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1 Department of Information Technology and its Applications, Faculty of Information Technology, University of
Pannonia, Gasparich M. utca 18/A, 8900 Zalaegerszeg, Hungary; szucs.judit@zek.uni-pannon.hu

2 Department of Basic Technical Studies, Faculty of Engineering, University of Debrecen, Ótemető utca 2,
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Abstract: The perception of distances is crucial in both the real world and virtual environments.
However, distances can be incorrectly estimated in the latter one, and they can be affected by techno-
logical and human factors. We created a virtual environment to take a step toward understanding
this phenomenon. We assessed the egocentric distance estimation skills of 239 university students
at 10 various distances between 25 cm and 160 cm at 15 cm intervals. A desktop display was used
by 157 students, while the Gear VR display was used by 72 students. The effects of the following
factors were analyzed: gender, height, dominant arm, previous VR experience, gaming hours per
week, whether the participants wore glasses, their field of study, and display device. Logistic re-
gression analysis was performed to assess their influences on the probabilities of accurate distance
estimates, while linear regression analysis was conducted to examine their effects on estimation
times. The results show that except for the factors of whether the participants wore glasses and their
field of study, the probabilities of accurate distance estimates can be affected along with estimation
times themselves.

Keywords: desktop display; egocentric distance estimation; Gear VR; human–computer interaction;
immersion; virtual environment

1. Introduction

Egocentric distance estimation can be defined as the distance from an observer to an
object. This type of distance estimation is part of spatial perception, which, in turn, is one
of the five components that comprise spatial intelligence [1]. Naturally, it is essential in the
modern age since it is required for different fields of work [2,3] and several other tasks,
such as reaching and grasping [4]. However, since spatial perception is a cognitive skill, it
is possible to train it over time [5,6]. According to the literature, even simple tasks, such as
exercise [7], sports [8,9], or playing video games [10,11], can improve this skill.

With the advent of virtual reality (VR), these skills can even be trained in virtual
environments (VEs) [12]. This is possible since these virtual spaces can enhance certain cog-
nitive functions [13,14]. Thus, visuospatial skills can be enhanced in them. Consequently,
VR has several other advantages since it redefines human–computer interfaces [15–21]. In
addition, VR is also popular in education [22–24], military [25], training [26–28], medical ap-
plications [29–31], and even entertainment [32,33]. Nonetheless, because human–computer
interfaces are redefined, interaction can differ among VR applications [34]. Humans also
play an important role in a VR system [35] and are equally important as other components,
such as I/O devices and the VE’s composition [36–38]. Due to this fact, several factors
should be considered when designing virtual spaces [39]. Focus should also be on humans
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during the design process [40]. It can also be said that cognition is an important part of VR
systems [41,42].

Since a VR system is complex, technical, compositional, and human factors, as well
as distances themselves, can affect egocentric distance estimation. However, distances are
usually underestimated in virtual spaces [43,44]. This fact is quite important, as accuracy
and precision are needed for several tasks. For example, estimation has to be precise when
playing sports such as soccer or in healthcare when conducting remote surgery. Regarding
display devices, several studies established the crucial importance of binocular dispar-
ity [45–47]. Composition is also an important factor since it can affect distance estimation,
meaning that graphics, visual cues, textures, and even virtual avatars can influence distance
estimation [48–60]. Distances themselves also have effects on estimates; for example, up to
approximately 1 m, distances are usually overestimated [61–63]. Accurate estimates can
even occur up to 55 cm [64].

In addition to these, some human factors play a role in influencing the egocentric
distance estimation process. According to the study by Murgia and Sharkey [49], experience
with Cave Automatic Virtual Environment (CAVE) systems had a marginally significant
effect on distance-matching accuracy. These CAVE systems usually consist of a cube-shaped
VR room or multiple projection screens. They also assessed the effect of participants’ height,
but they did not find significant effects. Nevertheless, if the height of the virtual camera is
manipulated, it could have an influence [65]. Age can also play a role in affecting distance
estimation [66]: compared with adults and 12-year-old children, 10-year-old children
produced significantly shorter imagined walking time estimates. Yet, according to Bian and
Andersen, the distance estimates became more accurate as age increased [67]. Some studies
indicated that gender did not seem to have significant effects on distance estimation [68–70].
However, according to the study by Foreman et al. [71], the distance underestimations
of males were significantly lower than those of females at all distances. Coelho et al.
concluded that gender had effects when estimating smaller distances [72]. Clearly, the
effect of gender was not easily understandable. Regarding height, the previously referenced
study also strengthened the fact that it did not affect estimating distances.

As can be observed, many factors have an effect on egocentric distance estimation.
However, the effects of other certain human factors are not known. These include dominant
arm; whether one wears glasses; what one studies at the university; the number of hours
per week one plays video games; and previous experience with VR technologies. These
factors can also be paired with immersion level. Even estimation time could be analyzed
since there is a possibility that they can be influenced as well. Thus, to build upon the
scientific literature, we investigated how these and other previously examined human
factors influence egocentric distance estimation and its time at multiple distances. We
also included immersion levels in the analyses due to the various display devices. To
achieve this, we developed a VE which can be used with two types of display devices: a
desktop display and a Gear VR display. Thus, the following two research questions (RQs)
were formed:

• RQ1: Are the probabilities of accurate egocentric distance estimates affected by human
characteristics at different immersion levels?

• RQ2: Are egocentric distance estimation times affected by human characteristics at
different immersion levels?

Thus, the structure of the article is the following. The materials and methods used in
this research are shown in Section 2; this includes the VE itself, data collection, and analysis,
which are presented in detail. Section 3 shows the results of the investigation. These results
are discussed in Section 4, and conclusions are drawn in Section 5.

2. Materials and Methods

Three subsections are presented in this section: the first presents the developed VE,
the second one details data collection using the mentioned virtual space, and the third one
shows the analysis of data.
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2.1. The Virtual Environment

To answer our research questions, a VE was implemented using Unity (version
2018.4.36f1). By using this VE, it was possible to assess the participants’ egocentric distance
estimation ability in VR. Two versions were developed regarding this VE: an immersive
VR version (on Android) and a non-immersive desktop display version. In this paper, the
latter is referred to as the PC version. It also runs on a Windows operating system, while
the VR version uses the Gear VR head-mounted display. A Samsung Galaxy S6 Edge+
smartphone was placed inside it. This version can be controlled using the smartphone’s
gyroscope by rotating the user’s head and tapping the touchpad on the right side of the
head-mounted display, while the PC version can be controlled using a keyboard and mouse.
The participants could not move in the VE, as their movements were not tracked. The
immersion level and the controls of the two systems were different, which represented the
only difference between them.

The VE consisted of a room that was 12 m wide on both the x and z axes. The
participants were placed in the middle of the room, such that the egocentric distance to the
walls was 6 m in each direction. This distance did not change during the tests. It should
also be noted that the virtual camera was placed at the real height of the participants.
Screenshots of the VE can be seen in Figure 1.
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Figure 1. Different perspectives of two tests: (a) a round without a scale as seen in the Unity editor;
(b) a round with a scale as seen in the Unity editor; (c) a round without a scale as seen from the
perspective of participants; and (d) a round with a scale as seen from the perspective of participants.

As can be observed in Figure 1, there was an object on the ground in front of the
participants. This object could be either a cube, cylinder, or sphere, and it was placed
between 25 cm and 160 cm away from the participants at 15 cm intervals. Therefore,
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10 different distances had to be estimated, one per round. The order of object placements
was randomized, and they had to be estimated twice at each distance. Thus, the egocentric
tests consisted of 20 rounds. The first 10 estimates were without a scale on the ground,
and the second 10 estimates occurred with a scale on the ground, as illustrated in Figure 1.
There were 17 cubes on the scale, and the size of each was 10 cm × 10 cm × 10 cm, starting
from the participant.

2.2. Data Collection

Data collection was performed in the fall of 2022. Two Hungarian universities par-
ticipated in the data collection process, the University of Pannonia and the University
of Debrecen. The participants at the University of Pannonia were IT students (N = 72,
Mage = 22.51, SDage = 6.63), and they used the Gear VR version of the VE. The par-
ticipants at the University of Debrecen were either civil engineering students (N = 81,
Mage = 19.72, SDage = 2.32), mechanical engineering students (N = 27, Mage = 20.18,
SDage = 2.45), or vehicle engineering students (N = 49, Mage = 19.71, SDage = 1.34). These
various engineering students used the desktop display version. Therefore, the studies of
the students and the display devices employed were different between the two universities.
It is important to note that these participants determined the measurements of their own
volition. We also received verbal consent from them before the measurement process
started. No names were gathered during the process; only a number (in ascending order)
was attached to each line of measurement in the dataset. The data that the participants had
to enter in the main menu were the following: age, height, gender, dominant arm, whether
they wore glasses, whether they had previous VR experience, their field of study, and how
many hours per week of video games they played. Thus, the participants could not be
identified from the collected dataset.

Upon entering the data, each participant was briefed on the procedure. We instructed
them on how to look around the virtual room and how to estimate in the respective
version of the VE. We also informed them of the room’s dimensions and scale’s dimensions.
However, the investigated distances and the 15 cm intervals were not revealed to them.
When they clicked on the start button, they were placed into the middle of the VE. To
estimate egocentric distances, the participants had to write numbers in the input box for
the PC version simply by pressing the corresponding keys on the keyboard; it was not
necessary to click on it. Lastly, they had to look up at the ceiling and press enter. Then, the
following round began with another object at another distance. The VR version was slightly
different: there was no input box since it was difficult to write numbers while estimating
distances. Thus, participants had to verbally estimate distances, and one of the researchers
entered it into a file at the same moment. Thus, in each case, the estimates had to be typed
during the measurements. If the participants completed the estimation process and the
researcher typed the estimates, students still had to look up at the ceiling and press the
touchpad on the right side of the Gear VR head-mounted display to advance to the next
round. This is the point where the time of the estimation process was saved in each round,
and it provided a basis for comparison. When all 20 rounds were completed, the egocentric
distance estimation tests were finished.

When one round was completed, the application saved the data into a CSV file. Each
line of data contained all factors regarding the respective round, i.e., the human factors,
actual distances, estimates, estimation time, and other factors regarding the VE itself. In
the case of the VR version, the estimates that the researchers wrote previously during the
measurements were copied to this file.

2.3. Data Analysis

First, we had to determine whether an estimate was accurate; we considered estimates
to be accurate if they were ±10% of the actual distance. Thus, in the entire dataset,
1529 estimates were accurate, while 3051 were not. The distributions of the data regarding
accuracy were assessed with the Shapiro–Wilk normality test. The entire dataset did not
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follow a Gaussian distribution (W = 0.595, p < 0.001). The same can be observed when
the dataset was grouped by display devices since neither the results on the desktop display
(W = 0.587, p < 0.001) nor the Gear VR version (W = 0.608, p < 0.001) followed a
Gaussian distribution.

Before starting the analyses, groups were created on the basis of heights and gaming
hours per week. Eleven groups were created of the former and six of the latter. The mini-
mum and maximum values of the heights were identified: 150 cm and 202 cm, respectively.
Thus, the height groups were created between these values, at intervals of five centimeters
(150–154 cm, 155–159 cm, and so on). The groups based on gaming hours per week were
the following: 0 h, 1–2 h, 3–4 h, 5–10 h, 11–19 h, and 20 or more hours. These divisions
were chosen on an empirical basis.

For the investigation, the entire dataset was used. Thus, the results with or without
a scale were not distinguished from each other. We chose α = 0.05 for the significance
level, i.e., the error of rejecting the null hypothesis when it was true. The process began
with one-by-one analyses. First, the effects of the factors were examined at the mentioned
distances. If a factor had no significant effects on the probability of accurately estimating
distances, it was omitted from further analyses. Then, the investigation continued in pairs.
Since we wanted to focus on the different display devices, we paired each factor with
the investigated display devices. Afterward, the investigation continued in triplets and
concluded in quartets. However, no significant effects were found in the case of quartets.

To examine the probability of accurate egocentric distance estimates, logistic regres-
sion analysis was used [73]. This method transforms the probabilities into the interval
by a monotone increase and invertible transformation (−∞,+∞). Consequently, linear
regression models are fitted to the transformed values. The effects can be interpreted from
the estimated coefficients: if they vary significantly from zero, an effect can be observed.
Naturally, the sign of the coefficients reveals the direction of the effects. The log-odds
returned by the logistic regression method can be converted to an odds ratio, which can
further be converted to percentages with Equations (1) and (2):

OR = eLO (1)

% = (OR − 1) · 100, (2)

where OR denotes odds ratio, and LO denotes log-odds. The former is used to express
the relative change of an event in the case of two different conditions. The latter is the
logarithm of the odds ratio, which provides a better range of values. Consequently, the
greater the odds, the greater the log-odds, and vice versa. Logistic regression analysis was
conducted separately at each investigated distance. The basis variables for these analyses
were chosen automatically by R.

When analyzing the correlation between accurate distance estimates and estimation
times, the Spearman rank correlation method was used.

3. Results

This section is divided into two subsections: the effects of human factors on the
probabilities of accurate egocentric distance estimates are presented in the first one, while
the effects of human factors on egocentric distance estimation times are shown in the second
one. The results are shown using 95% confidence intervals (CIs). The descriptive statistics
can be found in Tables A1–A8 and Figures A1–A8 in the Appendix A . To conserve space,
the following abbreviations are used in the forthcoming figures:

• M, male;
• F, female;
• LH, left-handed;
• RH, right-handed;
• DD, desktop display;
• GVR, Gear VR display;
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• H, height (e.g., H150–154 denotes heights between 150 cm and 154 cm);
• GH, gaming hours per week (e.g., GH3–4 denotes playing 3–4 h per week of video games);
• VRX, VR experience;
• NVRX, no VR experience.

3.1. Analysis of the Effects of Human Factors on the Probabilities of Accurate Distance Estimates

In this section, the results regarding the effects of human factors on the probabilities of
accurate distance estimates are presented. The following subsubsections detail the results
of the mentioned analyses.

3.1.1. One-by-One Analyses

First, the factors were investigated one-by-one at every distance. Only the significant
results of this investigation are shown in Figure 2. As can be observed, four factors did
not have significant effects on the probability of accurate estimates: dominant arm, height,
whether the participants wore glasses, and their field of study. Thus, they were excluded
from further analyses. Only the factors of gender, gaming hours per week, and whether
one had previous VR experience had significant effects.

Electronics 2023, 12, x FOR PEER REVIEW  6  of  26 
 

 

 M, male; 

 F, female; 

 LH, left-handed; 

 RH, right-handed; 

 DD, desktop display; 

 GVR, Gear VR display; 

 H, height (e.g., H150–154 denotes heights between 150 cm and 154 cm); 

 GH, gaming hours per week (e.g., GH3–4 denotes playing 3–4 h per week of video 

games); 

 VRX, VR experience; 

 NVRX, no VR experience. 

3.1. Analysis of the Effects of Human Factors on the Probabilities of Accurate Distance Estimates 

In this section, the results regarding the effects of human factors on the probabilities 

of accurate distance estimates are presented. The following subsubsections detail the re-

sults of the mentioned analyses. 

3.1.1. One-by-One Analyses 

First, the factors were investigated one-by-one at every distance. Only the significant 

results of this investigation are shown in Figure 2. As can be observed, four factors did not 

have significant effects on  the probability of accurate estimates: dominant arm, height, 

whether the participants wore glasses, and their field of study. Thus, they were excluded 

from further analyses. Only the factors of gender, gaming hours per week, and whether 

one had previous VR experience had significant effects. 

 

Figure 2. The 95% CIs of the estimated significant coefficients when one factor was analyzed. 

From  the one-by-one analyses,  it can be observed  that  significant effects occurred 

only at three distances: 40 cm, 100 cm, and 145 cm. Compared with females, males were 

41.68% less likely to accurately estimate distances at 100 cm. At 145 cm, this percentage 

was 46.26%. The case was similar when the gaming hours of participants were assessed. 

Compared with the basis variable of zero hours per week, those who played 11–19 h per 

week were less likely to accurately estimate distances, by 65.94% at 40 cm. Similarly, those 

who played 1–2 h per week were less likely to accurately estimate distances, by 64.97% 

and 55.38% at distances of 40 cm and 145 cm, respectively. However, those who had pre-

vious experience with VR were more likely to be accurate at 40 cm, by 68.55%. 

3.1.2. Analyses in Pairs 

Afterward,  the analyses examined pairs at every distance. Each  factor was paired 

with the display device in every possible combination. The results of the examination can 

be found in Figure 3. 

Figure 2. The 95% CIs of the estimated significant coefficients when one factor was analyzed.

From the one-by-one analyses, it can be observed that significant effects occurred only
at three distances: 40 cm, 100 cm, and 145 cm. Compared with females, males were 41.68%
less likely to accurately estimate distances at 100 cm. At 145 cm, this percentage was 46.26%.
The case was similar when the gaming hours of participants were assessed. Compared
with the basis variable of zero hours per week, those who played 11–19 h per week were
less likely to accurately estimate distances, by 65.94% at 40 cm. Similarly, those who played
1–2 h per week were less likely to accurately estimate distances, by 64.97% and 55.38% at
distances of 40 cm and 145 cm, respectively. However, those who had previous experience
with VR were more likely to be accurate at 40 cm, by 68.55%.

3.1.2. Analyses in Pairs

Afterward, the analyses examined pairs at every distance. Each factor was paired with
the display device in every possible combination. The results of the examination can be
found in Figure 3.

As can be observed, no factors had significant positive effects on accuracy. The
significant ones decreased only the probability of accurate distance estimates. The largest
decrease in probability was when those who played 11–19 h per week used a desktop
display to estimate objects at 40 cm: they were less likely to estimate distances correctly, by
90.52%. The basis variable was the pair of zero hours of gaming per week and using the
Gear VR device. The remaining significant effects were greater than 40%.
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3.1.3. Analyses in Triplets

Triplets were the next to be investigated. As in the case of pairs, no triplet was found
that significantly increased the probability of accurate egocentric distance estimation. As
previously in the case of pairs, all possible combinations of triplets were investigated. To
provide better readability, the analyses and figures are split into three parts. The first of
these was the triplet of gender, gaming hours per week, and display device. The results of
this first triplet can be seen in Figure 4.
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Figure 4. The 95% CIs of the estimated significant coefficients when triplets of factors were analyzed.
These triplets consisted of gender, gaming hours per week, and display device.

The basis variable was the triplet of female, zero gaming hours, and desktop display
at every distance. It can be seen that in almost all significant cases, males were less likely to
answer correctly under certain conditions. The largest decrease in probabilities occurred
when they played 11–19 h per week and used a desktop display for estimating objects at
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40 cm. This provided a 91.57% decrease. The second largest decrease was in the case of
females. Thus, females who played 1–2 h per week were less likely to accurately estimate
distances at 145 cm, by 87.49%, when using a desktop display. However, all significant
decreases were large. Even the smallest one was 64.84%, which was observed when males
who played zero hours per week estimated distances at 85 with a desktop display.

The second triplet investigated was gender, previous VR experience, and display
device. The results of the investigation can be observed in Figure 5.
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Figure 5. The 95% CIs of the estimated significant coefficients when triplets of factors were analyzed.
These triplets consisted of gender, previous VR experience, and display device.

The basis variable was the triplet of female, no VR experience, and Gear VR at every
distance. According to the results, males who used a desktop display with no previous
VR experience were the least likely to accurately estimate distances, by 70.60%, which
was observed at 40 cm. Regarding the remaining triplets with significant effects, their
percentages were similar to each other, falling between 57.49% and 59.93%.

Lastly, the third triplet investigated was the gaming hours, previous VR experience,
and display device. The results showed that 16 triplets had significant effects on the
probabilities of accurate estimates. These can be observed in Figure 6.
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Figure 6. The 95% CIs of the estimated significant coefficients when triplets of factors were analyzed.
These triplets consisted of gaming hours per week, previous VR experience, and display device.

The basis variable was the triplet of zero gaming hours per week, no previous VR
experience, and the Gear VR device. Compared with this basis variable, the following
results were observed. Those who played 1–2 h per week were less likely to estimate
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distances at 55 cm, by 88.88%. This was the largest decrease in probabilities. The second
largest decrease was when people played 11–19 h per week, had no previous VR experience,
and used the Gear VR device. They were less likely to correctly estimate distances at 100 cm,
by 84.85%. When these triplets of factors were examined, it could be observed that all
percentages were quite large; even the smallest significant decrease was 62.49%.

3.1.4. Analyses in Quartets

Lastly, the investigation examined quartets of factors. All possible combinations of
quartets were examined. However, no significant effects were found on the probabilities of
accurate egocentric distance estimates.

3.2. Analyses of the Effects of Human Factors on Distance Estimation Time

This section presents the results of the analyses regarding the effects of human factors
on distance estimation time. However, before assessing these mentioned effects, it was
examined whether distance estimation time correlated with the probability of accurate
distance estimates. According to the results of the correlation analysis, no correlation was
found between them (rs(4578) = −0.067, p < 0.001). When similar investigations were
carried out grouped by display devices, the results were quite similar. No correlation was
found in the PC version (rs(3138) = −0.075, p < 0.001). As can be seen, while the p-value
was significant, the strength of the correlation was very weak. Similarly, in the VR version,
no correlation was found (rs(1438) = 0.000, p = 0.989) between these variables. Thus, there
was no correlation between completion times and accurate distance estimates.

3.2.1. One-by-One Analyses

Similar to the previous examination type, the analyses began by investigating only one
factor at a time. The results showed that the gender of participants and whether they wore
glasses did not have a significant effect on distance estimation time. Thus, these factors
were omitted from further analyses. In addition, it should be noted that IT students and
the display device had effects at every distance. Only IT students used Gear VR, and no
significant effects could be observed among those three types of engineering students who
used the desktop display; thus, the factor regarding studies was also omitted. The results
of this investigation can be observed in Figure 7.
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estimation time.

It can be observed in Figure 7 that right-handed students were significantly faster
at two distances (70 cm and 100 cm), and those who had previous VR experience were
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significantly faster when estimating distances at 25 cm. All others were significantly slower.
However, it can be quickly noticed that the desktop display had a significant effect on time.
Those who estimated distances with it were significantly slower compared with those who
used Gear VR.

3.2.2. Analyses in Pairs

Afterward, the investigation examined the pairs of factors. Similarly, when analyzing
the probabilities of accurate egocentric distance estimates, all factors were combined with
each desktop display to create the pairs. The results can be observed in Figure 8.
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It can be noticed easily from Figure 8 that each significant pair contained the desktop
display. By using this display device, estimation times were significantly increased. The
two largest increases included the heights of participants between 155 cm and 159 cm. This
could also be observed when only one factor was investigated.

3.2.3. Analyses in Triplets

The following step was to analyze triplets of factors. The first two factors were
combined in every possible combination, while the display device was always the fixed
third factor. By using this method, 97 triplets were found that had a significant effect on
distance estimation time. These factors can be seen in Figure 9.

As can be observed in Figure 9, the desktop display still had a significant effect,
and each of them increased the distance estimation times. However, the three significant
ones can be found with the Gear VR device when analyzing triplets of factors. All three
decreased estimation times, and all could be observed at 55 cm.
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3.2.4. Analyses in Quartets

The following step was the analysis of quartets. We found 128 quartets that had
significant effects on estimation times, as can be seen in Figure 10. It should be noted that
due to the large number of quartets as well as quintets, many of them contained small
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sample sizes (≤ 20). Due to this fact, the results presented in this and the next subsubsection
should be interpreted with caution.
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The effect of the display device on estimation times was still clear, and the desktop
display still increased the times significantly. There were eight cases where the times
were significantly decreased when using the desktop display. In all of these cases, the
participants played video games for at least one hour per week. All of these mentioned
effects occurred when estimating objects at 40 cm.

3.2.5. Analyses in Quintets

Lastly, the effects of quintets of factors were investigated on egocentric distance
estimation times. Similar to the previous results, the display device was still a fixed factor
in each combination of quintets. The results showed that 76 quintets had significant effects
on these times. These are shown in Figure 11.

Electronics 2023, 12, x FOR PEER REVIEW  15  of  26 
 

 

   
(a)  (b) 

Figure 11. The 95% CIs of each investigated significant quintet of factors regarding the effects on 

distance estimation time. They are graphically split into (a,b) for better readability. 

The results in Figure 11 are quite similar to those presented in Figure 10. The desktop 

display still significantly increased estimation times, except for 12 cases, and the signifi-

cant decreases occurred only at 40 cm. No other relation or rule could be found regarding 

the decreases when the desktop display was used. 

4. Discussion 

As was mentioned in the introductory section, several types of factors can affect ego-

centric distance estimation. These  factors  include compositional,  technical, and human 

factors. We investigated the effects of the combination of technical and human factors in 

this article. On the basis of the results, our research questions were answered. 

The first human factor that we discussed was gender. According to some studies, it 

did not have a significant  influence on distance estimation  [68–70]. On  the other hand, 

according  to Foreman et al. [71], distance underestimations of males were significantly 

lower than those of females at all distances. Coelho et al. stated that gender had effects 

when estimating smaller distances [72]. Since we investigated the probabilities of accurate 

estimates, we can conclude  the  following: males were  less  likely to accurately estimate 

distances at 100 cm and 145 cm. When we combined  the  factor of gender with  that of 

display devices,  this effect occurred with a desktop display and  the Gear VR display. 

When we added a third factor, the distances at which males were less likely to accurately 

estimate distances were 40 cm, 85 cm, 100 cm, 130 cm, and 145 cm. The distance of 100 cm 

presented the most cases of this phenomenon. It should also be noted that gender did not 

have significant effects on egocentric distance estimation times. 

Dominant  arm  did  not  influence  the  probabilities  of  accurate  distance  estimates. 

Nonetheless, it had a few significant effects on estimation times. By itself, it significantly 

decreased estimation times at 70 cm and 100 cm. When grouped with a display device, it 

either significantly decreased or increased estimation times. However, this phenomenon 

occurred due to the display devices themselves. 

According to the literature, height does not affect distance estimation [49,72]. Simi-

larly, we concluded that it did not affect the probabilities of accurate distance estimates. 

Figure 11. The 95% CIs of each investigated significant quintet of factors regarding the effects on
distance estimation time. They are graphically split into (a,b) for better readability.

The results in Figure 11 are quite similar to those presented in Figure 10. The desktop
display still significantly increased estimation times, except for 12 cases, and the significant
decreases occurred only at 40 cm. No other relation or rule could be found regarding the
decreases when the desktop display was used.

4. Discussion

As was mentioned in the introductory section, several types of factors can affect
egocentric distance estimation. These factors include compositional, technical, and human
factors. We investigated the effects of the combination of technical and human factors in
this article. On the basis of the results, our research questions were answered.

The first human factor that we discussed was gender. According to some studies, it
did not have a significant influence on distance estimation [68–70]. On the other hand,
according to Foreman et al. [71], distance underestimations of males were significantly
lower than those of females at all distances. Coelho et al. stated that gender had effects
when estimating smaller distances [72]. Since we investigated the probabilities of accurate
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estimates, we can conclude the following: males were less likely to accurately estimate
distances at 100 cm and 145 cm. When we combined the factor of gender with that of
display devices, this effect occurred with a desktop display and the Gear VR display. When
we added a third factor, the distances at which males were less likely to accurately estimate
distances were 40 cm, 85 cm, 100 cm, 130 cm, and 145 cm. The distance of 100 cm presented
the most cases of this phenomenon. It should also be noted that gender did not have
significant effects on egocentric distance estimation times.

Dominant arm did not influence the probabilities of accurate distance estimates.
Nonetheless, it had a few significant effects on estimation times. By itself, it significantly
decreased estimation times at 70 cm and 100 cm. When grouped with a display device, it
either significantly decreased or increased estimation times. However, this phenomenon
occurred due to the display devices themselves.

According to the literature, height does not affect distance estimation [49,72]. Simi-
larly, we concluded that it did not affect the probabilities of accurate distance estimates.
However, by itself, the heights between 155 cm and 159 cm had an effect on estimation
times. This may have been due to the small sample size, as can be seen in the Appendix A.
Consequently, these times were increased. When combined with the display devices, their
effects strengthened in both directions.

The effect of gaming hours per week was also assessed. By itself, this factor signifi-
cantly decreased the probabilities of accurate distance estimates at 40 cm and 145 cm. This
decrease occurred in the case of those who played 1 or 2 h per week or between 11 and 19 h
per week. When grouped with the display devices, these effects could also be observed at
85 cm, 100 cm, and 130 cm alongside the other levels of this factor. Regarding estimation
times, it had only one effect by itself but showed several more significant effects when
grouped with the display device factor.

The previous VR experience was also assessed. By itself, it had only one significant
effect on the probabilities of accurate distance estimates, significantly increasing them.
However, when grouped with other factors, it significantly decreased the probabilities.
By itself, it significantly decreased estimation times at 25 cm. It was also grouped with
other factors, although it only retained the significant effects when combined with the
display device.

Regarding display devices, they did not have significant effects on the probabilities
of accurate distance estimates by themselves. Their effects arose only when they were
combined with other factors. Still, both decreased the mentioned probabilities, but the
number of significant effects was larger with the desktop display. This may be due to the
fact there was no binocular disparity provided. Regarding the estimates, it was considered
important [45–47]. In addition, the desktop display significantly increased estimation times,
while they were decreased by using the Gear VR display.

The remaining investigated factors were whether the participants wore glasses and
their field of study. However, these factors affected neither the probabilities of accurate
distance estimates nor their estimation times.

Naturally, this study also had limitations. First, all data were analyzed together, as we
did not differentiate between the results of participants on the basis of whether they used
the scale. However, regarding the accuracy of those participants who did not use a scale, no
significant difference was found between the two display versions (W = 570, 775 p = 0.529).
Thus, when the scale was not present, the accuracy of participants was similar between the
two display devices. However, when the scale was present, a significant difference arose
between the results of the two versions (W = 511, 230 p < 0.001). Compared with the PC
version, the results were more accurate, by 19.24%, in the VR version. Second, different
display devices were used at each university, and the students differed on the basis of their
studies. If both were similar at the two universities, the results regarding accuracy and
time might change. These facts require further investigation.
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5. Conclusions

We developed a VE to examine the effects of technical and human factors on the
egocentric distance estimation process. These factors were gender, height, dominant arm,
previous VR experience, gaming hours per week, whether the participants wore glasses,
their field of study, and display device. Before analysis, the distance estimation skills of
239 students were measured. Logistic regression and linear regression analysis methods
were used for the investigation.

The results showed that the factors of whether the participants wore glasses and field of
study did not affect accurate distance estimates and their estimation times. Gender, heights
between 155 cm and 159, 1–2 and 11–19 h of gaming per week, previous VR experience,
and display devices were able to affect accurate distance estimates and estimation times.
The latter could also be affected by the dominant arm, other heights, and gaming hours
per week. Their strengths increased when combined with a display device. Consequently,
estimation times may be affected due to only the influence of the display devices, as they
had the largest effect.

In conclusion, while human factors can have an effect, that of the display devices is
stronger. Since both humans and display devices are integral parts of a VR system, they
can interact with each other as the results show. This should be considered by developers
when creating new VEs in the future. Furthermore, when speed is more important in the
said VE, a head-mounted display should be used for interaction.
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Appendix A

Table A1. The average rates of accurate distance estimates and their standard deviations, grouped
by gender.

Factor 25 cm 40 cm 55 cm 70 cm 85 cm 100 cm 115 cm 130 cm 145 cm 160 cm

Male M = 0.10
SD = 0.30

M = 0.18
SD = 0.39

M = 0.37
SD = 0.48

M = 0.27
SD = 0.44

M = 0.30
SD = 0.45

M = 0.42
SD = 0.49

M = 0.34
SD = 0.47

M = 0.39
SD = 0.49

M = 0.36
SD = 0.48

M = 0.46
SD = 0.50

Female M = 0.07
SD = 0.26

M = 0.21
SD = 0.41

M = 0.35
SD = 0.48

M = 0.26
SD = 0.44

M = 0.34
SD = 0.47

M = 0.55
SD = 0.50

M = 0.41
SD = 0.49

M = 0.48
SD = 0.50

M = 0.52
SD = 0.50

M = 0.49
SD = 0.50

Table A2. The average rates of accurate distance estimates and their standard deviations, grouped by
dominant hand.

Factor 25 cm 40 cm 55 cm 70 cm 85 cm 100 cm 115 cm 130 cm 145 cm 160 cm

Left-
handed

M = 0.05
SD = 0.22

M = 0.18
SD = 0.39

M = 0.37
SD = 0.48

M = 0.22
SD = 0.42

M = 0.31
SD = 0.46

M = 0.50
SD = 0.50

M = 0.34
SD = 0.47

M = 0.35
SD = 0.47

M = 0.35
SD = 0.47

M = 0.51
SD = 0.50

Right-
handed

M = 0.11
SD = 0.31

M = 0.19
SD = 0.39

M = 0.37
SD = 0.48

M = 0.28
SD = 0.45

M = 0.31
SD = 0.46

M = 0.44
SD = 0.50

M = 0.36
SD = 0.48

M = 0.42
SD = 0.49

M = 0.41
SD = 0.49

M = 0.45
SD = 0.50
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Table A3. The average rates of accurate distance estimates and their standard deviations, grouped by
whether the participants wore glasses.

Factor 25 cm 40 cm 55 cm 70 cm 85 cm 100 cm 115 cm 130 cm 145 cm 160 cm

Glasses M = 0.12
SD = 0.32

M = 0.21
SD = 0.41

M = 0.39
SD = 0.49

M = 0.29
SD = 0.45

M = 0.36
SD = 0.48

M = 0.46
SD = 0.50

M = 0.36
SD = 0.48

M = 0.46
SD = 0.50

M = 0.44
SD = 0.50

M = 0.51
SD = 0.50

No glasses M = 0.08
SD = 0.28

M = 0.18
SD = 0.38

M = 0.36
SD = 0.48

M = 0.26
SD = 0.44

M = 0.28
SD = 0.45

M = 0.45
SD = 0.50

M = 0.36
SD = 0.48

M = 0.37
SD = 0.48

M = 0.37
SD = 0.48

M = 0.44
SD = 0.50

Table A4. The average rates of accurate distance estimates and their standard deviations, grouped by
whether the participants had previous VR experience.

Factor 25 cm 40 cm 55 cm 70 cm 85 cm 100 cm 115 cm 130 cm 145 cm 160 cm

VR
experience

M = 0.09
SD = 0.29

M = 0.24
SD = 0.43

M = 0.41
SD = 0.49

M = 0.27
SD = 0.45

M = 0.31
SD = 0.47

M = 0.49
SD = 0.50

M = 0.32
SD = 0.47

M = 0.49
SD = 0.49

M = 0.38
SD = 0.49

M = 0.43
SD = 0.50

No VR
experience

M = 0.10
SD = 0.30

M = 0.16
SD = 0.37

M = 0.35
SD = 0.48

M = 0.27
SD = 0.44

M = 0.31
SD = 0.46

M = 0.43
SD = 0.50

M = 0.38
SD = 0.49

M = 0.43
SD = 0.50

M = 0.41
SD = 0.49

M = 0.49
SD = 0.50

Table A5. The average rates of accurate distance estimates and their standard deviations, grouped by
the participants’ field of study.

Factor 25 cm 40 cm 55 cm 70 cm 85 cm 100 cm 115 cm 130 cm 145 cm 160 cm

Civil
engineering

M = 0.09
SD = 0.29

M = 0.15
SD = 0.36

M = 0.38
SD = 0.49

M = 0.23
SD = 0.43

M = 0.27
SD = 0.45

M = 0.43
SD = 0.50

M = 0.38
SD = 0.49

M = 0.41
SD = 0.49

M = 0.40
SD = 0.49

M = 0.49
SD = 0.50

Mechanical
engineering

M = 0.02
SD = 0.14

M = 0.11
SD = 0.32

M = 0.28
SD = 0.45

M = 0.20
SD = 0.41

M = 0.31
SD = 0.47

M = 0.41
SD = 0.50

M = 0.33
SD = 0.48

M = 0.36
SD = 0.48

M = 0.28
SD = 0.45

M = 0.35
SD = 0.48

Vehicle
engineering

M = 0.09
SD = 0.29

M = 0.23
SD = 0.43

M = 0.39
SD = 0.49

M = 0.31
SD = 0.46

M = 0.31
SD = 0.46

M = 0.47
SD = 0.50

M = 0.33
SD = 0.47

M = 0.43
SD = 0.50

M = 0.39
SD = 0.49

M = 0.51
SD = 0.50

IT M = 0.14
SD = 0.35

M = 0.24
SD = 0.43

M = 0.39
SD = 0.49

M = 0.31
SD = 0.47

M = 0.36
SD = 0.48

M = 0.49
SD = 0.50

M = 0.35
SD = 0.48

M = 0.43
SD = 0.50

M = 0.46
SD = 0.50

M = 0.46
SD = 0.50

Table A6. The average rates of accurate distance estimates and their standard deviations, grouped by
heights of the participants (cm).

Factor 25 cm 40 cm 55 cm 70 cm 85 cm 100 cm 115 cm 130 cm 145 cm 160 cm

150–154 M = 0.17
SD = 0.41

M = 0.17
SD = 0.41

M = 0.33
SD = 0.52

M = 0.33
SD = 0.52

M = 0.50
SD = 0.55

M = 0.50
SD = 0.55

M = 0.17
SD = 0.41

M = 0.50
SD = 0.55

M = 0.33
SD = 0.52

M = 0.33
SD = 0.52

155–159 M = 0.00
SD = 0.00

M = 0.00
SD = 0.00

M = 0.30
SD = 0.48

M = 0.30
SD = 0.48

M = 0.20
SD = 0.42

M = 0.20
SD = 0.42

M = 0.40
SD = 0.52

M = 0.30
SD = 0.48

M = 0.40
SD = 0.52

M = 0.50
SD = 0.53

160–164 M = 0.12
SD = 0.33

M = 0.19
SD = 0.40

M = 0.31
SD = 0.47

M = 0.27
SD = 0.45

M = 0.27
SD = 0.45

M = 0.62
SD = 0.50

M = 0.38
SD = 0.50

M = 0.62
SD = 0.50

M = 0.62
SD = 0.50

M = 0.50
SD = 0.51

165–169 M = 0.07
SD = 0.26

M = 0.22
SD = 0.42

M = 0.40
SD = 0.49

M = 0.22
SD = 0.42

M = 0.31
SD = 0.47

M = 0.48
SD = 0.50

M = 0.34
SD = 0.48

M = 0.40
SD = 0.49

M = 0.47
SD = 0.50

M = 0.52
SD = 0.50

170–174 M = 0.04
SD = 0.21

M = 0.15
SD = 0.36

M = 0.26
SD = 0.44

M = 0.26
SD = 0.44

M = 0.33
SD = 0.47

M = 0.43
SD = 0.50

M = 0.33
SD = 0.47

M = 0.33
SD = 0.47

M = 0.30
SD = 0.47

M = 0.46
SD = 0.50

175–179 M = 0.06
SD = 0.25

M = 0.15
SD = 0.36

M = 0.35
SD = 0.48

M = 0.28
SD = 0.45

M = 0.22
SD = 0.42

M = 0.40
SD = 0.49

M = 0.36
SD = 0.48

M = 0.40
SD = 0.49

M = 0.33
SD = 0.47

M = 0.46
SD = 0.50

180–184 M = 0.11
SD = 0.31

M = 0.20
SD = 0.40

M = 0.37
SD = 0.49

M = 0.21
SD = 0.41

M = 0.33
SD = 0.47

M = 0.45
SD = 0.50

M = 0.36
SD = 0.48

M = 0.35
SD = 0.48

M = 0.43
SD = 0.50

M = 0.40
SD = 0.49

185–189 M = 0.19
SD = 0.39

M = 0.20
SD = 0.40

M = 0.42
SD = 0.50

M = 0.35
SD = 0.48

M = 0.35
SD = 0.48

M = 0.48
SD = 0.50

M = 0.38
SD = 0.49

M = 0.44
SD = 0.50

M = 0.47
SD = 0.50

M = 0.50
SD = 0.50

190–194 M = 0.04
SD = 0.19

M = 0.21
SD = 0.42

M = 0.50
SD = 0.51

M = 0.18
SD = 0.39

M = 0.32
SD = 0.48

M = 0.36
SD = 0.49

M = 0.29
SD = 0.46

M = 0.43
SD = 0.50

M = 0.29
SD = 0.46

M = 0.40
SD = 0.50

195–199 M = 0.13
SD = 0.34

M = 0.44
SD = 0.51

M = 0.44
SD = 0.51

M = 0.38
SD = 0.50

M = 0.44
SD = 0.51

M = 0.56
SD = 0.51

M = 0.50
SD = 0.52

M = 0.50
SD = 0.52

M = 0.31
SD = 0.48

M = 0.63
SD = 0.50

200–204 M = 0.25
SD = 0.50

M = 0.25
SD = 0.50

M = 0.25
SD = 0.50

M = 0.50
SD = 0.58

M = 0.75
SD = 0.50

M = 0.75
SD = 0.50

M = 0.25
SD = 0.50

M = 1.00
SD = 0.00

M = 0.25
SD = 0.50

M = 0.50
SD = 0.58

Table A7. The average rates of accurate distance estimates and their standard deviations, grouped by
the number of hours per week the participants played video games.

Factor 25 cm 40 cm 55 cm 70 cm 85 cm 100 cm 115 cm 130 cm 145 cm 160 cm

0 M = 0.10
SD = 0.31

M = 0.25
SD = 0.43

M = 0.41
SD = 0.49

M = 0.24
SD = 0.43

M = 0.29
SD = 0.46

M = 0.53
SD = 0.50

M = 0.38
SD = 0.49

M = 0.47
SD = 0.50

M = 0.47
SD = 0.50

M = 0.48
SD = 0.50

1–2 M = 0.05
SD = 0.22

M = 0.10
SD = 0.31

M = 0.35
SD = 0.48

M = 0.24
SD = 0.43

M = 0.26
SD = 0.44

M = 0.47
SD = 0.50

M = 0.33
SD = 0.47

M = 0.40
SD = 0.49

M = 0.28
SD = 0.45

M = 0.46
SD = 0.50

3–4 M = 0.13
SD = 0.34

M = 0.27
SD = 0.45

M = 0.31
SD = 0.47

M = 0.27
SD = 0.45

M = 0.37
SD = 0.49

M = 0.42
SD = 0.50

M = 0.35
SD = 0.48

M = 0.44
SD = 0.50

M = 0.42
SD = 0.50

M = 0.58
SD = 0.50

5–10 M = 0.12
SD = 0.33

M = 0.22
SD = 0.42

M = 0.36
SD = 0.48

M = 0.28
SD = 0.45

M = 0.33
SD = 0.47

M = 0.40
SD = 0.49

M = 0.40
SD = 0.49

M = 0.39
SD = 0.49

M = 0.39
SD = 0.49

M = 0.42
SD = 0.50
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Table A7. Cont.

Factor 25 cm 40 cm 55 cm 70 cm 85 cm 100 cm 115 cm 130 cm 145 cm 160 cm

11–19 M = 0.10
SD = 0.30

M = 0.10
SD = 0.30

M = 0.38
SD = 0.49

M = 0.37
SD = 0.49

M = 0.30
SD = 0.46

M = 0.40
SD = 0.49

M = 0.30
SD = 0.46

M = 0.38
SD = 0.49

M = 0.43
SD = 0.50

M = 0.45
SD = 0.50

20+ M = 0.07
SD = 0.26

M = 0.17
SD = 0.38

M = 0.38
SD = 0.49

M = 0.26
SD = 0.45

M = 0.38
SD = 0.49

M = 0.40
SD = 0.50

M = 0.33
SD = 0.48

M = 0.33
SD = 0.48

M = 0.38
SD = 0.49

M = 0.43
SD = 0.50

Table A8. The average rates of accurate distance estimates and their standard deviations, grouped by
display device.

Factor 25 cm 40 cm 55 cm 70 cm 85 cm 100 cm 115 cm 130 cm 145 cm 160 cm

Desktop
display

M = 0.08
SD = 0.27

M = 0.17
SD = 0.38

M = 0.36
SD = 0.48

M = 0.25
SD = 0.43

M = 0.29
SD = 0.45

M = 0.44
SD = 0.49

M = 0.36
SD = 0.48

M = 0.40
SD = 0.49

M = 0.38
SD = 0.48

M = 0.47
SD = 0.50

Gear VR M = 0.14
SD = 0.35

M = 0.27
SD = 0.43

M = 0.39
SD = 0.49

M = 0.31
SD = 0.47

M = 0.36
SD = 0.48

M = 0.49
SD = 0.50

M = 0.35
SD = 0.48

M = 0.43
SD = 0.50

M = 0.46
SD = 0.50

M = 0.46
SD = 0.50
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𝑆𝐷 ൌ 0.49 

𝑀 ൌ 0.42 
𝑆𝐷 ൌ 0.50 

𝑀 ൌ 0.35 
𝑆𝐷 ൌ 0.48 

𝑀 ൌ 0.44 
𝑆𝐷 ൌ 0.50 

𝑀 ൌ 0.42 
𝑆𝐷 ൌ 0.50 

𝑀 ൌ 0.58 
𝑆𝐷 ൌ 0.50 

5–10 
𝑀 ൌ 0.12 
𝑆𝐷 ൌ 0.33 

𝑀 ൌ 0.22 
𝑆𝐷 ൌ 0.42 

𝑀 ൌ 0.36 
𝑆𝐷 ൌ 0.48 

𝑀 ൌ 0.28 
𝑆𝐷 ൌ 0.45 

𝑀 ൌ 0.33 
𝑆𝐷 ൌ 0.47 

𝑀 ൌ 0.41 
𝑆𝐷 ൌ 0.49 

𝑀 ൌ 0.40 
𝑆𝐷 ൌ 0.49 

𝑀 ൌ 0.39 
𝑆𝐷 ൌ 0.49 

𝑀 ൌ 0.39 
𝑆𝐷 ൌ 0.49 

𝑀 ൌ 0.42 
𝑆𝐷 ൌ 0.50 

11–19 
𝑀 ൌ 0.10 
𝑆𝐷 ൌ 0.30 

𝑀 ൌ 0.10 
𝑆𝐷 ൌ 0.30 

𝑀 ൌ 0.38 
𝑆𝐷 ൌ 0.49 

𝑀 ൌ 0.37 
𝑆𝐷 ൌ 0.49 

𝑀 ൌ 0.30 
𝑆𝐷 ൌ 0.46 

𝑀 ൌ 0.40 
𝑆𝐷 ൌ 0.49 

𝑀 ൌ 0.30 
𝑆𝐷 ൌ 0.46 

𝑀 ൌ 0.38 
𝑆𝐷 ൌ 0.49 

𝑀 ൌ 0.43 
𝑆𝐷 ൌ 0.50 

𝑀 ൌ 0.45 
𝑆𝐷 ൌ 0.50 

20+ 
𝑀 ൌ 0.07 
𝑆𝐷 ൌ 0.26 

𝑀 ൌ 0.17 
𝑆𝐷 ൌ 0.38 

𝑀 ൌ 0.38 
𝑆𝐷 ൌ 0.49 

𝑀 ൌ 0.26 
𝑆𝐷 ൌ 0.45 

𝑀 ൌ 0.38 
𝑆𝐷 ൌ 0.49 

𝑀 ൌ 0.40 
𝑆𝐷 ൌ 0.50 

𝑀 ൌ 0.33 
𝑆𝐷 ൌ 0.48 

𝑀 ൌ 0.33 
𝑆𝐷 ൌ 0.48 

𝑀 ൌ 0.38 
𝑆𝐷 ൌ 0.49 

𝑀 ൌ 0.43 
𝑆𝐷 ൌ 0.50 

Table A8. The average rates of accurate distance estimates and their standard deviations, grouped 

by display device. 

Factor  25 cm  40 cm  55 cm  70 cm  85 cm  100 cm  115 cm  130 cm  145 cm  160 cm 

Desktop 

display 

𝑀 ൌ 0.08 
𝑆𝐷 ൌ 0.27 

𝑀 ൌ 0.17 
𝑆𝐷 ൌ 0.38 

𝑀 ൌ 0.36 
𝑆𝐷 ൌ 0.48 

𝑀 ൌ 0.25 
𝑆𝐷 ൌ 0.43 

𝑀 ൌ 0.29 
𝑆𝐷 ൌ 0.45 

𝑀 ൌ 0.44 
𝑆𝐷 ൌ 0.49 

𝑀 ൌ 0.36 
𝑆𝐷 ൌ 0.48 

𝑀 ൌ 0.40 
𝑆𝐷 ൌ 0.49 

𝑀 ൌ 0.38 
𝑆𝐷 ൌ 0.48 

𝑀 ൌ 0.47 
𝑆𝐷 ൌ 0.50 

Gear VR 
𝑀 ൌ 0.14 
𝑆𝐷 ൌ 0.35 

𝑀 ൌ 0.27 
𝑆𝐷 ൌ 0.43 

𝑀 ൌ 0.39 
𝑆𝐷 ൌ 0.49 

𝑀 ൌ 0.31 
𝑆𝐷 ൌ 0.47 

𝑀 ൌ 0.36 
𝑆𝐷 ൌ 0.48 

𝑀 ൌ 0.49 
𝑆𝐷 ൌ 0.50 

𝑀 ൌ 0.35 
𝑆𝐷 ൌ 0.48 

𝑀 ൌ 0.43 
𝑆𝐷 ൌ 0.50 

𝑀 ൌ 0.46 
𝑆𝐷 ൌ 0.50 

𝑀 ൌ 0.46 
𝑆𝐷 ൌ 0.50 

 

Figure A1. Estimation times, grouped by gender. 

 

Figure A2. Estimation times, grouped by dominant hand.



Electronics 2023, 12, 2253 18 of 24

Electronics 2023, 12, x FOR PEER REVIEW  20  of  26 
 

 

Figure A2. Estimation times, grouped by dominant hand. 
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