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Abstract: Spatial perception plays a critical role in virtual worlds and real environments, as it can
impact navigation abilities. To understand this influence, the conducted study investigated the effects
of human characteristics and immersion levels on the exocentric distance estimation process in virtual
environments. As the first step, a virtual environment was implemented for both desktop and Gear
VR head-mounted displays. Afterward, the exocentric distance estimation skills of 229 university
students were examined. Out of these students, 157 used the desktop display, and 72 used the Gear
VR. Using logistic regression analysis and linear regression analysis methods, their effects on the
probabilities of accurate estimates and their estimation times were investigated. According to the
results, gender, video game playtime per week, height, and display device had significant effects on
the former, whereas dominant hand, video game playtime per week, height, and display device had
significant effects on the latter. The results also show that by using the head-mounted display, the
likelihood of the students estimating exocentric distances accurately significantly decreased; however,
they were significantly faster with it. These findings can influence the development of more accessible
and effective virtual environments in the future.

Keywords: distance measurement; human—computer interaction; human in the loop; immersive
experience; virtual reality

1. Introduction

Spatial perception involves understanding the layout of spaces and the objects within
them. This skill relies heavily on accurate distance perception. However, when talking
about distance perception, two types of distances can be defined. The first one is called
egocentric distance. This type is the distance between an object and an observer. In
contrast to this previous definition, exocentric distance is the distance between external
objects or points from an observer’s perspective. Accurate perception of distances holds
significant importance in everyday activities such as spatial awareness, navigation, and
various tasks, ranging from driving to sports. Therefore, estimating distances accurately
is crucial for decision-making, while it also enables individuals to navigate obstacles and
interact effectively with their real and virtual environments [1-3].

As mentioned, within the world of virtual reality (VR), the precise estimation of dis-
tances is crucial for creating immersive and realistic experiences. As users navigate virtual
environments (VEs), their cognitive ability to estimate both egocentric and exocentric dis-
tances significantly influences their interactions and decision-making. Within VR gaming
environments [4,5], for instance, players must rely on their perceptual skills to understand
the distances between objects, obstacles, and enemies. Precise distance estimation allows
users to strategize effectively, plan their movements, and immerse themselves fully in the
virtual world. Failure to accurately perceive distances can lead to a diminished gameplay
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experience. Similarly, the ability to estimate distances accurately is crucial in VR-based
training simulations [6-9]. Users must navigate through simulated environments, perform
tasks, and interact with virtual objects or scenarios. Moreover, in educational VR appli-
cations [10-12], where learners explore VEs to enhance their understanding of complex
concepts or historical events, accurate estimation of distances enhances the educational
experience. Students can engage with virtual artifacts, explore virtual landscapes, and
interact with certain spatial representations.

Nevertheless, a challenge can arise in accurately estimating the distances within VEs, as
users typically tend to underestimate these distances [13-15]. For example, it is highlighted
in [16] that absolute egocentric distance is generally underestimated in VEs compared to in
the real world, but this underestimation can be attenuated by various factors. In doing so,
perception can be made more similar to the real world. Therefore, this underestimation
phenomenon is influenced by various factors, including the design choices of the VEs,
technological aspects, the distances themselves, and individual user characteristics. The
visual composition of VEs, comprising textures, graphics, and avatars, can affect distance
perception [17-25]. Therefore, the realism of VEs is also an important aspect. For example,
it was investigated in [26] whether the misjudgment of distances in head-mounted displays
could be due to a lack of realism using a real-world scene rendering system. The evaluation
is made by two models: a video-based model and a photo-based model. The judgment
performance regarding distances was compared between real and virtual worlds. It was
found that when the model was rendered as static and photo-based, the underestimation of
distances was less compared to with live video feed rendering. It was reported that the real
head-mounted display model averaged 80.2% of the actual distance, the real photo-based
model averaged 81.4%, and the real-world estimations averaged 92.4%.

Technological factors such as the display devices (i.e., immersion level) and binocular
disparity also impact distance estimation [27-30]. Kelly concluded that the perceived dis-
tance in VR can be improved by considering the technical characteristics of head-mounted
displays [31]. By increasing their field of view, head-mounted displays can positively
impact distance perception in VR. Head-mounted displays with a higher resolution are also
associated with more accurate distance perception, and the weight of the head-mounted
displays can negatively affect distance perception. Studies in the literature also indicate
that distances up to approximately 1 m are usually overestimated, but accurate estimates
can occur up to 55 cm [32-35].

Additionally, gender, age, and even eye height have been identified as significant
factors affecting distance estimation [36—40]. According to [41], gender has an effect in
both real and virtual environments, mediated by Mental Rotation ability. This suggests
that spatial and perceptual processing in artificial 3D-modeled spaces may not be similar
to cognitive spatial processes in real environments. Similarly, in a previous study, we
investigated the effects of human characteristics such as gender, height, dominant arm,
gaming hours per week, previous VR experience, wearing glasses, and field of study.
The results revealed that the latter two factors did not significantly influence the distance
estimates or estimation time [42]. Given the importance of humans in VR-based system:s,
their characteristics play a vital role in the interaction process [43]. Cognitive abilities are
particularly crucial when navigating virtual spaces [44] and can even be enhanced through
VR experiences [45]. Understanding these human factors is pivotal to enhancing VR
experiences, especially when considering technological advancements [46,47]. Developers
and designers of VEs or electronic devices (such as display devices) must account for the
diverse range of users and their cognitive skills to create accessible experiences.

In this study, we aim to investigate the influence of human factors on the exocentric
distance estimation process. While previous research has explored the effects of age,
gender, and eye height on egocentric distance estimation [36—41], the impact of these
factors on exocentric distances remains unclear. To address this gap in the literature, we
examined the effects of human characteristics combined with two immersion levels on
exocentric distance estimation and how long it takes at various distances within a VE
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that we specifically developed for this purpose. The mentioned VE can be used with two
varieties of display device: a desktop display and the Gear VR head-mounted display. This
fact is also important since we also wanted to measure the effects of the display devices
themselves. For the study, the following two research questions (RQs) were formed:

e  RQ1: Do human characteristics and immersion levels affect the probabilities of accurate
exocentric distance estimates?

e RQ2: Do human characteristics and immersion levels affect the exocentric distance
estimation times?

Therefore, the paper is structured as follows. Section 2 presents the materials and
methods. Here, readers can find detailed descriptions of the used VE and the methodologies
employed for the data collection and analysis. Following detailing the materials and
methods, Sections 3 and 4 present and discuss the results, respectively. Finally, conclusions
are made in Section 5. Here, the goals of the study are revisited, and the main contributions
and implications of the research are summarized.

2. Materials and Methods

In this section, details of the study’s methodology, data collection, and analysis are
provided. Section 2.1 shows an overview of the VE used in the research. Section 2.2 presents
the data collection process used in the study. This section details the methodologies,
procedures, and tools utilized to gather data within the mentioned VE. Lastly, Section 2.3
shows the methods regarding the analysis of the collected data.

2.1. Presenting the Virtual Environment

The VE previously mentioned was created using the Unity game development engine.
The used version of Unity was 2018.4.36f1. Two various implementations of the VE were
developed to cater to different user experiences and platforms. Firstly, a non-immersive
version was created for a desktop display, namely an LG 20M37A (LG Corporation, Seoul,
Republic of Korea) monitor measuring 19.5 inches. Naturally, this version provides users
with a visual representation of the VE on their computer screens. In contrast, an immersive
version of the VE was created for the Samsung Gear VR (Samsung Electronics, Suwon,
Republic of Korea), which is a head-mounted display device. The Gear VR version runs on
the Android operating system, whereas the desktop version (PC version) runs on Windows.
The smartphone used with the Gear VR was a Samsung Galaxy Edge 6+ (Samsung Elec-
tronics, Suwon, Republic of Korea). While both versions of the VE were nearly identical
in terms of their visual aesthetics and content, small differences could be found regarding
user interaction. In the PC version, users could control the virtual camera in the VE using
a keyboard and mouse. Conversely, the Gear VR version offered more immersive inter-
action through head rotation and tapping gestures on the touchpad located on the right
side of the head-mounted display. This allowed users to interact with the VE using more
natural movements, while it also enhanced the sense of immersion and presence within the
virtual space.

Upon launching the application, participants were placed into the main menu, where
they were required to input some personal information that did not reveal their identity. Af-
ter completing this step, they had to press the start button. Consequently, they were placed
in the middle of the virtual space. Notably, the virtual camera within the environment was
positioned at the participants’ actual entered height. This further enhanced the realism of
their experience in the virtual world. It ensured that the participants’ perspectives within
the virtual space closely mirrored their real-world physical attributes, which could result
in an easier transition between the virtual and real worlds. In the VE, each wall was 6 m
away from the position of the participants; therefore, the room was 12 m wide on each side.
Visual representations of the room can be found in Figure 1.
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Figure 1. The virtual environment seen in the Unity Editor: (a) without the scale; (b) with the scale
on the ground.

In Figure 1, a virtual avatar of a participant can be observed. In front of it, two or three
objects are observable on the ground. The exocentric distances between the first two objects
(the closest ones to the participant) had to be estimated. Each of these two objects could take
the form of a cylinder, a cube, or a sphere, and their types were randomized in every round.
Furthermore, the exocentric distances between these objects were also randomized in every
round to introduce variability and unpredictability into the experimental conditions. These
distances spanned a range of 60 to 150 cm, with intervals of 10 cm between each distance
increment. We chose these distances because according to multiple studies, distances
up to approximately 1 m are usually overestimated, but accurate estimates can occur up
to 55 cm [32-35]. While they were egocentric distances in most cases, for comparability
reasons, we decided to use a similar methodology for exocentric distances. Naturally, we
also wanted to assess a few more distances as well above 1 m.

The farthest object on the ground is a scale that only appears in the second part of
the measurements. This means that each exocentric distance had to be estimated twice
by the participant: each should be estimated first without the scale on the ground and
then each with it but not in the same order. This resulted in a total of 20 rounds for
the entire measurement process. The scale comprised 19 cubes. Each cube had a size of
10 cm x 10 em x 10 cm.

2.2. Collection of the Data

The data collection process was conducted during the fall of 2022. It took place at
two universities, namely the University of Pannonia and the University of Debrecen. At
the former university, the Gear VR version was used, whereas at the latter, the desktop
display version was used. Those who used the Gear VR version did not use the desktop
display version and vice versa. Only one student at a time used the Gear VR head-mounted
display, while one group of a maximum of 20 students at a time used the desktop display
at a computer laboratory. Overall, the exocentric distance estimation skills of 227 university
students were measured using this method. During the measurement process, 72 IT
students used the Gear VR (Mpge = 22.51, SDjg, = 6.63), while the skills of 157 participants
were measured with the desktop display (Mgge = 19.80, SDgge = 2.09). Among them, the
number of civil engineering students was 81 (Mge = 19.72, SD;q = 2.32). Furthermore,
27 were mechanical engineering students (Mage = 20.18, SDjgge = 2.45), and 49 were vehicle
engineering students (Mpge = 19.71, SD;q. = 1.34). All the participants voluntarily took
part in the measurements and provided verbal consent before the process started. No names
were collected, only some non-identifying data were gathered: age; gender; dominant hand;
height; whether they wore glasses; field of study; hours of video game play per week; and
whether they had any previous VR experience. As mentioned, the participants had to enter
these into the corresponding fields in the main menu of the application.
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Before commencing the measurements, the participants underwent a briefing session
to familiarize themselves with the experimental procedure and the VE. During this briefing,
they received detailed instructions on navigation within the virtual space and the process
of estimating distances. Furthermore, they were provided with essential information
regarding the dimensions of the virtual room and the scale within the environment. This
information gave the participants a reference for distance estimation. In the PC version,
the distances had to be entered using the keyboard without clicking on the input box. By
pressing the numbers on the keyboard, they were written into the input box automatically.
In the Gear VR version, the estimates had to be said verbally. Meanwhile, a researcher
recorded this information in the same physical room. Subsequently, in each version, the
participants had to look up at the ceiling and press Enter on the keyboard or the touchpad
on the Gear VR to proceed to the next round. This is the point at which they finalized their
estimates and the next round started. Also, the measurement of the estimation times started
at this point as well. As was mentioned previously, the measurement process consisted of
20 rounds. The initial 10 rounds were conducted without the presence of the scale inside
the VE. Subsequently, the scale appeared on the ground for the remaining 10 rounds. This
introduced a contextual cue to aid the participants in their distance estimations. When the
participants had completed all 20 rounds, the measurement process concluded for them.

The data for the measurements were recorded into a comma-separated values (CSV)
file after completing each round. Each line in the mentioned file represented a round and
contained all the relevant factors that were present during the measurement. This would
mean that the human characteristics, actual and estimated distances, estimation times,
display devices, and so on were logged. Since there were 20 rounds, each participant had
20 lines of data.

2.3. Analysis of Data

After the data collection process was completed, the aforementioned CSV file was im-
ported into the statistical program package R for analysis. The used version was 4.3.2. Prior
to the investigative phase, the dataset underwent preprocessing steps. Groups were created
based on the height of the participants and their video game playtime per week. For
participant height, 11 distinct groups were created, and each spanned a five-centimeter
interval that ranged from 150 cm to 204 cm. Similarly, video game playtime per week was
empirically categorized into six groups: 0 h; 1-2 h; 3—4 h; 5-10 h; 11-19 h; and 20 or more
hours. Similarly, accurate estimates were determined. An estimate was deemed accurate if
it fell within £10% of the actual distance. This binary classification resulted in 1274 accurate
estimates and 3306 inaccurate ones.

With the dataset organized and preprocessed, an alpha value of 0.05 was chosen for
the analyses. First, the analysis process began with one-by-one examinations of the effects
at the mentioned distances. Factors that did not exhibit significant effects on the probability
of accurately estimating distances were subsequently excluded from further analyses. The
investigation then continued in pairs. Each factor was paired with the investigated display
devices. Subsequently, the analysis continued in triplets and concluded in quartets.

For the analyses, three various methods were used in this study. Firstly, logistic
regression analysis was used to examine the effects of factors on the probability of accu-
rate exocentric distance estimates. Secondly, when assessing the effects on the estimation
times, the linear regression analysis method was used. In the case of both types of re-
gression analysis methods, R automatically chose the basis (intercept) variables. Thirdly,
Spearman’s rank correlation method was used to determine the correlation between the
estimation time and accurate exocentric distance estimates. These are presented in the
following subsubsections.

2.3.1. Logistic Regression

This method is used for modeling the relationship between a binary dependent vari-
able and one or more independent variables. It is specifically designed for binary outcomes,
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where the dependent variable takes on one of two possible values: usually 0 or 1. The
logistic regression model transforms the linear combination of independent variables into a
probability between 0 and 1 by using the logistic function (which is a sigmoid function).
Logistic regression can be used with a single independent variable or multiple independent
variables. As this study focuses on the latter, the logistic regression equation with multiple
independent variables can be expressed as in Equation (1):

1

Ply=1X) = 1 4+ e~ (Botprx1+Paxa+...+Buxn)

)

where:

e P(y =1|X) represents the probability of the dependent variable being 1 given the
values of the independent variables X;

o Bo,B1,B2, ., Bn are the coefficients or parameters associated with each independent
variable;
X0, X1,X2,..., X%y are the independent variables;
e is the base of the natural logarithm.

The logistic regression analysis method estimates the parameters of a logistic model.
The latter models the log-odds of a possible event. This can allow us to interpret the
variables’ effects and their strengths based on the estimated coefficients. Their sign also
reveals the direction of the effects. Moreover, the log-odds can be converted into an odds
ratio, which can further be converted into a percentage using Equations (2) and (3).

OR = ¢t© )

% = (OR — 1) - 100, 3)

where the odds ratio and log-odds are denoted by OR and LO, respectively. Naturally, the
greater the log-odds, the greater the odds ratio is, and vice versa. This method was used
for each examined exocentric distance separately.

2.3.2. Linear Regression

As stated previously, when assessing the effects on the estimation times, the linear
regression analysis method was used. Linear regression provides insights into the relation-
ships between the variables and enables predictions based on the observed data. It models
the relationship between a dependent variable and one or more independent variables.
It also assumes a linear relationship between the predictors and the response variable. It
can be used with a single independent variable or multiple independent variables. As
this study focuses on the latter, the linear regression equation with multiple independent
variables can be expressed as shown in Equation (4):

y = Bo+B1x1 + Paxa+ ...+ Buxy + €, (4)

where:

y is the dependent variable;

X1,X2,..., %, are the independent variables;

Bo, B1, - - ., Bn are their respective coefficients;

and € represents the error term for unexplained variability.

2.3.3. Spearman’s Rank Correlation

As was mentioned earlier, Spearman’s rank correlation method was used to determine
the correlation between the estimation time and accurate exocentric distance estimates. This
correlation method is a non-parametric measure of correlation that assesses the strength
and direction of the association between two variables. It is also robust to outliers in
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the data. Each observation in the data is ranked independently for each variable. These
ranks are then used to compute the correlation coefficient, denoted as p. The range of
this coefficient is between —1 and 1. Naturally, 1 indicates a perfect positive monotonic
relationship, whereas —1 indicates a perfect negative monotonic relationship. Additionally,
0 suggests no relationship between the variables. Spearman’s rank correlation coefficient
can be calculated using Equation (5):

_ 6y d;
p_1<n(n21)>’ ®)

e  d, represents the difference between the ranks of the corresponding observations for
the two variables;
e 1 is the number of observations.

where:

3. Results

The results are presented in the following two subsections. The analyses of exocentric
distance estimation accuracy are shown in Section 3.1, whereas those of the exocentric
distance estimation times are detailed in Section 3.2. Consequently, Appendix A contains
the descriptive statistics of the results. They can be found in Tables A1-A8 as well as
Figures A1-AS8.

The results of the analyses are presented in the form of 95% confidence intervals (Cis).
Due to readability, only significant effects are presented in the following figures, and the
basis variables are also removed from them. In the case of logistic regression, the 95% Cis
indicate the range of values within which we are 95% confident the true log-odds ratio lies.
Similarly, in the case of linear regression, these intervals indicate the range of values within
which we are 95% confident that the true population parameters lie. To conserve space, the
following abbreviations are observable in the subsequent figures:

M (Male);

F (Female);

LH (Left-handed);

RH (Right-handed);

Hx-y (Participants” height between x and y cm);

GHn-m (Video game playtime per week between n and m hours);
DD (Desktop display);

GVR (Gear VR).

3.1. Analysis of the Exocentric Distance Estimation Accuracy

As was mentioned earlier, analyses of the exocentric distance estimation accuracy
were conducted. The results of the investigation are presented in this subsection. First, the
analysis was undertaken for each factor, then on pairs of factors, and lastly, on triplets of
factors. No quartets or quintets (or more) were generated since only three different factors
had significant influences on the exocentric distance estimation process.

3.1.1. One-by-One Investigation

The first investigation consisted of each factor, and it was carried out on a one-by-one
basis. The results of the analysis are presented in Figure 2 in the form of 95% Cis. It can be
observed that 10 significant effects were yielded.
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M, 60 cm | | | |

M, 70 cm | | |

GH3-4, 110 om — | | |

GH3-4, 120 cm | | I |

GH11-19, 140 cm I I

GVR,60cm - | | |

GVR, 90 cm | | |

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

Log-odds

Figure 2. Ninety five percent Cis showing the significant effects of each factor on the probability of
accurate estimates.

According to the results presented in Figure 2, two factors increased the probabilities
of accurate estimates. The first one was male gender. On average, males were more likely
to accurately estimate distances than females at 60 cm and 70 cm, by 80.35% and 90.65%,
respectively. Similarly, compared to those who did not play video games at all, the “GH3-4,
110 cm”, “GH3-4, 120 cm”, and “GH11-19, 140 cm” groups had significant increases in
their average likelihood of accurate estimates, of 83.49%, 92.00%, and 70.27%, respectively.
On the contrary, however, the Gear VR users were significantly less likely to accurately
estimate the distances. Compared to the desktop display, there were significant decreases
in likelihood of between 11.86 and 17.08% on average.

3.1.2. Investigation in Pairs

The following step was to investigate the pairs. As was mentioned, only those factors
were paired which had significant effects when the one-by-one analyses were conducted.
The results of the investigation can be observed in Figure 3, showing 10 significant effects.

F, GVR, 130 om —| | | |

F, GVR, 150 cm | | | |

M, GH5-10, 70 cm — | | |

M, GH1-2, 70 cm | | | |

M, GHO, 70 cm — | | |

M, GH3-4, 110 cm — | I |

M, GH3-4, 120 cm — | I |

GH5-10, DD, 150 om [T ]

Log-odds

Figure 3. Ninety five percent Cis showing the significant effects of pairs of factors on the probability
of accurate estimates.
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As can be seen in Figure 3, when the Gear VR was paired with another factor, it resulted
in some significant underestimates. Compared to the females who used the desktop display;,
there were significant decreases in the average likelihood of estimating correctly of between
4.12 and 28.32% in the case of the first four groups in Figure 3. Then, it can be observed
that when being male and video game playtime were paired, these participants were more
likely to estimate accurately. This pair of factors was always compared to the pair of being
female and zero video game playtime per week. The significant increases in the likelihood
were between 38.23% and 439.24% on average. Lastly, it can also be observed that the use
of the desktop display and playing 5-10 h of video games per week significantly increased
the average likelihood of estimating the exocentric distances accurately at 150 cm, by
83.38%. This latter was compared to the pair of not playing video games and using the
desktop display.

3.1.3. Investigation in Triplets

Lastly, the effects of triplets were investigated on accurate exocentric distance estimates.
The results of the investigation are presented in Figure 4.

M, GH5-10, DD, 70 cm —

M, GHO, GVR, 70 cm

M, GH11-19, GVR, 130 cm —

F, GHO, GVR, 130 cm —

M, GH11-19, GVR, 150 cm —

Log-odds

Figure 4. 95% Cis showing the significant effects of triplets of factors on the probability of accu-
rate estimates.

As is observable in Figure 4, there were five significant effects. Out of these five,
two triplets were more likely to estimate the exocentric distances accurately. This effect
happened at 70 cm. Males who played 5-10 h of video games per week and used the desktop
display were more likely to estimate accurately, by 1055.45% on average. Interestingly,
the Gear VR also had such an effect when paired with being male and zero video game
playtime. The average increase in likelihood was 44.77%. In the case of the remaining three
triplets, the participants were less likely to estimate accurately by between 2.37 and 27.60%
on average. All of these groups were compared to the basis triplet of females who did not
play video games and used the desktop display.

3.2. Analysis of the Exocentric Distance Estimation Time

After the analyses of the accuracy of exocentric distance estimates were completed, the
investigation regarding the estimation times commenced. Before investigating the factors
themselves, the correlation between accuracy and estimation times was assessed. First,
correlation analysis was conducted on the whole dataset. While the results were significant,
no correlation could be observed between the two examined variables, r5(4580) = 0.08,
p < 0.001. Afterward, the correlation between the two was examined for the PC ver-
sion. Although the results were similarly significant, no correlation could be found either,
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r5(3140) = 0.07,p < 0.001. Lastly, the correlation was assessed for the Gear VR ver-
sion. Here, no significant correlation could be found between the two examined variables,
rs(1440) = 0.01, p = 0.52.

Similarly to the previous section, the effects on the estimation time are presented in
this one. Here, however, significant effects could be observed up to quartets of factors.
Therefore, the results of the analyses are presented in the following four subsubsections,
starting with the one-by-one analyses and ending with the examination of the quartets.

3.2.1. One-by-One Investigation

Starting with the one-by-one investigation, the effects of each factor were analyzed on
the exocentric distance estimation time. The results of the investigation can be observed in
Figure 5. According to the results, 14 significant effects could be found in the dataset.

RH, 60 cm | 1T ]
RH, 100 cm — 1T
GH1-2, 100 cm —| [
H155-159, 60 cm —| [ |
GVR, 60 cm —| 11
GVR, 70 cm | 11
GVR,80cm 4 [ [ ]
GVR,90cm 4 [ ]
GVR,100cm -{ [ |
GVR, 110 cm I
GVR, 120 cm 11
GVR,130cm - [ |
C 1T 1

GVR, 140 cm -
GVR, 150 cm -

|

Time (s)

Figure 5. Ninety five percent Cis showing the significant effects of factors on exocentric distance

estimation time.

The results in Figure 5 show that by using the Gear VR, the exocentric distance
estimation times became significantly faster, except for at 60 cm. In that case, the estimation
times were significantly slower. Naturally, the Gear VR was compared to the desktop
display. Regarding the other factors, right-handed users were significantly slower at 60 cm,
while they were significantly faster at 100 cm. Height and video game playtime per week
also caused a significant increase in the estimation times at 60 cm and 100 cm, respectively.

3.2.2. Investigation in Pairs

After the one-by-one analyses were completed, the investigation of pairs started. The
results of the examination are presented in Figure 6. According to the results, 76 significant
effects occurred in the dataset.

As can be seen in Figure 6, most of the pairs of factors significantly decreased the
exocentric distance estimation times. With the exception of the display device, no pattern
was found regarding which pair increased them or not. In the case of the display device,
however, the effect of the Gear VR was so strong that it significantly decreased the estima-
tion times in almost all combinations. The only exception was when it was paired with
right-handed users and the exocentric distance was 60 cm.

3.2.3. Investigation in Triplets

The investigation continued with the triplet of factors. The results of the investigation
are presented in Figure 7. In this case, 73 significant effects could be observed.
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Figure 6. Ninety five percent Cls showing the significant effects of pairs of factors on exocentric

distance estimation time, split into (a,b) for easier readability.
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Figure 7. Ninety five percent Cls showing the significant effects of triplets of factors on exocentric

distance estimation time, split into (a,b) for easier readability.
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Similarly, no pattern was found among the significant triplets when combinations of
dominant hand, video game playtime per week, and height were assessed. However, it
can be observed that these triplets did not contain the display devices. Therefore, without
the display devices, these factors mostly presented significant increases in the exocentric
estimation times. However, when the display devices were included, the following ob-
servations could be made: in each significant case, the use of the Gear VR significantly
decreased the estimation times, whereas the desktop display significantly increased them
in most cases.

3.2.4. Investigation in Quartets

The last step of the analysis was to conclude it with the examination of quartets of
factors. As before, all possible combinations were assessed. The results of the investigation
can be found in Figure 8. Here, 37 significant effects could be observed.
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Figure 8. Ninety five percent CIs showing the significant effects of quartets of factors on exocentric
distance estimation time.

When all the factors were assessed, the basis quartet was the combination of left-handed
participants who played zero hours per week, whose height was between 150-154 cm, and
who used the desktop display. The results show that in almost all cases, the use of the
desktop display significantly increased the exocentric distance estimation times, except for
one combination. Here, the significant decreases related to the Gear VR factor disappeared.

4. Discussion

According to the findings, the two research questions were answered. Both human
characteristics and immersion levels have significant effects on exocentric distance estimates
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and estimation time. Regarding the literature, most studies have examined the egocentric
distance estimation process. In them, however, gender and display devices had some
significant effects. Our results show that the effects were different in the case of exocentric
distances. Regarding the probability of accurate estimates, gender, video game playtime per
week, and display devices had significant effects. However, regarding the estimation times,
dominant hand, video game playtime per week, height, and display devices had significant
effects. Therefore, different factors can have significant effects on accuracy and time.

One notable finding is the interaction between the human characteristics and the type
of display device used. The users of the Gear VR head-mounted display estimated the
exocentric distances differently compared to those who used the desktop display: the
Gear VR users were less likely to accurately estimate distances but were faster in their
estimations compared to the desktop display users. This suggests that the choice of display
device can impact the perception of exocentric distances in VEs. This fact has implications
for the design and implementation of VR systems.

Understanding exocentric distance estimation in VEs is crucial since VR technologies
are becoming integrated into various aspects of daily life, from entertainment and education
to healthcare and training simulations. By ensuring that users can accurately perceive
distances, immersive VR experiences could be created in the future. Therefore, these
findings are important for VR developers and designers since they can help them to
optimize the user experience. By understanding the factors, developers can customize VEs
for users with different characteristics and preferences. This could enhance user satisfaction
and the usability of the VEs.

Naturally, this study had several limitations that could be addressed in future research.
The first was the limited sample size. Increasing the number of participants with certain
characteristics could be helpful, such as left-handed individuals, since there were five of
them who used the Gear VR. Consequently, the accuracy of the results could be increased
as well.

The second limitation was due to the technological constraints. The use of the Gear
VR head-mounted display limited the study since it only allows head rotational movement.
Future research could involve porting the VR experience and interaction to PCs and using
newer head-mounted displays to provide more comprehensive and accurate results.

The investigated distances were the third limitation. The study focused on exocentric
distances between 60 cm and 150 cm at 10 cm intervals. To gain a better understanding, it
would be beneficial to investigate both smaller and larger distances. Given the observed
likelihood with the Gear VR at smaller distances, it would be particularly interesting to
explore this possible phenomenon at even smaller distances.

Future research directions could include exploring the effects of the compositional
elements in the VE, such as textures, lighting, and object size. In addition to examining
the effects of compositional elements, conducting analyses based on the availability of
a scale within the virtual room presents another possible avenue of future investigation.
By comparing the distance estimation performance in scenarios with and without a scale,
it could be possible to assess the extent to which the presence of a scale influences the
estimation accuracy and estimation time. By addressing these limitations and exploring
these mentioned future research directions, the results could be expanded upon.

5. Conclusions

During this study, we assessed certain effects on the exocentric distance estimation
process. For this goal, a VE was developed to assess the effects of the immersion level
and human characteristics on the mentioned process. Regarding the immersion level, the
measurements were taken using either the Gear VR head-mounted display or a desktop
display. A total of 72 students used the former, while 157 used the latter. The logged
human characteristics were the following: age; gender; dominant hand; height; whether the
participants wore glasses; their field of study; how many hours of video game they played
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per week; and whether they had any previous VR experience. To understand the effects of
these factors, logistic regression and linear regression analysis methods were used.

The results indicate that when human factors are combined with display devices at
various immersion levels, significant effects can be observed. This occurred when the
probabilities of accurate exocentric distance estimates as well as the estimation times were
investigated. For the former, gender, video game playtime per week, height, and the display
devices had significant effects, whereas for the latter, dominant hand, video game playtime
per week, height, and the display devices had an influence. Patterns could only be found
in the case of the display device. The users of the Gear VR were less likely to estimate the
exocentric distances accurately, while they were significantly faster than those using the
desktop display.

In summary, the combination of human factors and immersion level has significant
effects on exocentric distance estimation. As both are integral components of VR systems,
they have the potential to interact with each other. These findings could provide valuable
insights for developers in the design and implementation of new VEs. Consequently, by
understanding the effects of human factors and the immersion level, developers can refine
the design and implementation of VEs to create more accessible, engaging, and immersive
experiences for users. Whether in gaming, education, or training simulations, optimizing
the distance estimation accuracy contributes to the overall effectiveness and usability of
VR systems.
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Abbreviations used in the study (in alphabetical order):

CI confidence interval

Csv comma-separated values
DD desktop display

F female

GHn-m video game playtime per week between n and m hours
GVR Gear VR

Hx-y participants’ height between x and y cm

IT information technology
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Abbreviations used in the study (in alphabetical order):

LH left-handed

M male

RH right-handed

RQ research question

VE virtual environment

VR virtual reality

Notations used in the study (in alphabetical order):
LO log-odds

Mage mean value of age

OR odds ratio

SDgge standard deviation of age

Appendix A
Table A1. The average rates and standard deviations of accurate distance estimates, grouped
by gender.
Factor 60 cm 70 cm 80 cm 90 cm 100 cm 110 cm 120 cm 130 cm 140 cm 150 cm
Male M=0.16 M=0.18 M=0.19 M=0.14 M =036 M=041 M=037 M=032 M=037 M =036
SD=037 SD=039 SD=039 SD=035 SD=048 SD=049 SD=048 SD=047 SD=048 SD=048
Female M=0.08 M=0.08 M=0.13 M=0.07 M =030 M=0.33 M =037 M=034 M=0.30 M=0.27
SD=028 SD=028 SD=034 SD=026 SD=046 SD=047 SD=048 SD=047 SD=046 SD =045
Table A2. The average rates and standard deviations of accurate distance estimates, grouped by
dominant hand.
Factor 60 cm 70 cm 80 cm 90 cm 100 cm 110 cm 120 cm 130 cm 140 cm 150 cm
Left- M=0.16 M=0.12 M=0.20 M=0.13 M =037 M =038 M =042 M =0.40 M =032 M=041
handed SD=037 SD=033 SD=040 SD=034 SD=048 SD=049 SD=049 SD=049 SD=047 SD=049
Right- M=0.14 M=0.17 M=017 M=0.12 M =034 M=039 M=0.36 M=031 M=0.36 M =033
handed SD=035 SD=038 SD=038 SD=033 SD=047 SD=049 SD=048 SD=046 SD=048 SD=047
Table A3. The average rates and standard deviations of accurate distance estimates, grouped by
whether one wore glasses.
Factor 60 cm 70 cm 80 cm 90 cm 100 cm 110 cm 120 cm 130 cm 140 cm 150 cm
Classes M=0.14 M=0.16 M=0.15 M=0.15 M=0.34 M =0.40 M =0.40 M=033 M=0.36 M=0.34
SD=035 SD=035 SD=036 SD=035 SD=047 SD=049 SD=049 SD=047 SD=048 SD=047
No M=0.15 M=0.16 M=0.19 M=0.11 M=0.35 M =038 M =035 M=033 M=035 M=0.34
glasses SD=036 SD=037 SD=039 SD=032 SD=047 SD=048 SD=047 SD=047 SD=047 SD=047
Table A4. The average rates and standard deviations of accurate distance estimates, grouped by
whether one had previous VR experience.
Factor 60 cm 70 cm 80 cm 90 cm 100 cm 110 cm 120 cm 130 cm 140 cm 150 cm
Previous VR M=0.13 M=0.15 M=0.13 M=0.14 M =034 M=0.35 M =037 M=032 M=034 M=029
experience SD=034 SD=035 SD=034 SD=035 SD=047 SD=047 SD=048 SD=046 SD=047 SD=045
No previous M=0.15 M=017 M=0.20 M=0.12 M=0.35 M=0.42 M=037 M =033 M =036 M=037
VR experience SD =036 SD=038 SD=040 SD=032 SD=047 SD=049 SD=048 SD=047 SD=048 SD=048
Table A5. The average rates and standard deviations of accurate distance estimates, grouped by what
the participants studied.
Factor 60 cm 70 cm 80 cm 90 cm 100 cm 110 cm 120 cm 130 cm 140 cm 150 cm
Civil M=0.19 M=0.16 M=0.19 M=0.16 M =035 M=041 M =042 M=032 M =0.46 M =0.40
engineering SD=039 SD=036 SD=039 SD=036 SD=047 SD=049 SD=049 SD=046 SD=050 SD=049
Mechanical M=0.16 M=0.16 M =020 M=022 M=0.44 M =0.50 M =035 M =035 M=029 M=0.44
engineering SD=037 SD=037 SD=040 SD=041 SD=050 SD=050 SD=048 SD=048 SD=046 SD=0.50
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Table A5. Cont.
Factor 60 cm 70 cm 80 cm 90 cm 100 cm 110 cm 120 cm 130 cm 140 cm 150 cm
Vehicle M=0.18 M=0.19 M=021 M=0.11 M=0.38 M=0.38 M=0.46 M=042 M=042 M=041
engineering SD=038 SD=039 SD=041 SD=031 SD=048 SD=048 SD=050 SD=049 SD=049 SD=049
IT M =0.06 M=0.15 M=0.13 M=0.07 M=0.28 M=0.34 M=0.25 M=0.27 M=022 M=0.19
SD=025 SD=036 SD=033 SD=026 SD=045 SD=047 SD=043 SD=044 SD=041 SD=039
Table A6. The average rates and standard deviations of accurate distance estimates, grouped by
height of the participants (cm).

Factor 60 cm 70 cm 80 cm 90 cm 100 cm 110 cm 120 cm 130 cm 140 cm 150 cm
150-154 M=0.33 M=0.16 M =0.33 M =0.00 M=0.33 M=0.33 M =0.33 M =0.50 M =0.50 M=0.33

SD =0.51 SsD=040 SD=051 SD=000 SD=051 SD =0.51 SD=051 SD=054 SD=054 SD=051

155-159 M =0.00 M =0.00 M=0.10 M =0.00 M=0.10 M=0.30 M=0.20 M =0.60 M=0.20 M=0.20

SD=000 SD=0.00 SD=031 SD=0.00 SD=0.31 SD=048 SD=042 SD=051 SD=042 SD=042
160-164 M=0.15 M=0.15 M=0.07 M=0.11 M =042 M =0.50 M=0.26 M=0.26 M =0.30 M=0.23
SD=036 SD=036 SD=027 SD=032 SD=050 SD=050 SD=045 SD=045 SD=047 SD=042
165-169 M=0.08 M =0.08 M=0.10 M=0.13 M=0.31 M=0.29 M=041 M=0.25 M=0.27 M=0.34
SD=0.28 SD=0.28 SD =0.30 SD =0.34 SD =0.46 SD =045 SD =0.49 SD =0.44 SD =045 SD =047
170-174 M =0.06 M =0.06 M=0.21 M =0.06 M=0.34 M=0.34 M=0.32 M =030 M =030 M=0.21
SD =024 SD =024 SD =041 SD =0.24 SD =048 SD =048 SD =047 SD =0.46 SD =0.46 SD =041
175-179 M=0.19 M=0.22 M=0.19 M=0.13 M=038 M=0.43 M=0.36 M=0.31 M=038 M=037
SD =0.39 SD =041 SD =0.39 SD =0.34 SD =048 SD =0.49 SD =048 SD =0.46 SD =048 SD =0.48
180-184 M=0.10 M=017 M=0.16 M=0.15 M=028 M=041 M=0.33 M =0.35 M =036 M =035
SD=0.31 SD =0.38 SD=037 SD=0.36 SD =045 SD =0.49 SD =047 SD =048 SD =048 SD =0.48
185-189 M=022 M=0.12 M=0.23 M=0.16 M=041 M=043 M =047 M =0.33 M=043 M=0.37
SD =0.41 sD=033 SD=042 SD=037 SD=049 SD=049 SD=050 SD=047 SD=049 SD=048
190-194 M=0.20 M =0.39 M=021 M=0.07 M=032 M=0.44 M =0.35 M =042 M =035 M =0.57
SD =041 SD=049 SD=041 SD=026 SD=047 SD=050 SD=048 SD=050 SD=048 SD=0.50
195-199 M=0.12 M=0.18 M =0.06 M =0.06 M =031 M=0.25 M =043 M =0.25 M=0.37 M=0.25
SD =0.34 SD =0.40 SD =0.25 SD =0.25 SD =047 SD =0.44 SD =0.51 SD =0.44 SD =0.50 SD =0.44
200-204 M=0.25 M =0.50 M =0.50 M=0.75 M =050 M=0.25 M=0.25 M =0.50 M=025 M=0.25
SD=050 SD=057 SD=057 SD=050 SD=057 SD=050 SD=050 SD=057 SD=050 SD=0.50
Table A7. The average rates and standard deviations of accurate distance estimates, grouped by the
number of hours per week the participants played video games.

Factor 60 cm 70 cm 80 cm 90 cm 100 cm 110 cm 120 cm 130 cm 140 cm 150 cm

0 M=0.15 M=0.15 M=0.18 M =0.09 M=0.35 M =0.35 M=0.30 M =032 M=0.29 M=0.29
SD=036 SD=035 SD=038 SD=029 SD=048 SD=048 SD=046 SD=047 SD=045 SD=045
1-2 M=0.12 M=0.16 M=0.12 M=0.12 M=041 M=041 M=0.39 M=0.39 M=0.38 M=0.35
SD=0.33 SD =0.37 SD =0.33 SD =0.33 SD =0.49 SD =049 SD =0.49 SD =0.49 SD =048 SD =048
34 M =0.05 M=021 M=0.19 M=0.19 M=0.28 M =0.55 M=0.51 M=038 M =036 M=0.34
SD =023 SD =041 SD =0.39 SD =0.39 SD =045 SD =0.50 SD =0.50 SD =0.49 SD =048 SD =048
5.10 M=0.15 M=0.22 M=022 M=0.16 M =036 M=0.44 M=037 M=034 M=0.37 M=041
SD =0.36 SD =041 SD =041 SD =0.36 SD =048 SD =0.49 SD =048 SD=047 SD=048 SD =0.49
11-19 M=0.20 M=0.10 M=0.20 M=0.13 M =030 M=031 M=0.38 M=0.26 M =044 M=033
SD =0.40 SD =0.30 SD =0.40 SD =0.34 SD =0.46 SD =0.46 SD =0.49 SD =0.44 SD =0.50 SD =047
20+ M=021 M=011 M=0.11 M =0.09 M=0.33 M=0.28 M=0.35 M=0.23 M =035 M=033
SD =0.41 SsD=032 SD=032 SD=029 SD=047 SD=045 SD=048 SD=043 SD=048 SD=047

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

display devices.

Factor 60 cm 70 cm 80 cm 90 cm 100 cm 110 cm 120 cm 130 cm 140 cm 150 cm
Desktop M=0.18 M=0.17 M=0.20 M=0.15 M=0.37 M=042 M=0.42 M =0.35 M=042 M=041
display sD=039 SD=037 SD=040 SD=036 SD=048 SD=049 SD=049 SD=048 SD=049 SD=049
Gear VR M =0.06 M=0.15 M=0.13 M=0.07 M=0.28 M=0.34 M=0.25 M=0.27 M=022 M=0.19

car SsD=025 SD=036 SD=033 SD=026 SD=045 SD=047 SD=043 SD=044 SD=041 SD=0.39
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Figure A1. Descriptive statistics of exocentric distance estimation times, grouped by gender.
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Figure A2. Descriptive statistics of exocentric distance estimation times, grouped by dominant hand.



Electronics 2024, 13, 1536 18 of 23

S I
PERRRRERARNIARARRNNNA)

60 70 80 90 100 110120130 140150 60 70 80 90 100 110 120 130 140 150
Actual distance (cm)

Glasses No glasses

mean |14 12 13 15 16 13 15 15 16 16|(14 14 15 15 15 16 16 16 16 17
sd 12 9 11 17 16 13 13 14 15 14| |10 16 15 14 13 15 15 14 12 18

Figure A3. Descriptive statistics of exocentric distance estimation times, grouped by whether one
wore glasses.
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Figure A7. Descriptive statistics of exocentric distance estimation times, grouped by the number of
hours per week the participants played video games.
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