logistic regression analysis of the relation between 
completion times and probabilities of correct answers

Est. Std. err. z value Pr(> |z|)

Intercept 0.232039 0.022724 10.21 < 2 × 10−16

Time 0.002307 0.000099 3.19 < 2 × 10−16

Table 2   Results of the logistic regression analysis of the logarithm of 
the completion times

Est. Std. err. z value Pr(> |z|)

Intercept −2.18981 0.08886 −24.64 < 2 × 10−16

log(Time) 0.56389 0.01726 32.68 < 2 × 10−16
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Sects. 4.2 and 4.3, respectively. In the latter two subsections 
not only their effects, but their interactions are also traced.

4.1 � Analyzing the effect of one factor

Since four factors exist in the investigation, this section is 
divided into four subsubsections. In them, the effects of 
users’ gender, their primary hand, test type, and device 
used are investigated on completion times. These influ-
ences are evaluated one-by-one and are analyzed in 
Sects. 4.1.1, 4.1.2, 4.1.3 and 4.1.4, respectively.

4.1.1 � The effect of users’ gender on time

In this subsubsection, the effect of users’ gender on time is 
investigated. See Table 3 for spatial ability test completion 
times of users regarding their gender.

As can be seen from the data presented in Table 3, the 
average completion times of female students are higher than 
that of male students. From this Table, it can be suspected 
that completion times are affected by the users’ gender. To 
prove this suspicion, a regression analysis was done and its 
results are presented in Table 4.

According to Table 4, the users’ gender has an effect 
which is significant ( p-value = 2.97 × 10−5 ). It is shown 
by the negative value of the coefficient belonging to males 
(−27.451) that their completion times are less than that of 
female ones. This latter fact can also be suspected from 
Table 3.

4.1.2 � The effect of users’ primary hand on time

The next to evaluate was the effect of users’ primary hand 
on time. The time it took for users to complete every test is 
shown by Table 5, while the results of regression analysis 
can be seen in Table 6. In these two tables, left-handed users 
are abbreviated as LH, while right-handed ones are as RH.

As can be seen in Table 5, numerical averages of both 
left-handed and right-handed users are almost the same. 
Therefore, it can be suspected that there is no significant 
relation between completion times and users’ primary hand. 
After performing regression analysis, these expectations 
proved to be the case as can be seen in Table 6. Due to 
p-value = 0.894 , there is no significant difference between 
times spent on tests.

Since this means that the completion times are not signifi-
cantly affected by the users’ primary hand, it is omitted from 
further analyses. Therefore, it will not be paired or grouped 
in triplets with other factors.

4.1.3 � The effect of test type on time

In this subsubsection, the influence of test types on comple-
tion times is evaluated, which is shown in Tables 7 and 8. In 
the former, completion times regarding spatial ability test 
types are presented, while regression analysis’ results are 
shown in the latter.

Table 3   Numerical values of the completion times regarding the 
users’ gender

Gender Tests’ number Avg. time Dispersion

Female (F) 414 223.644 123.214
Male (M) 2295 196.193 122.850

Table 4   Results of the regression analysis of the completion times by 
the gender of the users

Est. Std. err. t value Pr(> |t|)

Intercept 223.644 6.040 37.024 < 2 × 10−16

Male (M) −27.451 6.563 −4.183 2.97×10−5

Table 5   Numerical values of completion times regarding users’ pri-
mary hand

Primary Hand Tests’ number Avg. Time Dispersion

LH 324 199.535 118.589
RH 2385 200.504 123.926

Table 6   Results of regression analysis of completion times by the pri-
mary hand of users

Est. Std. err. t value Pr(> |t|)

Intercept 199.5352 6.8501 29.129 < 2 × 10−16

RH 0.9685 7.3006 0.133 0.894

Table 7   Numerical values of completion times regarding test type

Test type Tests’ number Avg. time Dispersion

MCT 903 176.156 129.959
MRT 903 245.701 127.911
PSVT 903 179.307 96.374

Table 8   Results of regression analysis of completion times regarding 
test type

Est. Std. err. t value Pr(> |t|)

Intercept 176.156 3.963 44.454 < 2 × 10−16

MRT 69.545 5.604 12.410 < 2 × 10−16

PSVT 3.151 5.604 0.562 0.574
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According to Table 7, the average time is numerically 
larger in case of MRT test type. After regression analy-
sis was completed, it can be seen in Table 8 that the MRT 
test type’s average completion time is significantly larger 
(p-value < 2 × 10−16 ) than of the others. When investigating 
average completion times of the MCT and PSVT test types, 
it can be observed that there is no detected significant differ-
ence between them. As can be seen from data presented in 
Table 7, these numerical values are almost equal.

4.1.4 � The effect of device used on time

The last factor to be evaluated is the device used. In this 
subsubsection, its effect on completion times is evaluated. 
The numerical values of average time it took to finish tests 
and their dispersions are shown in Table 9, while regression 
analysis’ results are presented in Table 10.

Based on average completion times that can be seen in 
Table 9, it is possible that completion times are significantly 
influenced by the device used. To prove this suspicion, a 
regression analysis was performed and its output is con-
tained in Table 10.

According to Table 10, there is a detectable difference 
in test completion times between the two display devices: 
when using the Gear VR, a significant increase in comple-
tion times can be observed (p-value < 2 × 10−16 ). Therefore, 
the suspicion that arose due to the averages that are pre-
sented in Table 9 became true.

4.2 � Analyzing the effect of pairs

In this subsection, influence of variable pairs is analyzed. 
Since users’ primary hand was omitted from further analyses 
in Sect. 4.1.2 due to having no significant effects on comple-
tion times, only three pairs were made: pairs of gender and 
test type; of gender and device used; and of test type and 

device used. These pairs are evaluated in Sects. 4.2.1, 4.2.2 
and 4.2.3, respectively.

4.2.1 � The effect of the pair of gender and test type on time

Out of the three variable pairs, all combinations of gender 
and test type were evaluated first. In Table 11 the numerical 
values of their completion times are presented. Starting from 
this point onward, genders and test types inside the tables are 
abbreviated: F stands for females and M for males, while T1 
equals to the MCT, T2 to MRT and T3 to PSVT test types.

By looking at average completion times in Table 11, 
the pairs with the two smallest and the two largest comple-
tion times are the following: male users who did the MCT 
and PSVT test types have the smallest completion times, 
while males and females who accomplished the MRT test 
type have the largest ones. It can be suspected that some 
significant differences exist between completion times. To 
prove this suspicion, a regression analysis was performed. 
In Table 12 it is shown whether the time it took to finish 
these spatial ability tests is significantly influenced by these 
combinations.

Due to the results presented in Table 12, no significant 
differences can be detected between completion times of 
female users who did the MCT and PSVT tests. Meanwhile, 
there are significant differences in case of all other pairs: 
completion times of males who accomplished the MCT and 
PSVT tests are significantly smaller ( p-value = 0.009941 
and p-value = 0.018158 , respectively), while they are 

Table 9   Numerical values of completion times regarding the device 
used

Device used Tests’ number Avg. time Dispersion

DD 2160 188.784 121.389
GVR 549 246.043 120.117

Table 10   Results of the regression analysis of completion time by 
device used

Est. Std. err. t value Pr(> |t|)

Intercept 188.784 2.606 72.43 < 2 × 10−16

GVR 57.259 5.790 9.89 < 2 × 10−16

Table 11   Numerical results of users’ completion times regarding 
their gender and test type

Pair Tests’ number Avg. time Dispersion

F-T1 138 200.152 135.476
F-T2 138 263.152 123.841
F-T3 138 207.628 98.435
M-T1 765 171.827 128.554
M-T2 765 242.553 128.458
M-T3 765 174.198 95.169

Table 12   Results of the regression analysis of users’ gender and test 
type

Est. Std. err. t value Pr(> |t|)

Intercept 200.152 10.106 19.805 < 2 × 10−16

F-T2 63.000 14.292 4.408 1.08 × 10−5

F-T3 7.476 14.292 0.523 0.600945
M-T1 −28.324 10.980 −2.580 0.009941
M-T2 42.401 10.980 3.862 0.000115
M-T3 −25.954 10.980 −2.364 0.018158



608	 Virtual Reality (2022) 26:601–614

1 3

significantly larger in case of females and males who 
completed the MRT tests ( p-value = 1.08 × 10−5 and 
p-value = 0.000115 , respectively). This perfectly matches 
with the numerical values in Table 11 where this fact could 
be suspected earlier.

After comparing the linear regression model which con-
tains only two factors to the one which takes their interac-
tions into account, it can be concluded that these two models 
do not significantly differ from each other. The latter model 
is analyzed by regression and its results are presented in 
Table 13.

According to the results that are shown in Table 13, it 
can be concluded that users’ gender and the MRT test type 
have influences. While they are significant, their interactions 
are not.

4.2.2 � The effect of pair of gender and device used on time

The next combination of factors to analyze was users’ gender 
and device used. Similarly as before, the numerical values 
of completion times and regression analysis’ results can be 
seen in Tables 14 and 15, respectively.

Due to numerical values presented in Table 14, it can be 
suspected that significant differences exist between comple-
tion times of males who accomplished tests using a desktop 
display device and the other groups. When the Gear VR is 
used either by males or females, their average times it took 
to finish tests are unquestionably larger. Also, the average of 
test completion times in case of females who did tests with 
using a desktop display device is about halfway between 
those of the smallest and of the largest combinations.

According to the output of regression calculations, 
the completion times of both females and males who 
used the Gear VR are significantly ( p-value = 0.016046 
and p-value = 0.000313 , respectively) increased, when 
compared to females who completed tests with a desk-
top display. However, it can also be significantly 
( p-value = 0.000671 ) decreased by the combination of 
males and a desktop display. These facts could also be 
suspected from the data presented in Table 14. The next 
two to compare were the average times of females and 
males who tested with the Gear VR. After the comparison 
was made, no significant differences were found between 
them as p-value = 0.3414.

Next, two various models were compared: only two fac-
tors were contained in the model (I), while the other took 
their interactions into account as well (II). Variance analy-
sis resulted in p-value = 0.02107 , meaning that the latter 
is more appropriate. Regression analysis was performed, 
and its output can be seen in Table 16.

According to the data shown in Table 16, both factors 
have significant effects on completion times. Besides the 
seen influences, interaction between them is also detect-
able. This coincides with the statement that the phenom-
enon is described better in the model in which interactions 
are allowed than in the one where they are not. Moreover, 
the value of estimated coefficient is 32.309. According to 
this, the interaction of gender and device used pair is very 
strong. Therefore, it can be safely stated that when tests 
are taken by male students with the Gear VR, the increase 
in completion times is much more than in case of females 
who used the same display device.

Table 13   Regression analysis results of completion time by pair of 
gender and test type, allowing interactions

Est. Std. err. t value Pr(> |t|)

Intercept 200.152 10.106 19.805 < 2 × 10−16

M −28.324 10.980 −2.580 0.00994
T2 63.000 14.292 4.408 1.08×10−5

T3 7.476 14.292 0.523 0.60095
M-T2 7.725 15.528 0.498 0.61885
M-T3 −5.106 15.528 −0.329 0.74231

Table 14   Numerical values of completion times regarding users’ gen-
der and device used

Pair Tests’ number Avg. Time Dispersion

F-DD 261 212.681 125.440
F-GVR 153 242.344 117.373
M-DD 1899 185.499 120.486
M-GVR 396 247.472 121.276

Table 15   Results of the regression analysis of completion time by 
users’ gender and device used

Est. Std. err. t value Pr(> |t|)

Intercept 212.681 7.484 28.417 < 2 × 10−16

F-GVR 29.663 12.312 2.409 0.016046
M-DD −27.182 7.982 −3.405 0.000671
M-GVR 34.790 9.640 3.609 0.000313

Table 16   Regression analysis results by users’ gender and device 
used, allowing interactions

Est. Std. err. t value Pr(> |t|)

Intercept 212.681 7.484 28.417 < 2 × 10−16

M −27.182 7.982 −3.405 0.000671
GVR 29.663 12.312 2.409 0.016046
M-GVR 32.309 14.007 2.307 0.021150
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4.2.3 � The effect of the pair of test type and device used 
on time

The last combination of pairs to analyze was the test type 
and device used. The numerical results and of the regression 
analysis are shown in Tables 17 and 18, respectively.

What can be seen from the data presented in Table 17 is 
that using a desktop display device results in smaller aver-
ages of completion times – except in case of the MCT test 
type. The largest average time to finish spatial ability assess-
ments can be achieved on the MRT test type using the Gear 
VR. Due to the data presented in Table 17, it can be sus-
pected that significant differences exist.

When comparing to the pair of MCT test type and desk-
top display (which is named as Intercept variable in this 
case), it can be concluded that every pair – except combina-
tion of the PSVT test type and use of the desktop display 
(T3-DD) – significantly affects completion times.

Afterward, two linear models were compared to each 
other: the first one only consists of the factors themselves 
(I) and in the second their interactions are taken into 
account as well (II). The latter proved to be superior with 
p-value = 0.04093 . Therefore, it is presented in detail inside 
Table 19.

It is shown by regression analysis in Table 19 that both 
factors have influences and even interactions exist between 
them. The only one exception is when the PSVT test type 
and use of a desktop display device are combined. It is pre-
sented by the negative sign of estimated coefficient -29.243 

that the increase in completion times is less in case of MRT 
test type and Gear VR pair, than it would be expected by the 
sum of separate effects of this pair of variables.

4.3 � Analyzing the effect of all factors on time

In this subsection, the effects of all factors are analyzed, 
which are grouped into a triplet. Since the users’ primary 
hand was omitted from further analyses due to having no sig-
nificant influences, only one combination could be created: 
users’ gender, test type, and device used. The numerical val-
ues of users’ completion times are shown in Table 20, while 
the output of regression analysis is presented in Table 21.

It can be seen in Table 20 that averages of completion 
times are less than 200 seconds in case of males and females 
who accomplished the MCT type of tests when they used 
a desktop display. The time it took for males to finish the 
PSVT test type with the same display device is also below 
200 seconds, while it is a little more than that number in 
case of females. The averages are greatly above 200 seconds 
in the other groups. It can also be suspected from this table 
that significant differences exist between completion times.

Comparisons were done to F-T1-DD which was the 
Intercept variable in this case. The results are the following: 

Table 17   Numerical values of users’ completion times regarding test 
type and device used

Pair Tests’ number Avg. Time Dispersion

T1-DD 720 160.512 122.476
T1-GVR 183 237.708 140.238
T2-DD 720 235.983 130.113
T2-GVR 183 283.937 111.186
T3-DD 720 169.858 94.485
T3-GVR 183 216.483 94.980

Table 18   Results of the regression analysis of test type and device 
used

Est. Std. err. t value Pr(> |t|)

Intercept 160.512 4.351 36.889 < 2 × 10−16

T1-GVR 77.197 9.666 7.987 2.03×10−15

T2-DD 75.471 6.154 12.265 < 2 × 10−16

T2-GVR 123.425 9.666 12.769 < 2 × 10−16

T3-DD 9.346 6.154 1.519 0.129
T3-GVR 55.971 9.666 5.791 7.82×10−9

Table 19   Regression analysis results of completion times by the pair 
of test type and device used, allowing interactions

Est. Std. err. t value Pr(> |t|)

Intercept 160.512 4.351 36.889 < 2 × 10−16

T2 75.471 6.154 12.265 < 2 × 10−16

T3 9.346 6.154 1.519 0.1289
GVR 77.197 9.666 7.897 2.03×10−15

T2-GVR −29.243 13.669 −2.139 0.0325

Table 20   Numerical values of completion times of users regarding all 
factors

Triplet Tests’ number Avg. time Dispersion

F-T1-DD 87 183.741 135.609
F-T1-GVR 51 228.147 131.875
F-T2-DD 87 254.074 128.061
F-T2-GVR 51 278.636 115.875
F-T3-DD 87 200.229 100.221
F-T3-GVR 51 220.250 94.948
M-T1-DD 633 157.319 120.327
M-T1-GVR 132 241.403 143.653
M-T2-DD 633 233.496 130.296
M-T2-GVR 132 285.985 109.705
M-T3-DD 633 165.683 92.979
M-T3-GVR 132 215.028 95.313
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completion times are significantly smaller in case of males 
who did MCT tests with a desktop display (M-T1-DD, 
p-value = 0.047586 ), while they are significantly larger in 
cases of females who completed MCT tests using the Gear 
VR (F-T1-GVR, p-value = 0.030886 ), females who fin-
ished MRT tests with either a desktop display (F-T2-DD, 
p-value = 7.11 × 10−5 ) or the Gear VR (F-T2-GVR, 
p-value = 4.11 × 10−6 ), males who accomplished MCT 
tests with the Gear VR (M-T1-GVR, p-value = 0.000348 ) 
and males who did MRT tests using either a desktop display 
(M-T2-DD, p-value = 0.000194 ) or the Gear VR (M-T2-
GVR, p-value = 2.51 × 10−10 ). The largest increase in com-
pletion times is in case of males who finished MRT tests 
with the Gear VR (M-T2-GVR). This largest increase is 
102.24 seconds, while the largest decrease is 236.42 sec-
onds (M-T1-DD). Therefore, due to regression analysis, the 
suspicion from Table 20 proved to be true.

Afterward, comparison of three different models began: 
the one in which only the factors’ influences can be found 
(I), the other where interactions of pairs are allowed (II) 
and the third in which interactions of combination of tri-
plets are permitted (III). After the comparison was com-
pleted, the conclusion is that out of models I and II, the 
latter is significantly better with p-value = 0.0069 . However, 
the difference between models II and III is not significant 
( p-value = 0.9043 ). Therefore, model II is shown in detail 
inside Table 22.

It is shown by the linear regression analysis method that 
out of genders, completion times are significantly decreased 
in case of male users ( p-value = 0.000417 ). Also, they 
are significantly increased by the MRT test type (p-value 
< 2 × 10−16 ). A similar phenomenon is observable when the 
Gear VR is used ( p-value = 0.000504).

It can be concluded again that in case of male users, the 
increase in completion times is larger if the Gear VR is used 
than in case of females ( p-value = 0.016756 ). Moreover, 

when using this device, this increase is smaller in case of 
the MRT and PSVT test types compared to MCT tests. Both 
of their interactions are significant with p-value = 0.032161 
and p-value = 0.025112 , respectively.

5 � Discussion

According to the results presented in previous section, two 
hypotheses are rejected and one is a mixed case. While no 
accepted hypotheses exist based on the observations, it 
should be noted that accepting a basis hypothesis means that 
there is no effect and its rejection affirms the effect. In case 
of this study, the ones that are rejected are H1 and H3, while 
a mixed case is presented by H2. Naturally, the importance 
of results is also assessed in this section.

Therefore, this section is divided into three subsections. 
In Sect. 5.1 the rejected hypotheses can be seen as those are 
the ones where significant effects are detected, the mixed 
case is presented in Sect. 5.2, while the importance of our 
results is shown in Sect. 5.3.

5.1 � Rejected hypotheses ‑ detected effects

The first hypothesis to be rejected is H1 which talks about 
the probabilities of correct answers and test completion 
times being independent of each other. This was rejected at 
the beginning of Sect. 4, where a correlation test was done. 
Since it resulted in 0.223 with p-value < 2.2×10−16 , it can 
be concluded that these two quantities are not independent 
of each other. The same result (dependency) was concluded 
by logistic regression. Therefore, T1 is formed: probabilities 
of correct answers and completion times are not independent 
of each other as p-value < 2.2×10−16.

The second rejected hypothesis is H3, which hypoth-
esized that the smallest and the largest completion times 
are not significantly influenced by some of the mentioned 
factors. From Tables 3 and 4, it can be concluded that a sig-
nificantly smaller average of completion times is produced 

Table 21   Results of the regression analysis by all factors

Est. Std. err. t value Pr(> |t|)

Intercept 183.74 12.50 14.700 < 2 × 10−16

F-T1-GVR 44.41 20.56 2.160 0.030886
F-T2-DD 70.33 17.68 3.979 7.11×10−5

F-T2-GVR 94.90 20.56 4.615 4.11×10−6

F-T3-DD 16.49 17.68 0.933 0.351047
F-T3-GVR 36.51 20.56 1.776 0.075911
M-T1-DD −26.42 13.33 −1.982 0.047586
M-T1-GVR 57.66 16.10 3.581 0.000348
M-T2-DD 49.76 13.33 3.732 0.000194
M-T2-GVR 102.24 16.10 6.350 2.51×10−10

M-T3-DD −18.06 13.33 −1.355 0.175688
M-T3-GVR 31.29 16.10 1.943 0.052091

Table 22   Regression analysis results of all variables, allowing inter-
actions

Est. Std. err. t value Pr(> |t|)

Intercept 184.409 8.037 22.944 < 2 × 10−16

M −27.182 7.692 −3.534 0.000417
T2 75.471 6.141 12.289 < 2 × 10−16

T3 9.346 6.141 1.522 0.128172
GVR 49.601 14.241 3.483 0.000504
M-GVR 32.309 13.499 2.394 0.016756
T2-GVR −29.243 13.642 −2.144 0.032161
T3-GVR −30.572 13.642 −2.241 0.025112



611Virtual Reality (2022) 26:601–614	

1 3

by males than it is by females. Contrarily, it is proven by 
Tables 5 and 6 that completion times are not significantly 
affected by users’ primary hand, therefore this variable can 
be omitted. However, the fact that they are significantly 
increased by MRT tests and the Gear VR, is proved to be 
true in Tables 7, 8, 9, 10.

Even though these times are decreased by the male 
gender in itself, the fact is that when this factor is paired 
with MRT tests (Table 12), the time it took to finish them 
is actually increased. When grouped into a triplet with the 
Gear VR and MRT test type in Table 21, it has the largest 
increase in completion times as well. To know the small-
est completion times, the factors that decrease them are 
needed to be investigated: in itself, they are only decreased 
by the male gender (Table 4). When paired with the MCT 
or PSVT test types, they are significantly decreased with 
p-value = 0.009941 and p-value = 0.018158 , respectively. 
If paired with a desktop display (Table 15), they are sig-
nificantly ( p-value = 0.000671 ) decreased again. To get 
the final result, it has to be grouped into a triplet. There-
fore, from Table 21, it can be concluded that when doing 
MCT and PSVT test types using a desktop display, they also 
decrease. However, only the triplet with MCT tests has a 
significant ( p-value = 0.047586 ) decrease in completion 
times. Furthermore, this decrease is larger than in case of 
the triplet with PSVT tests. Out of these facts, T3 is formed: 
the spatial ability test completion times are significantly 
( p-value = 2.51 × 10−10 ) increased by the combination 
of male gender, MRT test type and use of Gear VR which 
is also the largest increment, while they are significantly 
( p-value = 0.047586 ) decreased by the combination of male 
gender, MCT test type and use of a desktop display which is 
also the largest decrease.

5.2 � The mixed case

A mixed case is presented by only one hypothesis, which 
is H2. First, the part about gender not having an influence 
was rejected due to Tables 3 and 4. In the former, average 
completion times suggested that gender has an effect, as the 
average completion time of female users is 223.644 seconds, 
while the average completion time of male users is 196.193 
seconds. The difference between average times is verified 
by the latter table. According to the coefficient −27.451 in 
case of male users, they have smaller test completion times 
than females. Additionally, due to p-value = 2.97 × 10−5 , the 
difference is significant. Consequently, the effect of gender 
on test completion times is significant.

Next, primary hand’s effect was assessed. After the 
regression analysis, it is shown in the second block of 
Table 6 (although it could be suspected from Table 5) that 
completion times are not significantly ( p-value = 0.894 ) 
affected by the users’ primary hand. This means that this 

part of the hypothesis was accepted, hence it became a 
mixed case.

Afterward, the influence of test type was investigated. 
From Table 7, it could already be suspected that comple-
tion times are affected by the test types, as MRT tests have 
the largest average of time. There is a 39.479% increase in 
time between MRT and MCT test types, a 37.028% increase 
between MRT and PSVT test types and an 1.788% between 
MCT and PSVT test types. After the regression analysis, it 
is proven by the findings in Table 8 that the completion times 
are significantly (p-value < 2 × 10−16 ) increased by MRT 
tests. Therefore, this part of the hypothesis was rejected.

Lastly, the used display device’s effect was analyzed. 
Similarly to the previous cases, the fact that this part of 
the hypothesis can be rejected may also be suspected from 
numerical values that are presented in Table 9. Users’ aver-
age test completion times are larger in case of the Gear VR 
than when using a desktop display. The difference between 
them is 30.330% which is quite high. The regression analysis 
in Table 10 proves the suspicion of significance with p-value 
< 2 × 10−16.

Therefore, based on the analyses, T2 can be formed: com-
pletion times are significantly affected by the users’ gender 
( p-value = 2.97 × 10−5 ), test type (p-value < 2 × 10−16 ) 
and used display device (p-value < 2 × 10−16 ), while they 
are not significantly influenced by users’ primary hand 
( p-value = 0.894).

5.3 � The importance of the results

As mentioned in the introductory section, a VR system is 
made up of five parts: VR engine, its software/database(s), 
I/O devices, tasks, and the users themselves (Burdea and 
Coiffet 2003). This means that depending on tasks (which 
are the test types in this case), various groups of users can 
interact differently, slower or faster with the I/O devices (and 
thus, with the VR application itself). Since the spatial skills 
of users can be improved by VR (Chang et al. 2017; Dünser 
et al. 2006; Molina-Carmona et al. 2018a), it is important 
to note that various display devices can interact with users 
by having positive or negative effects on their test results. 
Clearly, the influence of an HMD is significantly greater 
than of a desktop display (Molina-Carmona et al. 2018b; 
Guzsvinecz et al. 2020b), and with the former type of dis-
play device the performance of users are enhanced on spa-
tial ability tests (Oman et al. 2000). The display device’s 
effect on users also depends on their various characteristics 
(Guzsvinecz et al. 2020a). Also, the correct answers can be 
influenced by the users’ gender itself (Parsons et al. 2004), 
and the completion times are also affected by it as could be 
observed in the previous section. This means that the users 
themselves are important (Heldal 2007; Schroeder et al. 
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2006). As they are part of a complex system, it is natural 
that there is an interaction among all factors.

Although the number of virtual camera rotations was also 
measured due to the nature of the Gear VR version, only 
those results were investigated where it is ≤ 3 (as students 
were asked to not rotate the virtual camera). This value was 
chosen due to possible rotations by mistake, however in 
≈ 85% of the measured data it was 0. It is also important to 
note that while an improvement exists in the results when the 
Gear VR is used, there is no significant difference between 
them on the desktop display and Gear VR versions (Guzs-
vinecz et al. 2020a).

However, it became apparent that the rates of correct 
answers of users are not the only ones that are affected, 
but their completion times as well. These are significantly 
( p-value = 2.97 × 10−5 ) influenced by users’ gender, making 
the completion times of males smaller by 12.274% than that 
of females. They are also significantly (p-value < 2 × 10−16 ) 
affected by the MRT test type, meaning that they are 
increased by an increment of 39.479% and 37.028%, when 
comparing it to MCT and PSVT test types, respectively. 
Lastly, a similar case can be seen among display devices: 
compared to a desktop display, spatial ability test comple-
tion times are significantly (p-value < 2 × 10−16 ) increased 
by 26.3365% when using the Gear VR.

Also, completion times and probabilities of correct 
answers are not independent of each other as mentioned in 
Sect. 5.1. This means that if users are given much time for 
test completion, their probability of answering correctly 
becomes higher. However, since completion times are 
increased using Gear VR as it needs to be interacted with 
differently than a traditional keyboard and mouse, more time 
on tests has to be given. This means that the test examination 
committee has to give enough, but not too much time for 
testers. Due to this, the following future research possibility 
is also presented: which is the optimal test deadline?

The fact that VR has a future in education is shown by 
most studies that are referenced in the introductory sec-
tion as the use of an HMD can enhance the users’ spatial 
skills. According to all observations, it can be safely stated 
that time spent on tests is the other side of the same coin: 
both the rates of correct answers and completion times are 
equally important while analyzing results, however due to 
complexity of a VR system, the latter also has to be taken 
into account in all cases. Users’ gender, test type and display 
device influence the completion times, therefore spatial abil-
ity test deadlines also have to be adjusted accordingly when 
they are done in a VR system.

Nowadays, paper-based versions of these tests are also 
part of the curriculum of engineering studies. However, 
these tests can also be taken in a VE, but significant differ-
ences in completion times have to be noted due to complex-
ity of a VR system. Therefore, when engineering education 

and/or training for a job that require well-developed spatial 
skills are conducted in a VE, the results presented in this 
study can help to choose deadlines for tests. This is because 
the average completion times in a VE can be influenced by 
users’ gender, test types and display devices.

As mentioned earlier, only those results were evaluated 
where the number of rotations is ≤ 3 to correctly assess spa-
tial skills of users. Since the number of rotations of the vir-
tual camera was also measured and more measurements are 
still in progress, the physical spatial skills of students could 
be investigated as well in the future. It would be interesting 
to see whether a difference exists between the results.

6 � Conclusions

The completion time regarding spatial ability tests is com-
plex and a lot of information can be hidden in it. Due to 
this fact, it is not affected by one investigated factor only. 
Therefore, evaluations were conducted one-by-one, then in 
pairs, and lastly, in a triplet.

From the one-by-one analyses, it was found out that the 
completion times of males are significantly less than that 
of females. Additionally, this is significantly increased by 
answering spatial ability problems on MRT tests or simply 
by using the Gear VR.

While improvements on users’ skills are featured by 
the Gear VR (based on previous studies), the time it took 
for users to complete these spatial ability measuring tests 
is also increased with its use. This means that interaction 
is less time-consuming with the traditional keyboard and 
mouse than with touchpad on the right side of the Gear VR. 
However, it is possible that this interaction time can still be 
decreased in the future with new input devices.

Even though interaction with the Gear VR HMD is more 
time consuming than with a desktop display device, it should 
be noted that the increase in completion times between test 
types is less when an HMD is used. However, no VR system 
exists with only one factor: in a classical model, it is made 
up of five components. As humans and tasks are important 
parts of a VR system, their influence on completion times 
should be investigated as well. In this case the former con-
sists of the users’ gender and primary hand, while the lat-
ter equals to test type. Additionally, display devices were 
investigated as they are part of a classical VR system as 
well. When adding these factors together, the conclusion is 
the following:

The largest increase in interaction time in VR during the 
spatial ability tests is when males do MRT tests using the 
Gear VR, while the largest decrease in interaction time is 
when males do the MCT test type with a desktop display. 
These are the factors that have significant effects on spatial 
ability test completion times. It also has to be kept in mind 
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that probabilities of correct answers and completion times 
are not independent of each other: the former can be higher 
when the latter is larger.

Based on the findings presented, the conclusion is as 
follows: interaction time of males in VR environments is 
increased in a larger degree than in case of females when 
the Gear VR is used. Moreover, when it is used instead of a 
desktop display, similar values among the completion times 
of males and females can be observed.

Thus, these times on spatial ability tests were investi-
gated. Since rotation of the virtual camera is also measured 
and more measurements are still in progress, the physical 
spatial skills of students can be assessed in the future as well.
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