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Abstract

This paper presents validation of the VR Simulation Realism Scale on a Polish sample. The
scale enables a self-report measurement of perceived realism of a virtual environment in
four main aspects of such realism—scene realism, audience behavior realism, audience
appearance realism and sound realism. However, since the development of the original
scale, the VR technology significantly changed. We aimed to respond to that change and
revalidate the original measure in the contemporary setting. For the purpose of scale valida-
tion, data was gathered from six studies with 720 participants in total. Five experiments and
one online survey were conducted to examine psychometric properties of the scale in accor-
dance with the Standards for Educational and Psychological Testing. Evidence based on
internal structure, relations to other variables and test content was obtained. The factorial
structure of the original scale was tested and confirmed. The connections between realism
and immersion, presence, aesthetics were verified. A suppressed relationship between real-
ism and positive affect was discovered. Moreover, it was confirmed that scale result is
dependent on the quality of VR graphics. Results of the analyses provide the evidence that
the VR Simulation Realism Scale is a well-established tool that might be used both in sci-
ence and in VR development. However, further research needs to be done to increase
external validity and predictive power of the scale.

Introduction
Immersive virtual environments

Virtual Reality (VR) is usually defined as technology (hardware) that uses various human-
computer interfaces to create the impression of being in a virtual world [1]. Nowadays in the
field of psychology, virtual reality is presented in the context of so-called Immersive Virtual
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Environments (IVE), which can be defined as synthetically produced sensory stimuli that sur-
round the subject perceptually and give the perception that these environments and their com-
ponents are not synthetic [2].

Immersive Virtual Environments (IVE) have been used for years as educational and train-
ing tools [3]. Originally, IVE were used for military or surgical training [4, 5] and were based
mainly on algorithmic sequences related to motoric human-system interactions. These early
applications can be considered traditional [6]; however, as technology has developed, research-
ers have begun to use IVE in other fields as well. Now, this technology can be used for, among
others, decision-making practice, social skills training, or psychotherapy [7, 8]. The evolution
of IVE applications progressed from manual motor-focused traditional simulators to more
sophisticated psychologically focused tools. As technological capabilities continue to increase,
modern IVE are becoming more similar to the physical world. However, the pursuit of
extreme realism may not be justified as it seems that objective realism and its subjective per-
ception (i.e., simulation realism [9]) do not always overlap. Something that is perceived as real-
istic does not have to be a perfect representation of reality in a virtual environment [10].

Subjective measurement of simulation realism

The need for a self-report measure of simulation realism arose from the fact that, as mentioned
above, objective realism (interaction and display fidelity [9]) and subjective perception of it
(simulation realism [9]) may differ from each other, while the latter is important for task per-
formance, skill transfer and feelings of presence in a virtual environment [11]. In order to
respond to this need, a self-report measure was created: items from the Witmer-Singer Pres-
ence Questionnaire [10] were translated into German, and items describing the realism of a
virtual audience’s appearance and behavior were constructed and integrated into a 14-item
questionnaire [11]. This questionnaire was tested on a sample of N = 151 participants in a
CAVE application for addressing fear of public speaking.

Varimax orthogonal rotation was used for the factor analysis; four factors were discovered
that explained a total of 69.37% of the variance [11]:

1. Scene Realism-fidelity of features such as shadows, lights, reflections, and colors (5 items);

2. Audience Behavior—fidelity of the gestures, postures and facial expressions of a virtual audi-
ence (4 items);

3. Audience Appearance-fidelity and realism of a virtual audience’s characteristics, such as
adequateness of clothing and the diversity and general authenticity of virtual humans
(4 items);

4. Sound Realism—a measure of the perceived adequateness of volume (1 item).

The reliability of the original scale is satisfying. It has been used in several studies since it
was created; however, some of the items were derived from earlier questionnaires created in
the 1990s [10], so it is doubtful that they are still useful for assessing the simulation realism of
modern virtual environments. Therefore, in light of growing interest in studying the nature of
realism and the fact that CAVES and modern headsets differ greatly in terms of the character-
istics of the stimuli they deliver [12], we decided to examine the psychometric properties of the
scale in the context of state-of-the-art VR technology and a modern IVE.

The rationale for choosing this scale was also that its items are fairly universal in their for-
mulation and thus can be used to assess different hardware and technology without making
any adjustments or changes to the scale. By doing this, we create a solid baseline for interpreta-
tion of our findings on simulation realism and its impact on other psychological variables.
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We think that validation of existing tools is of special importance in the VR research field.
As shown in a recent paper by Fitrianie and associates [13], there is a trend in VR research to
create new questionnaires continuously. This occurs even in situations in which there are
already established tools in the literature, as was shown by Oh and colleagues [14] in the con-
text of social presence, for which over 40 questionnaires have been developed to measure this
construct. Instead of following this direction, we wanted to make use of and revalidate an exist-
ing questionnaire, thus promoting its usage in the field of VR research.

Moreover, this approach, in which we validate existing questionnaires instead of producing
new ones, can result in standardization of the methods used and ultimately to increased com-
parability of studies’ results.

As mentioned before, the original scale was validated on a CAVE system, but these are
undeniably less popular nowadays than VR headsets. Therefore, one of the motivations for the
study was to test the scale with a different device. Before proceeding to widespread usage of the
VR realism scale, it is important to make sure that it performs sufficiently.

Furthermore, the validation of this questionnaire in Polish can be justified from the per-
spective of the dynamic growth of the Polish game industry. According to a recent report on
this industry [15], there are 440 development studios in Poland, and 96% of games produced
in Poland are exported. Moreover, in 2018 and 2019, 68 games for different virtual reality tech-
nologies were released. The game industry in Poland generated a revenue of €479,000,000 in
2020, and there were 16,000,000 gamers in Poland in 2020. As can be seen from these data,
gaming is a big industry in Poland. Tools such as the VR realism scale could be used to validate
different gaming and serious gaming tools.

Not only the game industry is growing in popularity in Poland: the scientific community in
Poland has also started to show interest in conducting studies using various virtual environ-
ments [16-19].

VR-related variables

The most common concepts which are brought to the discussion about the virtual experience
are immersion, presence, co-presence, flow, and simulation realism. Although simulation real-
ism is the variable of our interest, we present immersion and presence first as these are the
basis of the virtual experience.

Immersion is defined as an attribute of a medium that allows the user to experience an inte-
gral and extensive illusion of reality [20]. In turn, presence is defined as a ‘state of conscious-
ness, the (psychological) sense of being in the virtual environment’ [20 p605]. A high level of
immersion is required to induce presence, but the influence of immersion on presence may be
not direct. Simulation realism (defined as the extent to which virtual objects are perceived as
real [11]) may be considered as a variable that mediates between immersion and presence. In
other words, when immersive technology is perceived as real, then presence is induced [21]. In
addition to these concepts, some researchers highlight the role of co-presence (the social aspect
of the virtual experience [22]) and flow state. Flow is a well-known construct that describes the
feeling of being fully involved in and enjoying an activity [23]. Additionally, it has been shown
that flow is strongly related to the sense of presence and better performance of VR tasks [24].
These processes are the most frequently described concepts in the field of VR studies and are
often listed as factors behind an effective IVE experience [25-27]; on the other hand, we still
do not know how they work in an IVE and what conditions must be met for these psychologi-
cal processes to be triggered.

It seems that all these factors might have a common origin: the perception of the virtual as
real [21, 25, 28]. As stated before, the degree to which virtual stimuli are perceived as real by
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the user is called simulation realism [11]. This definition applies mainly to visual realism (i.e.,
faithful replication of objects, [29]); however, in the course of research on this construct, differ-
ent types of realism have been identified (realism of interaction, realism of behavior, etc. [25]).
It is important to note that realism in this context relates to the experience of the environment
and not to its objective characteristics. Bowman and McMahan [9] proposed the term fidelity,
which consists of three parts: the system’s output (display fidelity), the exactness of possible
interactions (interaction fidelity), and the realism with which the physical world is rendered in
the virtual environment (realism of simulation).

The influence of both display and interaction fidelity on the virtual experience has been ver-
ified in many studies [30-32]. In contrast, simulation realism is often not assessed as part of
IVE evaluations due to difficulties with its measurement [11]. Perhaps the reason behind
researchers’ preference for testing display and interaction fidelity is the direct relation between
them and the capabilities of technology. In contrast, simulation realism is not an objective
measure and depends more on cognitive representations and perception of virtual models
than on hardware or software. Nevertheless, attempts are being made to operationalize simula-
tion realism and to test the extent of its impact on other variables as it represents a fundamen-
tal concept in users’ reactions to a virtual environment.

Relationships between simulation realism and other VR-related variables

Concerning the relationship between presence and simulation realism, the research is incon-
sistent. Some works point to the importance of pictorial realism [33], but others emphasize the
importance of consistency between behavioral and pictorial realism. All elements of a virtual
scene should have the same level of realism [34].

A similar issue can be observed in regard to co-presence and its relation to the realism of
virtual characters. Some studies show that realism of behavior is the most important factor in
increasing copresence [35-37], while others show that some compatibility between appearance
realism and behavioral realism is crucial [38, 39].

The definition of simulation realism implies that virtual stimuli are assessed in terms of
how similar they are to the corresponding real objects. However, realism is also an art move-
ment, which could imply that VR simulation realism is an aesthetic category. Aesthetics is a
construct that describes a subjective pleasurable experience while engaging with stimuli. The
connection between simulation realism and aesthetics may imply other consequences as aes-
thetics is known for its association with pleasure and evoking positive emotions [40, 41].
Therefore, it is possible that assessment of virtual stimuli as real may induce pleasure and posi-
tive affect.

Aims of our study

The main aim of our study was to validate the VR Realism scale [11]. According to Messick
[42], validity is ‘an evaluative summary of both the evidence for the actual as well as the poten-
tial consequences of score interpretation and use’ [42 p5]. As Kazi and Khalid [43] note, valida-
tion is a process which ensures that a tool measures what it was made to measure. Moreover,
validation helps researchers collect better-quality data.

Although validity is a unitary concept, there are many ways to analyze and demonstrate it
by referring to different aspects of it [44]. Standards for Educational and Psychological Testing
[45] lists five sources of validity evidence: internal structure, relations to other variables, test
content, consequences of testing, and response process. Our goal is to test the VR Realism
scale according to these standards.
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Firstly, we aimed to examine the psychometric properties of the VR Realism scale. For this
purpose, we verified its internal structure by analyzing its factorial structure and internal con-
sistency. For factor analysis, we chose a confirmatory approach based on the original structure
of the scale. It should be noted here that the Sound Realism scale may appear controversial as
it consists of only one item. We were aware that the use of a single item to measure a latent var-
iable is questionable; however, we found that removing it before testing the Polish language
version of the scale might be considered premature and could lead to difficulties in comparing
models and interpreting results. Therefore, we decided to test the model exactly as it was origi-
nally created by the German team using a single item related to sound realism. We further
address our findings and recommendations in the discussion.

Secondly, we aimed to explore the connections between realism and other variables that
influence human-computer interaction. When validating a scale, it is crucial to show a pattern
of external relationships to similar constructs. These relationships should be consistent with
expectations based upon theoretical assumptions [46]. Thus, we decided to correlate the score
on the scale with the main characteristics of the experience of being in an IVE: presence, co-
presence and immersion. Based on previous studies, we expected that the highest positive cor-
relation coefficient would be observed between simulation realism and immersion. As pro-
posed by [9], the term “fidelity’, of which simulation realism is a component, should replace
the term ‘immersion’, therefore these two constructs are strongly connected. Moreover, we
expected that simulation realism would correlate strongly and positively with presence, espe-
cially the realness factor [33]. Further expectations concerned a high positive correlation
between simulation realism (in particular, its social factors: audience behavior and audience
appearance) and co-presence [2]. We also expected a moderate positive correlation between
simulation realism and aesthetics. The beauty of realism may not be surprising in the light of
research on aesthetic assessment because users tend to prefer well-known objects which are
similar to their prototypes [47]. The role of familiarity in the assessment of aesthetics has been
verified in many studies [44, 45, 48]. In these terms, aesthetic judgment may be evoked by sim-
ulation realism, which is defined as the extent to which a virtual environment is perceived by
the user as a credible representation of the real world.

We also expect aesthetics to be a mediator between realism and positive affect because aes-
thetics is related to pleasure. However, to the best of our knowledge, no study has yet verified
this assumption, although the relationship between positive emotions and presence is well doc-
umented in the literature [49]. It seems that the virtual experience is inherently positive; how-
ever, there is no explanation of why positive affect is evoked during a virtual session. We
assume that aesthetic assessment of a simulation is related to an increase in positive emotions.

After verifying the relationship between simulation realism and similar constructs (immer-
sion, presence, co-presence and aesthetics), we wanted to explore the boundaries of the realism
construct by testing the discriminant validity of the VR realism scale. Psychological constructs
tend to overlap [50-53], so our analyses aimed to reduce the definitional ambiguity of realism.
To show the discriminant validity of the scale, we chose flow and satisfaction of players’ needs
[54]. Although flow may be considered to be a factor that affects presence [55], there is no evi-
dence that simulation realism is involved in evoking flow. The same applies to players’ needs
satisfaction. Although satisfaction of players’ needs is important for their well-being, engage-
ment, and therefore for a full virtual experience [56], to the best of our knowledge there is no
indication that simulation realism is an underlying mechanism. Therefore, we expect these
variables to correlate poorly or not at all with simulation realism as these constructs are not
related to simulation realism in terms of content.

Additionally, we believe that there is one more reason to verify the relations between simu-
lation realism and other constructs that describe the experience of an IVE. As was mentioned
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in the Introduction section, highly efficient simulators are those which induce high levels of
immersion, presence and co-presence [57]. To induce these, it might be necessary to create
sufficiently realistic stimuli, but the exact relationship between all of the discussed variables is
still unknown. The data obtained in our research might help in the creation of effective
simulations.

Thirdly, our aim is to verify test content, which is ‘the degree to which the content of a test
is congruent with testing purposes’ [58 p101]. To support this type of evidence, firstly we need
to determine the main purpose of using the VR Realism Scale. We believe that this scale’s
score can be used as an assessment of a simulation and as a predictor of users’ virtual experi-
ence. To prove this, we examined the VR Realism Scale to determine whether it is sensitive to
small changes in graphics quality, and we explored the relationship between realism and posi-
tive affect.

Our work might be a step towards a better understanding of the virtual experience. On one
hand, we aimed to provide researchers and developers with confirmation of the structure, use-
fulness and sensitivity of a well-tested tool that is used to measure one of the crucial aspects of
the IVE experience. On the other hand, we aimed to explore the key psychological characteris-
tics that lead to an effective simulation and its relation to realism.

Materials and methods
Tested samples

The total pool of collected data consists of seven studies (A-F), conducted between the years
2017 and 2019. Five of them (B-F) were experimental studies and one (A) was an online sur-
vey. The participants in study A were video game players; the participants in studies B, D, and
E were cadets from the College of the State Fire Service and active firefighters from firefighting
units in Cracow. University students participated in studies C and F. The number of partici-
pants and their basic demographic information are presented in Table 1. Information about
the analyses performed on subsamples of data is also given in this table.

Procedures

Study A was an online survey in which the participants responded to several questionnaires
concerning a video game they had recently played. The participants of the study provided
informed active consent before the study protocol. Studies B-F were experiments that were
conducted in a three-dimensional virtual environment. There were two groups in study B: an
experimental one (where the task was to conduct a rescue operation on virtual victims in a

Table 1. Summary of data used for the purposes of scale validation and demographic information about the participants.

Study N Women Men Age M(SD) | Min. Max. Date of study Performed analyses
age age
A 245 59 186 24.1(4.47) |18 40 2017/07-2017/08 | correlation analysis
B 60 1 59 21.58(1.45) | 19 24 2017/11-2017/12 | Item analysis CFA with measurement invariance
C 60 33 27 22.32(1.63) |20 27 2018/01 Item analysis CFA with measurement invariance
D 121 2 119 24.4(5.63) |19 42 2018/02-2018/03 | Item analysis CFA with measurement invariance
correlation analysis f test
E 111 2 109 23.66(5.02) | 19 42 2018/04-2018/05 | t test mediation analysis
F 120 60 60 21.13(2.05) | 18 29 2019/10 Item analysis CFA with measurement invariance
Total | 720 (610 157 (155 563 (455 - 18 42 -
unique) unique) unique)

https://doi.org/10.1371/journal.pone.0261507.t001
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virtual environment) and a control one (where the participants were asked to explore the same
virtual environment freely but with no victims present). Study C was designed to test the social
facilitation effect, so there were virtual bystanders at the scene in two of the four groups. The
conditions also differed in terms of the difficulty level of the task (moving bollards from one
side of the street to another). Studies D and E were part of a longitudinal project; the virtual
environment used in these studies differed only in terms of the quality of the sound and graph-
ics. The task was the same as in the experimental group of study B. Study F was designed to
test mortality salience in a virtual context. The task in this study was to find out what had pre-
viously happened in the virtual environment and to secure the scene. There were four experi-
mental conditions in a 2x2 factorial design: the death of a virtual agent vs. all agents alive x task
described as a fun game vs. as a simulator for critical infrastructure operators. All the described

studies were accepted by the Ethical Committee of Jagiellonian University at the Institute of
Applied Psychology. As the number of studies utilized for the present analyses is large, a
detailed description of all the procedures is provided in the S1 File. The summary of all proce-
dures is presented in Table 2.

Table 2. Summary of study procedures.

Study | Type

A

Online survey-correlational
study.

Experiment with physiological
and questionnaire
measurement.

Experiment with
physiological, behavioral and
questionnaire measurement.

Experiment with physiological
and questionnaire
measurement.

First iteration of the
longitudinal study.

Experiment with physiological
and questionnaire
measurement.

Second iteration of the
longitudinal study.

Experiment with
questionnaire measurement.

Virtual Environment

No actual VE (study conducted
using Survey Monkey).

VR simulator for rescue services
with a scene presenting a car
crash with multiple victims.

VR simulator with a small town
scene.

VR simulator for rescue services
with a scene presenting a car
crash.

VR simulator for rescue services
with a scene presenting a car
crash.

VR simulator with a small town
scene.

https://doi.org/10.1371/journal.pone.0261507.t002

Aim of the study

Identification of variables
describing a full virtual
experience.

Assessment of level of arousal,
workload, and emotions during
a rescue action in VR.

Examination of the social
facilitation effect in a virtual
context.

Increasing the level of
firefighters’ engagement during
a rescue operation.

Increasing the level of
simulation realism.

Examination of mortality
salience effects in a virtual
context.

Procedure

Participants were asked to recall the last game they had
played and to complete several questionnaires.

Participants were randomly assigned to one of two
conditions (experimental or control group) and asked
to perform a given task in a VR simulator, during
which physiological measurement was conducted.
Subsequently, participants completed a set of
questionnaires.

2x2 (task difficulty x presence of virtual agents)
between-subject design was used. Participants were
asked to perform a previously practiced task in a VR
simulator. The task was to move virtual objects from
one side of the virtual street to the other. Completion
time and EDA were measured.

Subsequently, participants completed a set of
questionnaires.

Between-subject design with four conditions. There
were three experimental groups with different
distractors (e.g., virtual bystanders, a dog) and one
control group. The participants had to perform a
rescue operation during which EDA, ICG and ECG
were measured. Subsequently, participants completed a
set of questionnaires.

The procedure and measures were identical to study D
but with several minor changes in the distractors.
Several changes were also made to the virtual scenario.

2x2 (death of virtual agent x serious or fun context)
between-subject design was used. The task of the
participants was to find out what had happened in the
virtual environment and to secure the scene of the
event. After task completion, participants were asked to
fill out several questionnaires.
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Translation process

The original instrument consists of 14 items and was validated in German. After obtaining the
authors’ written consent, the original items were translated into Polish by a sworn German
translator. In the next step, we conducted a pilot study on five judges who are competent in
the field of psychology in order to evaluate the instructions, items, and response format clarity.
During this process we identified minor language imperfections in the Polish translation and,
in cooperation with the translator, we decided to reformulate the final wording of these items.
The final Polish version was consulted with a linguist and back-translated to German by a
bilingual German resident born in Poland. Both German versions were compared to each
other by the authors of the original scale, who stated that they are satisfactory. The final Polish
version was established without further amendments. The Polish version of the scale may be
found in S1 Appendix.

Measures

The data came from six different studies which dealt with different research questions and
hypotheses. Therefore, this section is limited to a description of the measures that will be used
to assess the external validity of the VR Realism Scale. We chose these measures because in our
opinion they suffice for full description of the VR experience. A description of all the measures
used can be found in S1 File. For an overview of which methods were used in which study, see
Table 3.

The Polish adaptation of the Igroup Presence Questionnaire (IPQ; [59]) by Strojny,
Lipp, and Strojny (unpublished) was used to measure the sense of presence (in three dimen-
sions: spatial presence, involvement, and realness). It consists of 13 items, and participants
indicate their answers on a 5-point Likert scale. The psychometric evaluation of the Polish ver-
sion revealed satisfying internal consistency coefficients (Cronbach’s alpha for the three factors
> .80).

The Players’ Needs Satisfaction Questionnaire [54] is based on Self-Determination The-
ory. It measures the level at which three universal needs (competence, autonomy, and related-
ness) are satisfied by playing a game; this questionnaire also measures presence/immersion

Table 3. Self-report measures used in the reported studies-an overview.

Questionnaire

Realism Scale [11]

Igroup Presence Scale [59]

Player Needs’ Satisfaction Questionnaire [54]
Immersion Questionnaire [60, 61]

The Flow State Scale-2 [62, 63]

Scale of Aesthetics [40, 64]

Scale of Mood [65]

Scale of Emotions [65]

NASA Task Load Index [66, 67]

The General Self-Efficacy Scale [68, 69]
Stress Appraisal Questionnaire [70]
Self-assessment Manikin [71]
Co-presence Scale [72]

Simulator Sickness Questionnaire [73, 74]

Positive and Negative Affect Schedule [75, 76]

https://doi.org/10.1371/journal.pone.0261507.t003

Study A Study B Study C Study D Study E Study F
X X X X X X
X X X X X
X
X
X
X X X

X
X X X
X X X
X
X X X
X X X
X X X
X X X
X
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and intuitive controls. In the absence of a properly validated Polish version of this question-
naire, we decided to assess the internal consistency of the translated version using Cronbach’s
alpha reliability coefficient. The obtained Cronbach’s coefficients were as follows: .79 for com-
petence need, .80 for autonomy need, .67 for relatedness need. The coefficients of the original
scale were .63 for competence, .71 for autonomy, and .72 for relatedness.

The Immersion Questionnaire [60, 61] was used to measure the players’ absorption in the
virtual environment. It consists of 27 items. Factor analyses performed by its authors con-
firmed the one-factor structure of this scale. The authors of the Polish version obtained a high
reliability coefficient (Cronbach’s alpha = .94).

The Flow State Scale-2 [62, 63] assesses the experience of flow during a game session. It
contains 36 items measuring nine aspects of flow. For the current analysis, the flow variable
was calculated as the average result of all items. According to the authors of the original scale,
the reliability of each individual subscale (tested in two studies) ranges from .80 to .90 with a
mean of .85, and from .80 to .92 with a mean of .87.

The Scale of Aesthetics [48, 64] is a 10-item scale that was used to evaluate perceived aes-
thetic aspects of graphics quality (in the classical and expressive dimensions). The classical
dimension describes the order, clarity and familiarity of a design, while the expressive dimen-
sion describes its originality, richness, creativity and novelty. Participants answer the questions
on a 7-point Likert scale. According to the authors of the original French scale, both subscales
have a reliability of .86 [77]; the Polish version has very similar reliability (.86 and .87 for classi-
cal and expressive, respectively).

The Polish translation of the Co-presence Scale [72] was used to measure social aspects of
VR, particularly engagement in relationships with virtual characters (in four dimensions: pre-
senter’s reactions to virtual agents, perceived virtual agents’ reactions, the impression of inter-
action possibilities, and the (co-)presence of other people). The items are rated on a 5-point
Likert scale. Due to the lack of a properly validated Polish version, we assessed the internal
consistency of the Polish translation using reliability analysis. The obtained Cronbach’s coeffi-
cient was high (alpha = .89). In the original German version, the reliability of the first three
subscales is high (alpha > .80); for the “(co-)presence of other people” subscale it is slightly
lower (alpha =.71).

The Scale of Emotions [65] was used to assess the intensity of six basic emotions: joy, love,
fear, anger, guilt, and sadness. It consists of 24 items rated on a 5-point Likert Scale. The alpha
coefficients of the scales are as follows: alpha = 0.81 for joy, alpha = 0.82 for love, alpha = 0.80
for fear, alpha = 0.85 for anger, alpha = 0.55 for guilt, and alpha = 0.86 for sadness.

The Self-Assessment Manikin [71] (SAM; Bradley and Lang 1994) is a pictorial question-
naire. It was used to assess emotional responses to stimuli in three fundamental dimensions:
valence, arousal, and dominance.

Data analysis strategy

Several statistical procedures were applied to the data. In this section, they are outlined and
briefly described.

Preliminary analyses. Before the main analyses, several initial steps were applied. Firstly,
since the used data comes from six different studies (A-F), the General Linear Model (GLM)
was used to test how much of the total variance in the data is explained by the data source (a
single study). We decided that if Eta-squared was lower than 0.03, the source of data would be
omitted from the analyses.

Internal consistency—Reliability analysis. In the first step, we performed an item analy-
sis to examine the indexes of discrimination. We chose the corrected item-total correlation,
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which is defined as a correlation between one selected item score and the total scale score
(excluding the selected item [78]). The interpretation of the corrected item-total correlation
coefficients is as follows: r < .19 indicates that the item does not discriminate well; values
between .20 and .30 indicate good discrimination; r > .40 indicates very good discrimination.
It is suggested that items should be dropped if they correlate negatively with the total scale.

Reliability analysis was performed to evaluate the internal consistency of the scale. A scale is
considered to be homogeneous if the Cronbach’s alpha coefficient is higher than .70 [79].
However, .70 reliability may not be accurate enough and it was proposed that .80 (or higher)
alpha coefficient should be used for satisfactory internal consistency [80]. Since Cronbach’s
alpha is sensitive to the number of items, it should be noted that one could expect this coeffi-
cient to be relatively weak when it is calculated for separate subscales.

Internal structure of the scale—Factorial analysis. The factorial structure of the Polish
version of the Realism Scale was compared to the original structure postulated by Poeschl and
Doering [11]. Confirmatory factor analysis was conducted using R’s lavaan package [81] and
the diagonally weighted least squares estimation (DWLS) procedure.

It was decided that the evaluation of the model’s fit would be based on fit indexes rather
than on the Chi-square goodness of fit, which is well known to be sensitive to larger sample
sizes [82]. As recommended [82], two incremental indexes (TLI, CFI) and two absolute
indexes (SRMR, RMSEA) were chosen for evaluation of the model’s fit. The proposed criteria
for the chosen indices are as follows: TLI > .95, CFI > .95, RMSEA < .08, SRMR < .08 [82].

As our validation was performed on a different (Polish) sample using different technology
(VR HMD) than the original scale, which was validated on a German sample using CAVE, it is
important to test measurement invariance in order to ensure that the measured constructs
mean the same across distinct groups. Measurement invariance may be conducted using mul-
tigroup confirmatory factor analysis with a series of models. Each subsequent model is more
restrictive in terms of the number of parameters that are set to be equal across groups. In the
first step, configural invariance is tested. Configural invariance is least restrictive as it allows all
parameters to vary freely across groups. It provides evidence of the similarity of the tested
model’s structure. In the next step, metric invariance, which constrains factor loading to be the
same across groups, is verified. Metric invariance indicates that participants of both groups
understand the constructs in the same way. If the model holds, the factor loadings and item
intercepts can be constrained to be qual (scalar invariance). Scalar invariance makes it possible
to assess the mean difference of the latent variable across groups. Lastly, the residual invariance
is tested; this is the most restrictive model as factor loadings, item intercepts, and items’ resid-
ual variances are set to be equivalent across groups [83, 84].

Measurement invariance is evaluated by comparing subsequent pairs of models (i.e., config-
ural vs metric, metric vs scalar, scalar vs residual). To assess measurement invariance, the fol-
lowing indexes are considered: chi®, CFI, RMSEA, BIC, and AIC. The CFI and RMSEA
interpretations are the same as in the case of confirmatory factor analysis. Non-invariance can
be identified based on a decrease in goodness-of-fit indexes. Additionally, AIC and BIC refer
to predictive accuracy and are measures of comparative fit. This means that the model with the
lowest BIC and AIC predicts new data most accurately [84].

Evidence based on relations to other variables—Correlation analysis. To obtain evi-
dence based on relations to other variables, we chose correlation analysis. We decided to test
variables that are both related and unrelated to the construct. Such an approach allows both
convergent and discriminant evidence to be obtained [58]. According to the Standards, “rela-
tionships between the test scores and other measures intended to assess similar constructs pro-
vide convergent evidence, whereas relationships between test scores and measures purportedly
of different constructs provide discriminant evidence” [85 p14].
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Fig 1. Graphical representation of the mediation analysis [90].
https://doi.org/10.1371/journal.pone.0261507.9g001

Evidence based on relations to other variables—Mediation analysis. We assumed that
simulation realism may be related to aesthetics and therefore may evoke positive affect. Aes-
thetic assessment may be an underlying process that links realism and emotions. In order to
explore this mechanism, mediation analysis was used. We chose mediation analysis because it
allows the hypothesis about a third variable’s influence to be tested, which may be crucial for
understanding the mechanism by which an effect operates [86]. Mediation analysis tests the
relationship between two variables (direct effect) but it also tests the relationship between
three variables (indirect effect). Simple mediation analysis is based on three assumptions.
Firstly, there must be a statistically significant relationship between the independent and
dependent variables (path ¢’ in Fig 1). Secondly, the influence of the independent variable on a
mediator must be statistically significant (path a in Fig 1). Lastly, a mediator must significantly
influence the dependent variable (path b in Fig 1 [87]). However, if there is a possibility that
mediation analysis does not meet the first criterium, then it is called suppression analysis [88],
which is mathematically equivalent to mediation. A suppressor is a third variable that increases
the direct effect [89].

For the mediation analysis, the SPSS Process Macro [90] was used. This macro tests the
mediation hypothesis with the use of a bootstrapping procedure. We computed unstandard-
ized indirect effects for each of the 5,000 bootstrapped samples and the 95% confidence inter-
vals (CI) by determining the indirect effects at the 2.5th and 97.5th percentiles. For each path,
beta coefficient and confidence intervals are provided.

Results
Preliminary analyses

The GLM analysis revealed that less than 9% (eta-squared = .086) of the total variance stems
from the source of the data. Thus, we included the data source (a study) as a covariate in the
CFA analysis. All data used may be found in Supporting Information (S1 Dataset).

Internal consistency—Item analysis and reliability analysis

The discrimination indexes were examined by item analysis. To perform item analysis, cor-
rected item-total correlation was chosen. The analysis was performed twice: first, to obtain cor-
relation coefficients for the total scale (including all 14 items); second, to obtain correlation
coefficients for the three subscales.

The results are presented in Table 4. Except for item 14 (i.e., sound realism; rjx = .07), the
coefficients indicate good discrimination ranging from .39 to .60 for the total scale.
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Table 4. Correlation coefficients obtained in item analysis (items translated into English).

Factor Item Corrected item-total correlation

Correlation with total scale | Correlation with specific subscale

Scene realism 1. Reflection in virtual space seemed to be natural. .58 .60
2. Light and shades in virtual space were realistic. .60 .67
3. The virtual space seemed to be three-dimensional. 43 .51
4. Coloring in virtual space appeared to be natural. .57 .61
5. Proportions of the virtual space were realistic. .52 .55
Audience behavior | 6. Posture of virtual humans was natural. .54 49
7. Gestures of virtual humans was natural. .60 74
8. Behavior of virtual humans in virtual space was authentic. .57 .68
9. Facial expressions of virtual humans were realistic. .57 .66
Audience 10. Outfit of virtual humans was adequate. .39 .51
appearance 11. Virtual humans differed concerning their appearance. .50 .58
12. Virtual humans in their entirety seemed to be authentic for this .58 .51
occasion.
13. Outfit of virtual humans was natural. .60 .66
Sound realism 14. Ambience sound intensity in the virtual room was . .. .07 -

https://doi.org/10.1371/journal.pone.0261507.t1004

Concerning correlations between an item and a subscale, the results also indicate good dis-
crimination: coefficients ranged from .49 to .74. No coefficient was obtained for the sound
realism subscale as it has only one item.

We performed a reliability analysis for each study separately. The obtained Cronbach’s
alpha coefficients are presented in Table 5. The coefficient for the Sound Realism subscale was
not calculated because this dimension consists of only one item.

The obtained Cronbach’s alpha coefficients can be considered satisfactory. For the com-
bined scale, alpha ranges from .82 (study C) to .90 (study D). As was predicted, the coefficients
of the subscales are lower than of the combined scale, ranging from .66 (audience appearance
in study C) to .87 (audience behavior in study E).

Evidence based on internal structure—The factorial structure of the VR
Realism Scale

The tested four-factor model (Scene Realism, Audience Appearance, Audience Behavior,
Sound Realism) yields a decent fit: TLI = .965 (good, expected above .95), CFI = .973 (good,
expected above .95), RMSEA = .084 (mediocre, expected below .08), SRMR =.076 (good,
expected below .08). The incremental indexes yield an acceptable fit. However, the results
show a discrepancy between the RMSEA and SRMR indexes, and the RMSEA index did not

Table 5. Cronbach’s Alphas of the VR Realism Scale and its dimensions.

Dimension Number of items Cronbach’s alpha

Study A Study B Study C Study D Study E Study F
Combined scale 14 .88 .85 .82 .90 .88 .84
Scene Realism 5 .80 .75 .67 .81 .79 .75
Audience Behavior 4 .82 .85 .79 .86 .87 .81
Audience Appearance 4 .73 74 .66 .86 .78 .68
Sound Realism 1 - - - - - -

https://doi.org/10.1371/journal.pone.0261507.t005
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Fig 2. The four-factor model with standardized factor loadings.

https://doi.org/10.1371/journal.pone.0261507.g002

meet the set criteria. We refer to these results in the discussion section. The obtained factor
loadings are presented in Fig 2.

Considering the unsatisfactory fit of the four-factor model, we decided to test another
model for comparison. As the latent variables in the four-factor model remained highly corre-
lated with each other (except for the Sound Realism subscale, see Fig 1), we came to the conclu-
sion that testing a bifactor model is justified. The new model consists of four factors (Scene
Realism, Audience Appearance, Audience Behavior, Sound Realism) and a general factor that
is impacted by all the items of the scale. Orthogonal rotation was used to rule out correlation
between factors.

The bifactor model (see Fig 2) yields a satisfactory fit: TLI = .971 (good, expected above
.95), CFI = .98 (good, expected above .95), RMSEA = .076 (fair, expected below 0.08), SRMR =
.067 (good, expected below 0.08). All the fit indexes meet the assumed criteria; therefore, it can
be stated that the observed data confirm the theoretical structure of the VR Realism Scale. The
standardized factor loadings are presented in Fig 3. Since the bifactor model yields a satisfac-
tory fit, we present further results for simulation realism treated as a result of the combined
scale and for each subscale separately.

Measurement invariance. A comparison of the German (n = 181) and Polish (n = 274)
groups showed partial configural invariance (Table 6) because there is a discrepancy between
the CFI and RMSEA indexes. The RMSEA index yields a satisfactory fit (RMSEA = .073,
expected below 0.08) but CFI does not meet the assumed criteria (CFI = .90, expected above
.95). We decided to perform subsequent tests. The model for metric invariance yields a very
similar fit. The level of CFI (CFI = .89) slightly decreases but RMSEA vyields a satisfactory fit
(RMSEA = .073). In the next step, we tested scalar invariance. The results (Table 6) could not
support evidence for scalar invariance. As is presented in Table 6, we can observe a substantial
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deterioration of the fit indexes (CFI, RMSEA). It seems that these results indicate non-

invariance.

In the next step, we explored which items are non-invariant. Therefore, we analyzed the
modification index, which shows that there will be an improved fit if we allow item 12’s load-
ing to vary freely. We determined that setting item 12’s loading to vary freely across groups
could significantly decrease chi’. We decided to verify the non-invariance of item 12. After
modification, the fit indexes were slightly improved (Table 6, “partial scalar invariance” row);
however, these results cannot support evidence for scalar invariance. As scalar invariance was
not verified, we decided to not test residual invariance.

Table 6. Summarizing the measurement invariance analysis.

Model chi? Df CFI RMSEA BIC AIC AChi® Adf ACFI ARMSEA
Configural invariance 319.19* 144 .90 .073 16,159 15,772 - - - -
Metric invariance 340.85* 154 .89 .073 16,120 15,772 21.66 10 .01 .000
Scalar invariance 639.66** 164 72 113 16,358 16,053 298.81 10 17 .040
Partial scalar invariance 528.91** 162 .78 .100 16,258 15,945 188.06 8 12 0.027
*p < .05.
**p < .001.
https://doi.org/10.1371/journal.pone.0261507.t006
14/27
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Evidence based on relations to other variables—Correlation analysis

The results of the performed correlation analysis are presented in Table 7. The obtained corre-
lation coefficients are lower than was expected. Simulation realism (understood as the general
factor score) correlates weakly and positively with immersion (r = .35, p < .001). Also observed
were a weak positive correlation between simulation realism and spatial presence (r = 41, p <
.001) and a moderate positive correlation with the realness aspect of presence (r = .57, p <
.001). No significant correlation between simulation realism and the involvement aspect of
presence was found (r = .08, p = .418). Simulation realism is also related to all aspects of copre-
sence (r ranging from .31 to .42, p < .001). Surprisingly, the highest correlation coefficient was
obtained for scene realism and classical aesthetics (r = .71, p < .001). As was predicted, simula-
tion realism correlates neither with flow state nor with needs satisfaction, except for autonomy
need satisfaction (r = .34, p < .001). We will refer to these results in the Discussion section.

Evidence based on relations to other variables—Realism and emotions

The high correlation obtained between simulation realism and classical aesthetics may indicate
the sensori-emotional value of perceived realism. We decided to determine whether aesthetic
experience is an underlying mechanism by which simulation realism influences positive emo-
tions. In order to do this, we performed a mediation analysis (for a visualization of the tested
model, see Fig 4).

We performed a series of simple mediation analyses. In our models, the independent vari-
able was simulation realism (understood as the result of the combined scale and each subscale).
Classical aesthetics was a mediator variable. As dependent variables, we used two subscales
(joy and love) from the scale of six basic emotions. Also, we tested the model with valence as a
dependent variable.

For the combined scale (as an independent variable) we found a significant indirect effect
between simulation realism and love, mediated by classical aesthetics (beta =.17 95% = [.03,
.30]). However, in this case, none of the direct paths (a, b, ¢’) was statistically significant, which
may indicate the suppressed role of classical aesthetics. Analysis did not reveal any significant
effects for joy or valence (see Table 8 for the coefficients and confidence intervals).

In the next step, we performed a mediation analysis for each subscale. In the case of scene
realism, the analyses performed did not reveal any statistically significant effects for joy, love,
and valence.

For audience behavior (as an independent variable), the analysis revealed significant indi-
rect effects for joy (beta = .09, 95% CI = [.01, .19]), love (beta = .13, 95% CI = [.04, .24]) and
valence (beta = .10, 95% CI = [.01, .21]). Likewise, the assumptions of mediation analysis were
not fulfilled for the combined scale: only the indirect effects were statistically significant (see
Table 8 for coefficients and confidence intervals). Similar significant indirect effects were
found for audience appearance. In this case, the analysis revealed suppression effects for joy
(beta =.07, 95% CI = [.01, .16]), love (beta = .12, 95% CI = [.04, .21]) and valence (beta = .07,
95% CI = [.01, .18]).

Evidence based on test content—Sensitivity of the scale

In order to test the sensitivity of the scale, the results obtained in study D and study E were
compared. As was mentioned in the Materials and Methods section, these two studies were
parts of a larger research program with the same participants, procedures, and tasks. The vir-
tual environments used in these studies differed only in terms of the graphics and sound.
Sounds were made more adequate in terms of volume (louder) and content. Sounds of road
traffic and people wailing and moaning were added. Some models were also improved: more
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details were added to the inside of the car and its doors were made thicker. An animation of an
opening and closing mouth while checking airways was added. The virtual agents’ behavior
was improved: for example, one of the virtual victims would lose consciousness (fall to the
ground) 40s after engaging in an interaction with the virtual agent. An example of these
improvements is shown in Fig 5. We expected an increase in scene realism between these two
studies because more textures had been added to the virtual objects. Also, we predicted that
audience appearance and behavior would be assessed as better because of the new animation
of the opening and closing mouth. These two aspects of realism might also have been influ-
enced by the adding of a situation in which one of the victims loses consciousness. We
expected that adding moaning and yelling sounds would improve sound realism.

To verify whether the VR Realism Scale is sensitive to small changes in a simulation, a t-test
for dependent samples was conducted. The results of the analysis are presented in Table 9. Sig-
nificant differences were also detected for the combined scale and all four aspects of simulation
realism. The effect sizes for combined scale, scene realism, audience behavior realism,

Table 8. Standardized regression coefficients for the relationship between simulation realism and positive emo-
tions mediated by classical aesthetics.

Independent variable | Dependent variable Standardized regression coefficients
patha pathb direct effect- | indirect effect—
path ¢ path ab
beta | 95% CI | beta | 95% CI | beta | 95% CI | beta | 95% CI
Combined scale Joy 59 |.71,1.22 | .16 | -.07,.46 .15 | -1.16,.72 | .10 |-.03,.22
Love 59 .71,1.22 | .29 | .07, .48 .06 | -.24, .43 .17 |.03,.30"
Valence 59 | .71,1.22 | .18 | -.07,.63 | .11 |-.30,.84 11 | -.01,.25
Scene Realism Joy 66 |.79,1.22 | 22 | -.04,.54 | .05 |-34,.54 .14 | -.01,.29
Love 66 |.79,1.22 | 24 |-.00,.44 | .14 |-.14,.53 16 | -.01,.32
Valence .66 |.79,1.22 | .18 |-.10,.65 | .10 |-.35,.79 12 | -.04,.28
Audience behavior Joy 43 | .29, .68 20 | -.01,.47 | .13 |-.10,.44 | .09 |.01,.19*
Love 43 | .29, .68 31 | .10, .47 .05 | -.15,.26 13 |.04, .247
Valence 43 | .29, .68 .22 | .03,.65 .05 | -.25, .44 .10 |.01,.21%
Audience appearance | Joy 35 |.25,.78 21 | .02, .48 12 | -.14, .54 .07 |.01,.16*
Love 35 |.25,.78 35 |.14,.50 | -.04 |.-31,.21 12 |.04, 217
Valence .35 | .25,.78 21 |.02,.63 .09 | -.23,.65 .07 |.01,.18"

* significant effect.

https://doi.org/10.1371/journal.pone.0261507.t1008
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Fig 5. An example of some of the improvements made to the simulator. Panels A and B are from the earlier version;

panels C and D are from the second, improved version.
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audience appearance realism and sound realism (d ranges between .20 and .42) should be con-

sidered small [91].

Discussion

The presented analyses aimed to validate the psychometric properties of the scale, confirm its
sensitivity, and explore the relationships with other IVE characteristics. To achieve these aims,

we used data from different sources.

We considered the confirmation of the original scale structure to be essential as, to the best
of our knowledge, we are the first research team to use the Polish version of the scale. The fac-
torial structure of the Polish version of the VR Realism Scale was compared to the original
four-factor structure. This model has a satisfactory fit except for one absolute index: RMSEA.
Although RMSEA is one of the most popular fit indexes, it may not yield accurately when fit-
ting ordinal factor analysis [92]. We decided to apply diagonally weighted least squares

Table 9. T-test results.

Study D Study E t-test Effect size
M SD M SD t df p Cohen d
Combined Scale 0.17 0.67 0.39 0.61 -3.48 | 108 .001** .34
Scene Realism 0.20 0.74 0.36 0.69 -2.11 108 .037* 21
Audience Behavior | -0.10 0.88 0.18 0.94 -3.24 108 .002** .30
Audience Appearance 0.58 0.88 0.78 0.71 -2.13 | 108 .036* .20
Sound Realism | -0.57 0.92 -0.13 0.88 -4.42 108 .001** 42
*p<.05.
p<.0L
https://doi.org/10.1371/journal.pone.0261507.t009
18/27
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estimation because our endogenous variable was derived from answers on a Likert scale and
was therefore categorical. In this case, SRMR may be more accurate when assessing the degree
of misfit [92].

In this model, three of the four latent variables remain correlated (from r = .59 to r = .69,
see Fig 1) with each other. For this reason, we also decided to test the bifactor model. In this
way, the similarity to the original version of the scale is preserved but the general factor is
loaded directly by items. The bifactor model allows researchers to calculate results on either
subscales or one combined scale [93]. The fit of this model is satisfactory. Compared to the
four-factor model, all indexes are slightly improved (RMSEA gecrease = -005, SRMR gecrease =
.007, CFlLiycrease = -006, TLI;rease = -004). In our opinion, the obtained CFA coefficients pro-
vide sufficient evidence to support the validity of the internal structure of the scale.

In our opinion, the bifactor model is exceptionally useful in the case of simulation realism.
As we mentioned before, rather than adding more textures to objects or agents, the consistency
between various aspects of realism is crucial for the virtual experience [94]. Therefore, evaluat-
ing simulation realism aspects separately may be not the correct approach. However, calculat-
ing the combined scale score may lead to loss of variance, therefore the discrepancy between
simulation realism aspects may be unnoticed. Additionally, there are simulations without vir-
tual agents, and in such cases the combined scale score may be considered meaningless. Bifac-
tor models are used for the assessment of a construct that is treated as one-dimensional and
multidimensional at the same time [95]. Therefore, we recommend comparing the means
obtained in the subscales in the first step. Then, if the means are comparable, we recommend
calculating the combined scale score.

As our analyses consider a validation of an existing tool, we tested measurement invariance
to determine whether the German and Polish versions are comparable across groups; however,
the results seem to be inconclusive. RMSEA vyields satisfactory fits for configural and metric
invariance, but the CFI indexes are slightly too low to be considered a good fit. Additionally,
interpretation of comparative indexes, namely AIC and BIC, indicates that metric invariance
may be supported (a decrease in comparison to configural invariance). We could not obtain
any evidence for scalar invariance, even though we set item 12 to vary freely across groups;
therefore, the results may indicate scalar non-invariance. Summarizing, the structure of the
scale is the same in both versions. Moreover, it seems that the items in the Polish and German
versions of the scale are understood in the same way in both groups. Scalar non-invariance
may be the result of one group’s tendency to systematically over- or under-respond to the
questionnaire [96]. Scalar non-invariance may also be due to construct bias or method bias
[97]. The development and validation processes of the German and Polish versions of the VR
realism scale differ in terms of participants’ language (German vs Polish) and the technology
used (CAVE vs HMD). The translation process was conducted in accordance with the state of
the art (i.e., including back-translation by professional translators and a bilingual person; lin-
guistic consultation; approval of the original scale author; pilot study). Additionally, our results
may support evidence for partial metric invariance. Therefore, it seems to us that scalar non-
invariance may be a result of the different technology used during the validation process,
although we do not have data that could verify this assumption. In order conclude that the
Simulation Realism Scale provides different results depending whether a CAVE or an HMD is
being assessed, an experiment with two groups (CAVE vs HMD) that speak the same language
should be conducted.

We obtained evidence based on relations to other variables by performing correlation anal-
ysis that included variables which are related to simulation realism (presence, immersion, co-
presence, aesthetics) on the basis of theoretical assumptions, and variables which are impor-
tant for the virtual experience but are not necessarily related to simulation realism (flow,
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players’ needs satisfaction). The correlations with both immersion and presence are surpris-
ingly low. We expected that simulation realism, as an aspect of fidelity, would be strongly
related to immersion. Perhaps immersion is more strongly related to other aspects of fidelity,
namely display and interaction fidelities. If so, a weak connection between simulation realism
and immersion may support the thesis that simulation realism is a purely perceptual experi-
ence, whereas immersion (i.e. fidelity) is a result of technological capabilities [9]. In turn, the
sense of presence may be a much more complex cognitive process [59] that cannot be
explained by just one factor, namely simulation realism. Nevertheless, we expected a much
higher correlation between simulation realism and one aspect of presence, namely realness, as
these two variables seem to overlap. Perhaps this moderate correlation (r = .53) between scene
realism and realness supports the existence of the method effect [98]. Our results are in line
with evidence that indicates inconsistency in the relation between presence and realism [33,
34]. It seems that sense of presence is not only dependent on perceiving the virtual environ-
ment but also on the ability to take action [99]. In the light of our results, it may be concluded
that simulation realism is not enough to evoke a strong sense of ‘being there’.

In the case of the relation between simulation realism and aspects of co-presence, the Pear-
son’s r coefficient obtained for the ‘audience behavior’ subscale is relatively higher than that
for ‘scene realism’ and ‘audience appearance’. These predictions are in line with research [35-
37] and theoretical predictions [25] that emphasize the importance of behavioral realism over
appearance realism. The fact that co-presence correlates more highly with audience behavior
realism than with other aspects of simulation realism may support the congruent validity of
the scale as well as the quality difference between subscales.

As we predicted, the relation between realism and flow and the relation between realism
and players’ needs satisfaction can be considered as discriminant evidence, except for the
autonomy need. We did not expect a correlation between simulation realism and autonomy
need satisfaction. This result could indicate that realism may be somehow involved in intrinsic
motives. The satisfaction of autonomy need is enhanced by providing a plurality of choices
and a sense of freedom [54]. Perhaps a complex virtual environment with many interaction
possibilities can satisfy this need and thus increase users’ well-being. In this sense, realism is
not only limited to the visual aspect: the fidelity of the physical world in terms of the available
actions is also important.

Based on the results of correlation analysis and the connection between simulation realism
and aesthetics, we decided to determine whether the scale scores have one more consequence:
the ability of realism to evoke pleasure, namely positive emotions in this case. We discovered a
hidden relation between realism and positive affect (the emotions of joy and love), and
between realism and valence. In the tested models, there was no significant relation between
simulation realism and any of the tested positive emotions. Nevertheless, we tested whether
controlling for aesthetic assessment changes this relation. We found that classical aesthetics is
in fact a suppressor of the relation between realism and positive affect (the emotions of joy and
love). Interestingly, classical aesthetics suppressed the influence of simulation realism on posi-
tive affect but only in the case of social aspects of realism (subscales: audience behavior, audi-
ence appearance). It is worth noting that the mediation analysis did not meet the traditional
assumptions established by Baron and Kenny [87]. However, more recent works emphasize
that calculating indirect effects is allowed even if there is no direct influence of the independent
variable on the dependent variable [88]. Bearing in mind the fact that we did not follow the tra-
ditional approach in this part of our analyses, we recommend further exploration regarding
the relationship between positive emotions and realism. We believe that this relationship is of
particular importance as many simulations aim to evoke negative affect for the purposes of
training [5] or therapy [8]. Therefore, if high simulation realism induces positive emotions,
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this issue should be carefully considered when designing virtual environments whose goal is to
evoke emotions of negative valence, such as tools for anxiety treatment.

To obtain evidence based on test content and to test the sensitivity of the scale, we verified
how improving the design of the virtual models influences the assessment of simulation real-
ism. The participants were asked twice at an interval of two months to complete the same VR
task. The second time, the simulation was slightly improved in terms of the quality of textures.
The analyses show an increase in the assessment of simulation realism in terms of scene real-
ism, audience behavior, audience appearance, sound realism, and general impression. The
obtained results may indicate that users are sensitive to small changes in simulation graphics
and that the simulation realism measured by the VR Realism Scale is operationalized ade-
quately. Furthermore, these results show the ability of the scale to capture even small changes
in the perception of a simulation, which makes it a promising tool for both developers and
scientists.

Regarding evidence based on response processes, we did not follow recommendations such
as using eye-tracking, interviews or focus groups [100]. However, during the translation pro-
cess we conducted a pilot study (see Translation process subsection) to verify that the items of
the scale are understandable and sound natural. In the final version of Polish scale, we included
all participants’ comments. During our research program, none of the participants (n = 720)
reported that the items were unclear or difficult to answer. Moreover, all items are affirmative
single sentences, which makes them easily to process [101]. We believe that the arguments
given are sufficient to be considered as evidence that is based on response processes.

Limitations and future directions

We agree with the authors of the original questionnaire that the issue of sound realism should
be addressed in more detail [11] in the future. In fact, we decided to include it in the analyses
because our goal was to test the model as it was created. However, for the findings summarized
below, we believe that it is necessary to consider the possibility of removing the audio realism
item from the analyses when designing any future study. This single item is formulated
counter-intuitively (the “best” answer is located in the middle of the scale, unlike all the other
items), which may have distorted the analysis. In the case of the four-factor model, sound real-
ism does not correlate with any other latent variable. In turn, in the bifactor model we
observed a lack of influence of the audio realism item on this latent variable. The content of
this item relates only to audio volume, which cannot be considered an accurate measurement
of the more complex phenomenon of the sound aspect of realism. Considering the above, our
recommendation for future research is to drop the single sound item from analysis. On the
other hand, we do not believe that omission of this item should be mandatory because, at least
until the publication of a validated tool for measuring sound realism, gathering information
with this item may provide a substitute for information about this aspect of realism. Including
this item in analysis also allows for standardization of methods and increases the comparability
of studies. Future work should also address the development of a more accurate scale to mea-
sure sound realism. The sheer volume level is something that can be easily corrected by the
experimenter during the experiment and by the user during daily use, therefore it should not
lead to disruptions in perceived realism. Perhaps, instead of measuring the level of adequate-
ness of volume, developing items concerning the emotional prosody of virtual agents would be
more beneficial.

In its present form, the scale consists of items that concern only the audio-visual and audio
aspects of simulation realism. However, these are not the only ones that may be experienced in
an IVE. Modern simulators can provide users with haptic feedback, smell or even radiation
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[102]; thus, in the future, measurement of simulation realism should also include other sensory
modalities.

We were not able to obtain evidence based on the consequences of testing. More research
needs to be done to determine what can be predicted on the basis of a scale score. We believe
that two directions are worthy of further research. Firstly, we discovered a hidden relation
between simulation realism and positive affect. Future research should include identification
of the underlying mechanism of this relationship. Secondly, the influence of simulation realism
on users’ behavior during VR sessions should be tested. The question of whether users’ assess-
ment of realism changes the way they act needs to be taken into consideration.

Conclusions

In the paper we present a validation of the VR Simulation Realism questionnaire. Our work is
beneficial for both academia and practical applications. When it comes to science per se, our
research is a step towards better understanding of the virtual experience. We provide analyses
which directly indicate relationships between realism and the psychological characteristics of
an effective simulation. Furthermore, we show the definitional boundaries of realism, and we
confirm the structure, usefulness and sensitivity of this scale. We believe that this paper pro-
vides evidence that the VR Realism Scale is a well-tested tool that can be used to measure one
of the crucial aspects of IVEs, namely realism; therefore, it should be useful in both science
and VR development. However, our work has some limitations: the measurement of only
visual and auditory modalities and the lack of evidence based on the consequences of testing.
These limitations should be considered as future directions of research.

Supporting information

S1 Appendix. Polish version of the VR Realism Scale.
(PDF)

S1 File. Procedures and measures.
(PDF)

S1 Dataset. Data used for analysis.
(XLSX)

Acknowledgments

The authors would like to thank Krzysztof Rebilas for helping with the data acquisition, dr
Gabriela Czarnek for sharing her methodological knowledge in the process of designing the
procedure, Konrad Klocek and the whole Nano Games programming team for creating the
VR simulator used in the studies.

Author Contributions

Conceptualization: Natalia Lipp, Radostaw Sterna, Natalia Duzmanska-Misiarczyk, Pawet
Strojny.

Data curation: Natalia Lipp, Natalia Duzmanska-Misiarczyk, Agnieszka Strojny.
Formal analysis: Natalia Lipp, Natalia Duzmanska-Misiarczyk.
Funding acquisition: Agnieszka Strojny, Pawet Strojny.

Investigation: Natalia Lipp, Radostaw Sterna, Natalia Duzmanska-Misiarczyk.

PLOS ONE | https://doi.org/10.1371/journal.pone.0261507 December 21, 2021 22/27


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0261507.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0261507.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0261507.s003
https://doi.org/10.1371/journal.pone.0261507

PLOS ONE

Revalidation of VR Realism Scale

Methodology: Agnieszka Strojny, Pawel Strojny.

Project administration: Agnieszka Strojny, Pawel Strojny.

Supervision: Sandra Poeschl-Guenther, Pawel Strojny.

Visualization: Natalia Lipp.

Writing - original draft: Natalia Lipp, Radostaw Sterna, Natalia Duzmanska-Misiarczyk.

Writing - review & editing: Natalia Lipp, Radostaw Sterna, Natalia Duzmanska-Misiarczyk,
Agnieszka Strojny, Sandra Poeschl-Guenther, Pawel Strojny.

References

1.

10.

1.

12

13.

14.

15.

16.

17.

18.

Seth A, Vance J, Oliver J. Virtual reality for assembly methods prototyping: a review. Virtual Reality.
2010; 15(1):5-20.

Blascovich J, Loomis J, Beall A, Swinth K, Hoyt C, Bailenson J. TARGET ARTICLE: Immersive Virtual
Environment Technology as a Methodological Tool for Social Psychology. Psychological Inquiry.
2002; 13(2):103-124.

Mikropoulos T, Natsis A. Educational virtual environments: A ten-year review of empirical research
(1999-2009). Computers & Education. 2011; 56(3):769-780.

Gallagher AG, McClure N, McGuigan J, Crothers |, Browning J. Virtual Reality Training in Laparo-
scopic Surgery: A Preliminary Assessment of Minimally Invasive Surgical Trainer Virtual Reality (MIST
VR). Endoscopy. 1999; 31(4):310-313. https://doi.org/10.1055/s-1999-15 PMID: 10376458

Lele A. Virtual reality and its military utility. Journal of Ambient Intelligence and Humanized Computing.
2011; 4(1):17-26.

Adamovich S, Fluet G, Tunik E, Merians A. Sensorimotor training in virtual reality: A review. NeuroR-
ehabilitation. 2009; 25(1):29-44. https://doi.org/10.3233/NRE-2009-0497 PMID: 19713617

Didehbani N, Allen T, Kandalaft M, Krawczyk D, Chapman S. Virtual Reality Social Cognition Training
for children with high functioning autism. Computers in Human Behavior. 2016; 62:703-711.

Opris D, Pintea S, Garcia-Palacios A, Botella C, Szamosk6zi $, David D. Virtual reality exposure ther-
apy in anxiety disorders: a quantitative meta-analysis. Depression and Anxiety. 2011; 29(2):85-93.
https://doi.org/10.1002/da.20910 PMID: 22065564

Bowman D, McMahan R. Virtual Reality: How Much Immersion Is Enough? Computer. 2007; 40
(7):3643.

Witmer B, Singer M. Measuring Presence in Virtual Environments: A Presence Questionnaire. Pres-
ence: Teleoperators and Virtual Environments. 1998; 7(3):225-240.

Poeschl S, Doering N. The German VR Simulation Realism Scale-Psychometric Construction for Vir-
tual Reality Applications with Virtual Humans. In: Wiederhold BK, Riva G, editors. Annual Review of
Cybertherapy and Telemedicine. Amsterdam: 10S Press BV; 2013. pp. 33-37.

Mestre D. CAVE versus Head-Mounted Displays: Ongoing thoughts. Electronic Imaging. 2017; 2017
(3):31-35.

Fitrianie S, Bruijnes M, Richards D, Bénsch A, Brinkman W. The 19 Unifying Questionnaire Constructs
of Artificial Social Agents: An IVA Community Analysis. In Proceedings of the 20th ACM International
Conference on Intelligent Virtual Agents (pp. 1-8); 2020, October.

Oh C, Bailenson J, & Welch G. A systematic review of social presence: Definition, antecedents, and
implications. Frontiers in Robotics and Al. 2018; 5:114. https://doi.org/10.3389/frobt.2018.00114
PMID: 33500993

Rutkowski R., Marszatkowski C., Biedermann S. The Game Industry of Poland—Report 2020. 2020.
Polish Agency for Enterprise Development.

Czub M, Piskorz J. Body Movement Reduces Pain Intensity in Virtual Reality—Based Analgesia. Inter-
national Journal of Human—Computer Interaction. 2017; 34(11):1045—-1051.

Swidrak J., Pochwatko G., Navarro X., Oseka L., Dolinski D. The joint influence of social status and
personal attitudes in a contact and open versus a noncontact and homophobic culture on the virtual
Midas touch. Virtual Reality. 2020; 1-15.

Zajac-Lamparska L, Witkos$¢-Debczynska M, Wojciechowski A, Podhorecka M, Polak-Szabela A,
Warchott, et al. Effects of virtual reality-based cogpnitive training in older adults living without and with
mild dementia: a pretest—posttest design pilot study. BMC Research Notes. 2019; 12(1).

PLOS ONE | https://doi.org/10.1371/journal.pone.0261507 December 21, 2021 23/27


https://doi.org/10.1055/s-1999-15
http://www.ncbi.nlm.nih.gov/pubmed/10376458
https://doi.org/10.3233/NRE-2009-0497
http://www.ncbi.nlm.nih.gov/pubmed/19713617
https://doi.org/10.1002/da.20910
http://www.ncbi.nlm.nih.gov/pubmed/22065564
https://doi.org/10.3389/frobt.2018.00114
http://www.ncbi.nlm.nih.gov/pubmed/33500993
https://doi.org/10.1371/journal.pone.0261507

PLOS ONE

Revalidation of VR Realism Scale

19.

20.

21.

22,

23.
24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Zak M., Krupnik S., Puzio G., Staszczak-Gawetda ., Stopa A., Czesak J. Wykorzystanie wirtualnej
rzeczywistosci i gier konsolowych w profilaktyce upadkéw osob starszych. Gerontologia Polska. 2014;
22(1):9-13.

Slater M, Wilbur S. A Framework for Immersive Virtual Environments (FIVE): Speculations on the Role
of Presence in Virtual Environments. Presence: Teleoperators and Virtual Environments. 1997; 6
(6):603-616.

Bystrom K, Barfield W, Hendrix C. A Conceptual Model of the Sense of Presence in Virtual Environ-
ments. Presence: Teleoperators and Virtual Environments. 1999; 8(2):241-244.

Bulu S. Place presence, social presence, co-presence, and satisfaction in virtual worlds. Computers &
Education. 2012; 58(1):154—161.

Csikszentmihalyi M. Flow and the foundations of positive psychology. Heidelberg: Springer; 2016.

Weibel D, Wissmath B, Habegger S, Steiner Y, Groner R. Playing online games against computer- vs.
human-controlled opponents: Effects on presence, flow, and enjoyment. Computers in Human Behav-
ior. 2008; 24(5):2274-2291.

Swinth K, Blascovich J. Perceiving and responding to others: Human-human and human-computer
social interaction in collaborative virtual environments. In Proceedings of the 5th Annual International
Workshop on PRESENCE. 2002; 392.

Wann J, Mon-Williams M. What does virtual reality NEED?: human factors issues in the design of
three-dimensional computer environments. International Journal of Human-Computer Studies. 1996;
44(6):829-847.

Stanney K. Realizing the full potential of virtual reality: human factors issues that could stand in the
way. In Proceedings Virtual Reality Annual International Symposium’95. pp. 28—-34. |IEEE.

Christou C, Parker A. Visual realism and virtual reality: a psychological perspective. In: Carr C,
England R, editors. Simulated and Virtual Realities: Elements of perception. London: Taylor and
Francis; 1995. pp. 53-80.

Lee C, Rincon G, Meyer G, Hollerer T, Bowman D. The Effects of Visual Realism on Search Tasks in
Mixed Reality Simulation. IEEE Transactions on Visualization and Computer Graphics. 2013; 19
(4):547-556. https://doi.org/10.1109/TVCG.2013.41 PMID: 23428438

McMahan R. Exploring the effects of higher-fidelity display and interaction for virtual reality games.
Doctoral dissertation, Virginia Polytechnic Institute and State University; 2011. https://vtechworks.lib.
vt.edu/bitstream/handle/10919/30123/McMahan_RP_D_2011.pdf?sequence=1&isAllowed=y.

McMahan R, Bowman D, Zielinski D, Brady R. Evaluating Display Fidelity and Interaction Fidelity in a
Virtual Reality Game. IEEE Transactions on Visualization and Computer Graphics. 2012; 18(4):626—
633. https://doi.org/10.1109/TVCG.2012.43 PMID: 22402690

Ragan E, Bowman D, Kopper R, Stinson C, Scerbo S, McMahan R. Effects of Field of View and Visual
Complexity on Virtual Reality Training Effectiveness for a Visual Scanning Task. IEEE Transactions
on Visualization and Computer Graphics. 2015; 21(7):794-807. https://doi.org/10.1109/TVCG.2015.
2403312 PMID: 26357242

Welch R, Blackmon T, Liu A, Mellers B, Stark L. The Effects of Pictorial Realism, Delay of Visual Feed-
back, and Observer Interactivity on the Subjective Sense of Presence. Presence: Teleoperators and
Virtual Environments. 1996; 5(3):263-273.

Vinayagamoorthy V, Brogni A, Gillies M, Slater M, Steed A. An investigation of presence response
across variations in visual realism. In The 7th Annual International Presence Workshop. 2014: 148—
155.

Wu'Y, Babu S, Armstrong R, Bertrand J, Luo J, Roy T, et al. Effects of Virtual Human Animation on
Emotion Contagion in Simulated Inter-Personal Experiences. IEEE Transactions on Visualization and
Computer Graphics. 2014; 20(4):626—635. https://doi.org/10.1109/TVCG.2014.19 PMID: 24650990

Guadagno R, Blascovich J, Bailenson J, Mccall C. Virtual humans and persuasion: The effects of
agency and behavioral realism. Media Psychology. 2007; 10(1):1-22.

Bailenson J, Beall A, Blascovich J. Gaze and task performance in shared virtual environments. The
Journal of Visualization and Computer Animation. 2002; 13(5):313-320.

Bailenson J, Swinth K, Hoyt C, Persky S, Dimov A, Blascovich J. The Independent and Interactive
Effects of Embodied-Agent Appearance and Behavior on Self-Report, Cognitive, and Behavioral Mark-
ers of Copresence in Immersive Virtual Environments. Presence: Teleoperators and Virtual Environ-
ments. 2005; 14(4):379-393.

Zibrek K, Kokkinara E, Mcdonnell R. The Effect of Realistic Appearance of Virtual Characters in
Immersive Environments—Does the Character’s Personality Play a Role? IEEE Transactions on Visu-
alization and Computer Graphics. 2018; 24(4):1681-1690. https://doi.org/10.1109/TVCG.2018.
2794638 PMID: 29543183

PLOS ONE | https://doi.org/10.1371/journal.pone.0261507 December 21, 2021 24/27


https://doi.org/10.1109/TVCG.2013.41
http://www.ncbi.nlm.nih.gov/pubmed/23428438
https://vtechworks.lib.vt.edu/bitstream/handle/10919/30123/McMahan_RP_D_2011.pdf?sequence=1&isAllowed=y
https://vtechworks.lib.vt.edu/bitstream/handle/10919/30123/McMahan_RP_D_2011.pdf?sequence=1&isAllowed=y
https://doi.org/10.1109/TVCG.2012.43
http://www.ncbi.nlm.nih.gov/pubmed/22402690
https://doi.org/10.1109/TVCG.2015.2403312
https://doi.org/10.1109/TVCG.2015.2403312
http://www.ncbi.nlm.nih.gov/pubmed/26357242
https://doi.org/10.1109/TVCG.2014.19
http://www.ncbi.nlm.nih.gov/pubmed/24650990
https://doi.org/10.1109/TVCG.2018.2794638
https://doi.org/10.1109/TVCG.2018.2794638
http://www.ncbi.nlm.nih.gov/pubmed/29543183
https://doi.org/10.1371/journal.pone.0261507

PLOS ONE

Revalidation of VR Realism Scale

40.

4.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Reber R, Schwarz N, Winkielman P. Processing Fluency and Aesthetic Pleasure: Is Beauty in the Per-
ceiver’s Processing Experience? Personality and Social Psychology Review. 2004; 8(4):364—382.
https://doi.org/10.1207/s15327957pspr0804_3 PMID: 15582859

Hekkert P. Design aesthetics: principles of pleasure in design. Psychology science. 2006; 48(2):157—
172.

Messick S. Standards of Validity and the Validity of Standards in Performance Asessment. Educa-
tional Measurement: Issues and Practice. 1995; 14(4):5-8.

Kazi A, Khalid W. Questionnaire designing and validation. Journal of the Pakistan Medical Association.
2012; 62(5):514-516. PMID: 22755326

Quispel A, Maes A, Schilperoord J. Graph and chart aesthetics for experts and laymen in design: The
role of familiarity and perceived ease of use. Information Visualization. 2015; 15(3):238-252.

Russell P. Experimental Aesthetics of Popular Music Recordings: Pleasingness, Familiarity and Chart
Performance. Psychology of Music. 1986; 14(1):33—43.

McCoach DB, Gable RK, Madura JP. Instrument development in the affective domain. New York, NY:
Springer; 2013

Winkielman P, Halberstadt J, Fazendeiro T, Catty S. Prototypes Are Attractive Because They Are
Easy on the Mind. Psychological Science. 2006; 17(9):799-806. https://doi.org/10.1111/j.1467-9280.
2006.01785.x PMID: 16984298

Chevalier A, Maury A, Fouquereau N. The influence of the search complexity and the familiarity with
the website on the subjective appraisal of aesthetics, mental effort and usability. Behaviour & Informa-
tion Technology. 2013; 33(2):117—-132.

Diemer J, Alpers G, Peperkorn H, Shiban Y, Muhlberger A. The impact of perception and presence on
emotional reactions: a review of research in virtual reality. Frontiers in Psychology. 2015; 6.

Parker J, Bagby R, Taylor G. Alexithymia and depression: Distinct or overlapping constructs? Compre-
hensive Psychiatry. 1991; 32(5):387—-394. https://doi.org/10.1016/0010-440x(91)90015-5 PMID:
1743009

Bianchi R, Brisson R. Burnout and depression: Causal attributions and construct overlap. Journal of
Health Psychology. 2017; 24(11):1574—1580. https://doi.org/10.1177/1359105317740415 PMID:
29139312

Karekla M, Panayiotou G. Coping and experiential avoidance: Unique or overlapping constructs? Jour-
nal of Behavior Therapy and Experimental Psychiatry. 2011; 42(2):163—170. https://doi.org/10.1016/.
jbtep.2010.10.002 PMID: 21315877

Riggio R, Messamer J, Throckmorton B. Social and academic intelligence: Conceptually distinct but
overlapping constructs. Personality and Individual Differences. 1991; 12(7):695-702.

Ryan R, Rigby C, Przybylski A. The Motivational Pull of Video Games: A Self-Determination Theory
Approach. Motivation and Emotion. 2006; 30(4):344—-360.

Jin S. “Toward Integrative Models of Flow”: Effects of Performance, Skill, Challenge, Playfulness, and
Presence on Flow in Video Games. Journal of Broadcasting & Electronic Media. 2012; 56(2):169-186.

liaz K, Ahmadpour N, Wang Y, Calvo R. Player Experience of Needs Satisfaction (PENS) in an Immer-
sive Virtual Reality Exercise Platform Describes Motivation and Enjoyment. International Journal of
Human—-Computer Interaction. 2020; 36(13):1195—-1204.

Triberti S, Repetto C, Riva G. Psychological Factors Influencing the Effectiveness of Virtual Reality—
Based Analgesia: A Systematic Review. Cyberpsychology, Behavior, and Social Networking. 2014; 17
(6):335-345. https://doi.org/10.1089/cyber.2014.0054 PMID: 24892195

Sireci S, Faulkner-Bond M. Validity evidence based on test content. Psicothema. 2014; 26(1): 100-
107. https://doi.org/10.7334/psicothema2013.256 PMID: 24444737

Schubert T, Friedmann F, Regenbrecht H. The Experience of Presence: Factor Analytic Insights.
Presence: Teleoperators and Virtual Environments. 2001; 10(3):266—281.

Jennett C, Cox A, Cairns P, Dhoparee S, Epps A, Tijs T, et al. Measuring and defining the experience
of immersion in games. International Journal of Human-Computer Studies. 2008; 66(9):641-661.

Strojny P, Strojny A. Kwestionariusz immersji—polska adaptacja i empiryczna weryfikacja narzedzia
[Immersion questionnaire: Polish adaptation and empirical verification.]. Homo Ludens. 2014; 1(6):
187-198.

Jackson S, Eklund R. Assessing Flow in Physical Activity: The Flow State Scale—2 and Dispositional
Flow Scale—2. Journal of Sport and Exercise Psychology. 2002; 24(2):133—-150.

Tomczak M, Hornowska E. Stan optymalnego zaangazowania (flow) a style radzenia sobie w sytuac-
jach stresowych u os6b uprawiajacych sport. Wychowanie Fizyczne i Sport. 2012; 2: 5-31.

PLOS ONE | https://doi.org/10.1371/journal.pone.0261507 December 21, 2021 25/27


https://doi.org/10.1207/s15327957pspr0804%5F3
http://www.ncbi.nlm.nih.gov/pubmed/15582859
http://www.ncbi.nlm.nih.gov/pubmed/22755326
https://doi.org/10.1111/j.1467-9280.2006.01785.x
https://doi.org/10.1111/j.1467-9280.2006.01785.x
http://www.ncbi.nlm.nih.gov/pubmed/16984298
https://doi.org/10.1016/0010-440x%2891%2990015-5
http://www.ncbi.nlm.nih.gov/pubmed/1743009
https://doi.org/10.1177/1359105317740415
http://www.ncbi.nlm.nih.gov/pubmed/29139312
https://doi.org/10.1016/j.jbtep.2010.10.002
https://doi.org/10.1016/j.jbtep.2010.10.002
http://www.ncbi.nlm.nih.gov/pubmed/21315877
https://doi.org/10.1089/cyber.2014.0054
http://www.ncbi.nlm.nih.gov/pubmed/24892195
https://doi.org/10.7334/psicothema2013.256
http://www.ncbi.nlm.nih.gov/pubmed/24444737
https://doi.org/10.1371/journal.pone.0261507

PLOS ONE

Revalidation of VR Realism Scale

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Strojny P, Strojny A. Czy pigkno gry ma znaczenie? Zwigzek estetyki klasycznej i ekspresyjnej z zaan-
gazowaniem w gre wideo. [Does the beauty of the video game matter? Relationship between aesthet-
ics and engagemenent in playing]. Annales Universitatis Paedagogicae Cracoviensis. Studia
Psychologica. 2016; 9: 35—41.

Wojciszke B, Baryta W. Skale do pomiaru nastroju i szesciu emocji. Czasopismo Psychologiczne.
2005; 11(1):31-48.

Hart S, Staveland L. Development of NASA-TLX (Task Load Index): Results of Empirical and Theoreti-
cal Research. Advances in Psychology. 1988; 52:139—-183.

Zielinski P, Biernacki M. Analiza psychometryczna polskiego przektadu narzedzia do subiektywnej
oceny obcigzenia zadaniowego NASA-TLX. Polski Przeglad Medycyny Lotniczej. 2010; 3:219-239.

Schwarzer R, Jerusalem M. Generalized Self-Efficacy Scale. In Weinman J, Wright S, Johnston M,
editors. Measures in health psychology: A user’s portfolio. Causal and control beliefs. Windsor,
England: NFER-NELSON; 1995. pp. 35-37.

Juczynski Z. Poczucie wtasnej skutecznosci—teoria i pomiar. Acta Universitatis Lodziensis. Folia Psy-
chologica. 2000; 4:89-94.

Wiodarczyk D, Wrzesniewski K. Kwestionariusz Oceny Stresu (KOS). Przeglad Psychologiczny,
2010; 53: 479-496.

Bradley M, Lang P. Measuring emotion: The self-assessment manikin and the semantic differential.
Journal of Behavior Therapy and Experimental Psychiatry. 1994; 25(1):49-59. https://doi.org/10.1016/
0005-7916(94)90063-9 PMID: 7962581

Poeschl S, Doering N. Measuring co-presence and social presence in virtual environments—psycho-
metric construction of a German scale for a fear of public speaking scenario. In Wiederhold BK, Riva
G, Wiederhold MD, editors. Annual Review of Cybertherapy and Telemedicine. San Diego: Interac-
tive Media Institute; 2015. pp.58—68.

Kennedy R, Lane N, Berbaum K, Lilienthal M. Simulator Sickness Questionnaire: An Enhanced
Method for Quantifying Simulator Sickness. The International Journal of Aviation Psychology. 1994; 3
(3):203-220.

Biernacki M, Kennedy R, Dziuda t.. Simulator sickness and its measurement with Simulator Sickness
Questionnaire (SSQ). Medycyna Pracy. 2016; 67(4):545-555. https://doi.org/10.13075/mp.5893.
00512 PMID: 27623835

Watson D, Clark L, Tellegen A. Development and validation of brief measures of positive and negative
affect: The PANAS scales. Journal of Personality and Social Psychology. 1988; 54(6):1063—1070.
https://doi.org/10.1037//0022-3514.54.6.1063 PMID: 3397865

Brzozowski, P. (2010). Skala Uczuc Pozytywnych i Negatywnych (SUPIN). Polska adaptacja skali
PANAS Davida Watsona i Lee Anny Clark. Podrecznik [SUPIN—Polish adaptation of PANAS—Posi-
tive and Negative Affect Schedule by David Watson and Lee Anny Clark. A manual].

Lavie T, Tractinsky N. Assessing dimensions of perceived visual aesthetics of web sites. International
Journal of Human-Computer Studies. 2004; 60(3):269—-298.

Zijimans E, Tijmstra J, van der Ark L, Sijtsma K. ltem-Score Reliability as a Selection Tool in Test Con-
struction. Frontiers in Psychology. 2019; 9(2298). https://doi.org/10.3389/fpsyg.2018.02298 PMID:
30687144

Nunnally J. Psychometric theory. New York: McGraw-Hill; 1978.

Lance C, Butts M, Michels L. The Sources of Four Commonly Reported Cutoff Criteria: What Did They
Really Say? Organizational Research Methods. 2006; 9(2):202—-220.

Rosseel Y. lavaan: An R Package for Structural Equation Modeling. Journal of Statistical Software.
2012; 48(2):1-36.

Hu L, Bentler P. Cutoff criteria for fit indexes in covariance structure analysis: Conventional criteria ver-
sus new alternatives. Structural Equation Modeling: A Multidisciplinary Journal. 1999; 6(1):1-55.

Putnick D, Bornstein M. Measurement invariance conventions and reporting: The state of the art and
future directions for psychological research. Developmental Review. 2016; 41:71-90. https://doi.org/
10.1016/}.dr.2016.06.004 PMID: 27942093

van de Schoot R, Lugtig P, Hox J. A checklist for testing measurement invariance. European Journal
of Developmental Psychology. 2012; 9(4):486—492.

American Educational Research Association (AERA), American Psychological Association (APA),
National Council on Measurement in Education (NCME). The standards for educational and psycho-
logical testing. Washington: American Educational Research Association; 1999.

Hayes A. Beyond Baron and Kenny: Statistical Mediation Analysis in the New Millennium. Communi-
cation Monographs. 2009; 76(4):408—420.

PLOS ONE | https://doi.org/10.1371/journal.pone.0261507 December 21, 2021 26/27


https://doi.org/10.1016/0005-7916%2894%2990063-9
https://doi.org/10.1016/0005-7916%2894%2990063-9
http://www.ncbi.nlm.nih.gov/pubmed/7962581
https://doi.org/10.13075/mp.5893.00512
https://doi.org/10.13075/mp.5893.00512
http://www.ncbi.nlm.nih.gov/pubmed/27623835
https://doi.org/10.1037//0022-3514.54.6.1063
http://www.ncbi.nlm.nih.gov/pubmed/3397865
https://doi.org/10.3389/fpsyg.2018.02298
http://www.ncbi.nlm.nih.gov/pubmed/30687144
https://doi.org/10.1016/j.dr.2016.06.004
https://doi.org/10.1016/j.dr.2016.06.004
http://www.ncbi.nlm.nih.gov/pubmed/27942093
https://doi.org/10.1371/journal.pone.0261507

PLOS ONE

Revalidation of VR Realism Scale

87.

88.

89.

90.
91.
92,

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Baron R, Kenny D. The moderator—-mediator variable distinction in social psychological research: Con-
ceptual, strategic, and statistical considerations. Journal of Personality and Social Psychology. 1986;
51(6):1173-1182. https://doi.org/10.1037//0022-3514.51.6.1173 PMID: 3806354

Zhao X, Lynch J, Chen Q. Reconsidering Baron and Kenny: Myths and Truths about Mediation Analy-
sis. Journal of Consumer Research. 2010; 37(2):197-206.

MacKinnon D, Krull J, Lockwood C. Equivalence of the mediation, confounding and suppression effect.
Prevention Science. 2000; 1(4):173—181. https://doi.org/10.1023/a:1026595011371 PMID: 11523746

Hayes A. The PROCESS macro for SPSS and SAS: 2,13. 2013.
Cohen J. Statistical Power Analysis for the Behavioral Sciences. Hoboken: Taylor and Francis; 2013.

Shi D, Maydeu-Olivares A, Rosseel Y. Assessing Fit in Ordinal Factor Analysis Models: SRMR vs.
RMSEA. Structural Equation Modeling: A Multidisciplinary Journal. 2019; 27(1):1-15.

Rios J, Wells C. Validity evidence based on internal structure. Psicothema. 2014; 26(1):108-116.
https://doi.org/10.7334/psicothema2013.260 PMID: 24444738

Youngblut C. What a Decade of Experiments Reveals about Factors that Influence the Sense of Pres-
ence: Latest Findings. [United States]: Institute for defense analyses; 2007.

Dunn K, McCray G. The Place of the Bifactor Model in Confirmatory Factor Analysis Investigations
Into Construct Dimensionality in Language Testing. Frontiers in Psychology. 2020; 11. https://doi.org/
10.3389/fpsyg.2020.01357 PMID: 32765335

Wicherts J, Dolan C. Measurement Invariance in Confirmatory Factor Analysis: An lllustration Using
IQ Test Performance of Minorities. Educational Measurement: Issues and Practice. 2010; 29(3):39—
47.

Byrne B, Watkins D. The Issue Of Measurement Invariance Revisited. Journal of Cross-Cultural Psy-
chology. 2003; 34(2):155-175.

Schweizer K. Method effects in psychological assessment. Psychological Test and Assessment
Modeling. 2020; 62(3):337-343.

Zahorik P, Jenison R. Presence as Being-in-the-World. Presence: Teleoperators and Virtual Environ-
ments. 1998; 7(1):78-89.

Padilla J, Benitez . Validity evidence based on response processes. Psicothema. 2014; 26(1):136—
144. https://doi.org/10.7334/psicothema2013.259 PMID: 24444741

Carpenter P, Just M, Keller T, Eddy W, Thulborn K. Time Course of fMRI-Activation in Language and
Spatial Networks during Sentence Comprehension. Neurolmage. 1999; 10(2):216—224. https://doi.
org/10.1006/nimg.1999.0465 PMID: 10417254

Williams-Bell F, Kapralos B, Hogue A, Murphy B, Weckman E. Using Serious Games and Virtual Sim-
ulation for Training in the Fire Service: A Review. Fire Technology. 2014; 51(3):553-584.

PLOS ONE | https://doi.org/10.1371/journal.pone.0261507 December 21, 2021 27/27


https://doi.org/10.1037//0022-3514.51.6.1173
http://www.ncbi.nlm.nih.gov/pubmed/3806354
https://doi.org/10.1023/a%3A1026595011371
http://www.ncbi.nlm.nih.gov/pubmed/11523746
https://doi.org/10.7334/psicothema2013.260
http://www.ncbi.nlm.nih.gov/pubmed/24444738
https://doi.org/10.3389/fpsyg.2020.01357
https://doi.org/10.3389/fpsyg.2020.01357
http://www.ncbi.nlm.nih.gov/pubmed/32765335
https://doi.org/10.7334/psicothema2013.259
http://www.ncbi.nlm.nih.gov/pubmed/24444741
https://doi.org/10.1006/nimg.1999.0465
https://doi.org/10.1006/nimg.1999.0465
http://www.ncbi.nlm.nih.gov/pubmed/10417254
https://doi.org/10.1371/journal.pone.0261507

