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A B S T R A C T

Understanding emergency behavior is crucial for designing safer, resilient infrastructure. Immersive Virtual 
Reality (VR) realistically simulates emergencies but is resource-intensive, so systematic comparisons with non- 
immersive VR remain scarce. To address this gap, a multifactorial VR fire-evacuation experiment was con
ducted in which participants navigated a room with three exits under varied conditions (e.g., social influence, 
smoke presence, exit distance, exit familiarity). Results indicated no significant difference in overall decision- 
making between immersive and non-immersive VR. Nevertheless, immersion modulated key factors: in 
immersive VR, participants preferred nearer exits, were more susceptible to social influence, and experienced 
stronger effects of smoke and exit familiarity. Smoke also reduced the influence of exit distance. Personal factors 
(e.g., prior VR experience, age, gender) shaped perceptions and emotions; heightened negative emotions and 
perceived risk were associated with less rational (i.e., suboptimal) choices, particularly in immersive VR. These 
insights inform VR safety training, guiding simulations that more faithfully replicate real emergencies.

1. Introduction

Understanding and simulating human behavior during disasters is 
crucial for designing safer and more resilient buildings and trans
portation infrastructures, such as terminals and tunnels [1–3]. Accurate 
evacuation simulations are essential, especially when designing for 
building fires [4]. Currently, many countries require engineers to design 
solutions that ensure adequate safety levels for occupants in various fire 
and evacuation scenarios [5,6]. Accurate considerations and assump
tions about human behavior in fires are essential for developing and 
evaluating these scenarios. This design process requires theoretical in
sights into if and how people are likely to respond, as well as data 
quantifying their response, particularly regarding pre-travel delay times 
or actions, route choice, and movement patterns [4,7,8].

Data on human responses to building fires have been collected 
through various methods, including field studies, evacuation drills, false 
alarms, and real accidents [9,10]. Both post-fire studies and evacuation 
drills reveal the actual decisions made by evacuees in real or simulated 
emergencies, providing valuable data on response time, movement 
patterns, and potential congestion points [7,11,12]. In both cases, 

researchers have limited control over variables, such as the type of 
evacuees, building layout, or crowding levels [9,13].

Data on evacuee behavior can now be collected in laboratory settings 
by presenting participants with different scenarios [9,10]. While this 
approach provides greater control over study variables, it lacks real- 
world authenticity, as participants are aware that they are part of a 
study. The use of immersive virtual reality (VR) and augmented reality 
(AR) has grown in fire evacuation research. These new technologies 
enable researchers to observe real-time decision-making and gather 
feedback through post-experiment surveys. Specifically, VR environ
ments allow for the safe simulation of conditions, such as smoke or the 
presence of people with impairments [14–16]. Preliminary research 
suggests that immersive VR results are comparable to real-world data, 
although further validation is necessary [17–19]. However, the choice of 
VR format can significantly influence experimental outcomes and the 
analysis of human behavior during emergency evacuations. For 
instance, the level of immersion can affect how participants respond to 
virtual emergencies [20]. Therefore, it is necessary to examine whether 
non-immersive and immersive virtual emergencies can generate similar 
behavioral responses. Non-immersive VR refers to virtual experiences in 
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which users interact with the virtual environment through a standard 
screen, without being fully immersed. In contrast, immersive VR fully 
surrounds users with a three-dimensional virtual environment, often 
using headsets and other sensory devices, such as Cave Automatic Vir
tual Environment (CAVE) systems [21]. To our knowledge, no study has 
yet compared evacuation experimental data generated from both VR 
formats (immersive and non-immersive).

This paper aims to explore how individuals make decisions in 
immersive and non-immersive VR environments during evacuation from 
a fire emergency scenario. Building on the original experiment con
ducted by [13], which examined evacuation exit choices in immersive 
VR, this research introduces a second experiment with a non-immersive 
VR setting and compares the results with those obtained from the 
immersive VR experiment presented in [13]. Specifically, the study 
analyzes the evacuation behavior of 146 participants across both VR 
settings as they navigate a room with three exits. It also investigates how 
four factors (social influence (the behavior of other evacuees), the 
presence of smoke, exit distance, and familiarity with the exit) influence 
participants’ exit choices. Furthermore, using a questionnaire, this study 
examines the impact of prior experience in virtual environments. 
Finally, participants’ user experience in both VR conditions was 
analyzed, focusing on their perceived realism, usability, emotions, and 
self-efficacy. Consequently, this research offers valuable insights into 
how different VR formats can facilitate the study of human behavior in 
disaster scenarios, contributing to the growing body of knowledge on 
how and why VR can be leveraged to better simulate and understand 
decision-making processes in high-stress situations.

2. Literature review

Integrating VR technologies into emergency evacuation research has 
significantly advanced our understanding of human behavior during 
crises. Numerous studies have employed various VR formats to investi
gate this area, raising questions regarding the effectiveness of these 
different VR formats. This section reviews previous research that focuses 
on VR experiments related to emergency human behavior and compares 
the effectiveness of the VR platforms in such studies.

2.1. VR experiments for emergency human behavior study

The integration of VR technologies in the rapidly evolving field of 
emergency evacuation research marks a significant stride toward un
derstanding and analyzing human behavior during crises. This meth
odological advancement stems from VR’s ability to replicate real-world 
situations with high fidelity while ensuring participant safety and 
maintaining controlled experimental conditions [22,23]. Traditional 
real-world experiments, although invaluable, often pose significant risks 
and are constrained by numerous uncontrollable environmental vari
ables, such as lighting and noise, as well as safety concerns when par
ticipants are exposed to actual hazards, such as smoke [24]. VR 
addresses these issues by creating safe, reproducible scenarios and 
serves as a cost-effective alternative to the otherwise expensive setup of 
physical evacuation drills.

Recent studies leveraging VR technology in evacuation research have 
provided valuable insights into the dynamics of human behavior during 
emergencies [19,25–27]. Researchers have effectively simulated com
plex scenarios such as building fires and natural disasters [28,29], 
enabling the study of evacuee behavior in response to various stimuli 
without the logistical and ethical constraints of real-world settings [30]. 
These VR simulations have allowed researchers to explore how various 
factors, such as building layout [31], exit locations and sizes [13], visual 
accessibility [32], and signage [33], and individual behaviors, including 
following, avoiding, affiliative, cooperative, and competitive actions, 
affect evacuation decisions [34,35]. These investigations also examine 
the impact of personal characteristics, knowledge, skills, and experience 
on evacuation behavior, thereby significantly enhancing our 

understanding of the factors influencing evacuation actions. For 
instance, Lin et al. [36] investigated the effects of repeated exposure and 
mental stress on human wayfinding performance within VR-simulated 
hazardous fire emergency environments, discovering that such envi
ronments could adversely affect wayfinding capabilities. In a subsequent 
study, Lin et al. [37] examined the influence of crowd dynamics on 
human evacuation behavior during a simulated building fire emergency 
by creating a virtual metro station populated with non-player characters 
(NPCs). Their findings confirmed the effectiveness of VR experiments in 
capturing the complex social factors influencing human evacuation 
behavior. Furthermore, Song and Lovreglio [38] employed VR to 
analyze how individual-specific preferences affect exit choice behavior, 
using a Hierarchical Bayes estimation approach to identify distinct 
behavioral groups (”followers” and “non-followers”) and demonstrating 
the significant effects of age, nationality, and education on these 
behaviors.

These studies collectively underscore the efficacy of VR-based ex
periments in probing the nuances of individual evacuation and way
finding behaviors in indoor environments. The immersive quality of VR 
ensures that participants’ responses in virtual settings closely resemble 
those in real-life scenarios, thus enhancing the reliability of behavioral 
data collection in ways that traditional methods cannot achieve [13]. 
Additionally, VR has been shown to improve cognitive functions, such as 
memory recall and focus, during tasks, further demonstrating its value in 
emergency behavior research [39]. Krokos et al. [40] and Chittaro and 
Buttussi [41] revealed that VR’s immersive qualities can lead to better 
recall and knowledge retention performance, likely due to the height
ened psychological arousal and engagement that simulate real-life ex
periences. These findings highlight VR’s potential not only for research 
but also for training purposes, where the realistic replication of stressful 
conditions can prepare individuals for actual emergencies.

Despite its advantages, the application of VR in evacuation research 
faces several challenges. One notable issue is the underrepresentation of 
diverse populations in VR studies. Participant pools are often homoge
neous, typically skewed toward younger individuals or students, which 
may not accurately reflect the broader population’s behavior in emer
gency situations [38]. Additionally, the high costs associated with the 
most immersive VR formats can limit the scope of studies, restricting the 
range of data collection essential for robust behavioral predictions and 
simulations. To overcome these challenges, researchers have begun 
employing various VR formats and devices, ranging from immersive 
head-mounted displays (HMDs) to more accessible and less immersive 
options, such as desktop VR. For example, Zhao et al. [42] utilized 
desktop VR to examine interactions among multiple participants, while 
Gao et al. [43] designed a series of desktop-based virtual evacuation 
scenarios to study exit choice behaviors and decision-making attitudes 
under uncertain risk scenarios and varying smoke conditions. Expanding 
on this approach, Bode et al. [44] conducted a large-scale, computer- 
simulated study involving over 450 participants, providing valuable 
insights into dynamic exit route choices during crowd evacuations. 
Further pushing the boundaries of virtual experimentation, Normoyle 
et al. [45] ingeniously utilized the online platform Second Life, inte
grating in-game residents with real-world participants to create a hybrid 
virtual-physical experimental environment. More recently, Shi et al. 
[46] employed the popular game Minecraft as a non-immersive virtual 
environment to examine pedestrian behavior and evacuation dynamics 
under both normal and emergency fire conditions, enabling simulta
neous multiplayer interactions. These adaptations not only broaden 
participation but also facilitate a more nuanced study of interactions 
among multiple participants in virtual evacuation scenarios, offering 
valuable insights into human behavior under diverse conditions while 
significantly reducing research costs. However, despite the increasing 
use of VR technologies in evacuation research, a critical gap remains: a 
dearth of comparative analyses assessing the relative effectiveness of 
different VR formats. This gap is particularly concerning because the 
choice of VR format can significantly influence experimental outcomes 
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and subsequent analyses of human behavior during emergency 
evacuations.

To address this critical research gap, this study aims to systematically 
compare the impact of non-immersive and immersive VR formats on 
human exit choice behaviors in simulated emergency evacuations. By 
elucidating the relative strengths and limitations of these VR formats, 
this research seeks to enhance the methodological rigor of evacuation 
studies and contribute to the development of more accurate and 
comprehensive emergency preparedness strategies.

2.2. Behavioral studies using different VR technologies

Understanding the impact of different VR technologies on user 
behavior is crucial for aligning VR experiments with specific research 
objectives. This is particularly relevant in industries such as construc
tion, where reluctance to adopt VR technology stems from a lack of 
empirical evidence demonstrating its clear benefits [47]. By identifying 
effective VR dimensions for specific behaviors, researchers can design 
more accurate and relevant VR experiments, thereby enhancing per
formance and facilitating the broader implementation of VR technolo
gies [47,48].

Various studies have demonstrated the impact of different VR tech
nologies on user behavior across domains such as wayfinding, naviga
tion performance, design reviews, and evacuation behaviors 
[32,49–51]. Han et al. [52] discovered that using HMDs in construction 
design reviews improved the detection of design errors, although it 
slightly reduced memory recall compared to desktop VR. Similarly, 
Arias et al. [19] investigated evacuation behaviors in high-rise buildings 
using CAVE and HMD VR formats compared with physical experiments. 
Their findings revealed that HMD VR experiments closely matched 
physical data on pre-evacuation times and exit choices but differed from 
the CAVE setup, highlighting discrepancies between the two VR tech
nologies. However, not all studies have reported significant differences 
between VR technologies. Zhao et al. [53] found no substantial differ
ences in learning outcomes between desktop and immersive virtual field 
trips, suggesting both VR formats are equally effective. This finding is 
supported by Ruddle and Péruch [54], who observed no significant 
differences in wayfinding performance and route knowledge between 
desktop VR and HMD VR.

Emotional and performance responses to different VR formats also 
vary. Kim et al. [55] assessed emotional arousal and task performance 
under stress conditions across multiple VR formats. Their findings 
indicated that the Duke immersive Virtual Environment (DiVE) system 
elicited the highest emotional arousal, desktop systems had minimal 
emotional impact, and HMDs provided the greatest sense of presence but 
induced the most simulator sickness. Despite the excitement typically 
associated with new immersive VR formats, challenges such as simulator 
sickness continue to hinder their widespread adoption [56]. Moreover, 
several virtual environments exceed the spatial capabilities of immer
sive VR formats, such as HTC VIVE, which is restricted to a 10 × 10-m 
area—significantly smaller than many educational or historical virtual 
environments. This spatial limitation has spurred innovations to navi
gate larger digital spaces without physical constraints [57]. Further
more, the continuous motion in immersive VR, which mimics real 
walking without actual movement, often induces intense simulator 
sickness due to a mismatch between what users see and feel [58–60]. 
Although immersive VR formats offer a heightened sense of immersion 
than low-immersion desktop computers, this deep immersion does not 
necessarily enhance certain learning outcomes, such as remote collab
oration and memory recall. Makransky et al. [61] discovered that par
ticipants navigating a virtual science lab using an immersive VR format 
felt more present but learned less than those using a low-immersion 
desktop system, likely due to the additional cognitive load imposed by 
the immersive VR format [41].

Methodologically, existing studies typically employ a diverse array 
of tools from the onset of experimental design to the conclusion of data 

analysis. These tools range from questionnaires and performance tasks 
to environmental manipulations designed to assess the impact of VR on 
behavior [23,62]. Controlled experimental designs facilitate direct 
comparisons of user experience and learning outcomes under stan
dardized conditions, as shown in the studies by Zhao et al. [63] and 
Arias et al. [19]. Customizing virtual environments to fit specific study 
needs, combined with the use of inferential statistics such as ANOVA, t- 
tests, and regression analyses, enables researchers to accurately assess 
the impact of VR formats on user behavior [32]. Additionally, qualita
tive insights gathered through post-experiment interviews or open- 
ended questions further enrich these findings, providing a more 
comprehensive understanding of user experiences [13,33]. Despite 
these methodological strengths, a significant gap remains in the research 
landscape. Many current studies employ simplified experimental setups 
that inadequately capture the complexities and unpredictability 
inherent in real-world environments. This limitation is particularly 
evident in research simulating emergency situations [19,63], where the 
stakes are high and the consequences of design choices can be critical. 
Furthermore, the statistical methods used to compare immersive and 
non-immersive VR studies are often constrained, potentially overlooking 
subtle yet significant differences in user behavior and performance. 
Although VR technology demonstrates considerable potential for 
enhancing user experience and performance, a more nuanced under
standing of its impact across diverse settings and scenarios is essential 
for its effective application and implementation.

3. Method and materials

This section describes the two conditions of VR experiments con
ducted in this study, the participants who took part in the experiments, 
the experimental procedure, and the statistical methods used to analyze 
the collected data on human behavior and experience.

3.1. Virtual environment setup

This section outlines the design and implementation of the VR ex
periments, focusing on the virtual environment setup, exit configura
tions, and the key factors influencing participants’ decisions. Fig. 1
depicts the layout of the meeting room, which contains minimal furni
ture and features three exits labeled A, B, and C. The positions of Exits B 
and C vary depending on the scenario, thereby altering the distances 
participants must travel to reach these exits during evacuation. These 
variations are summarized in Table 1. The layout shows the participants’ 
starting location at the beginning of the experiment, with the red square 
marking the point where the first event (the start of a fire evacuation 
emergency) was triggered upon participants’ arrival. The scenario 
ended once participants exited through one of the three available exits 
without experiencing what was behind Exits B and C.

In each scenario, exit conditions varied based on physical, social, and 
individual factors. Depending on the scenario, the exits differed in their 
physical distance from the decision-maker and the presence of smoke 
(entering from the top of some exits). A relatively dense smoke condi
tion, generated using a Unity-based particle system, was incorporated to 
replicate fire emergency conditions. This choice, guided by previous 
studies, allows the simulation to capture critical visibility constraints 
and the associated behavioral impacts on participants’ emergency 
decision-making [35,64]. Additionally, the exits varied in terms of the 
number of evacuees already using each exit (a social factor) and in 
participants’ familiarity with the exits (an individual factor). Specif
ically, three conditions at the exit—five people (strong social cue), one 
person (weak social cue), and no one (no social cue)—were tested, 
spanning a pronounced group signal to the absence of social guidance 
[65]. Familiarity was defined by a participant’s prior use of an exit. 
Since Exit A was located along the path participants followed to reach 
the starting point in the experiment (indicated by the red square in 
Fig. 1), it was presumed to be more familiar than the other exits.
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The final scenarios, as outlined in Table 1, were identified by Lov
reglio et al. [13] using the Efficient Design method in Ngene 1.4 soft
ware [66]. Efficient Design is a fractional factorial design used to select 
an optimal subset of scenarios from all possible options, aiming to 
maximize the information extracted within a given sample size. Unlike 
traditional methods such as orthogonal design, efficient designs enable 
analysts to obtain reliable estimates of model coefficients with smaller 
sample sizes.

In the subsequent sections, the variables under investigation are 

abbreviated as follows: 

- NP: Number of people using an exit;
- DIST: Distance of the participant from an exit;
- SMOKE: Presence of smoke;
- FAM: Participant’s familiarity with an exit.

The scenario specifications outlined in Table 1 were used to create 
eight virtual experiences with the Unity game engine. The building 
layout was modeled directly in Unity, with the furniture and doors 
sourced from the Unity Asset Store. The other evacuees in the room were 
represented by NPCs, created using Adobe Fuse and animated through 
Mixamo. The NPC development pipeline followed the approach 
described in previous studies [67,68]. Smoke entering the room during 
the fire emergency was simulated using particle systems in Unity. Fig. 2
presents screenshots of the virtual experience. Fig. 3 shows the physical 
space used for the immersive VR experiment.

The experiment was conducted using both immersive and non- 
immersive VR formats. The immersive VR experience was designed for 
the HTC VIVE Pro headset, utilizing Steam VR packages available in the 
Unity Asset Store. This setup provided a 110-degree field of view. The 
application enabled participants to view the digital scenario through the 
headset and navigate the environment by physically walking within a 7 
m × 8 m space. Participant movement within this space was tracked 
using four HTC base stations positioned at the corners of the rectangular 
tracking area (7 m × 8 m). This tracking area was sufficiently large to 
allow participants to move freely within the green-highlighted region 
depicted in Fig. 1.

The non-immersive VR experience was designed for a standard 15-in. 
laptop and built using the standard first-person controller setup in Unity. 
This setup provided an 86-degree diagonal field of view on a 16:9 
standard laptop monitor. Participants’ viewpoint was controlled with 
the mouse, while their movement within the virtual environment was 
managed using either the keyboard arrow keys (up, down, left, and 
right) or the W, A, S, and D keys.

3.2. Experimental procedure

The immersive and non-immersive VR experiments were conducted 
at Massey University’s Albany Campus in New Zealand. The immersive 
experiment occurred in June 2019 [68], while the non-immersive 
experiment was conducted in June 2021. Both experiments followed 
the same structured procedure. First, all participants were required to 
read a participant information sheet and sign a consent form to ensure 
ethical compliance. By signing the form, participants confirmed they 
had no medical conditions that would prevent their participation. Par
ticipants then completed a pre-experiment survey to collect de
mographic information and assess their familiarity with VR and fire 
emergency procedures. After completing the survey, participants were 
asked to start the immersive or non-immersive experience.

Participants began by navigating a preliminary scenario featuring 
only the building layout used in the study. During this familiarization 
phase, they could move through the green areas indicated in Fig. 1 but 
were instructed not to use Exits B and C. This phase allowed participants 
to become accustomed to the environment and the navigation system. 
All participants entered the virtual space through Entrance (Exit A) and 
spent 30–40 s exploring the room before returning to their starting po
sition via Exit A, providing an opportunity to become familiar with this 
exit.

Each participant was then randomly assigned to experience four of 
the eight fire scenarios. To prevent fatigue, participants did not com
plete all eight scenarios, and the total session was limited to approxi
mately 30 min. In each scenario, participants entered the room through 
Exit A and proceeded to a red target (Fig. 1), simulating attendance at a 
virtual meeting. Unbeknownst to them, the study aimed to observe their 
exit choices during an unexpected evacuation. To maintain this 

Fig. 1. Layout of the virtual environment used in the experiment. The locations 
of Exits B and C vary depending on the scenario, as indicated in Table 1 (the 
distance measurements are in mm).

Table 1 
Scenario settings.

Scenario Exit Number of 
People Using 
an Exit (NP)

Distance 
from an Exit 
(DIST)

Presence of 
Smoke 
(SMOKE)

Familiarity 
with an Exit 
(FAM)

1
A 0 6 No Yes
B 10 3.6 Yes No
C 5 4.6 Yes No

2
A 5 6 Yes Yes
B 0 5.6 Yes No
C 10 3 No No

3
A 1 6 Yes Yes
B 1 5.6 No No
C 10 3 No No

4
A 10 6 No Yes
B 0 3.6 No No
C 1 4.6 Yes No

5
A 10 6 No Yes
B 1 3.6 Yes No
C 0 4.6 No No

6
A 5 6 Yes Yes
B 10 5.6 No No
C 0 3 Yes No

7
A 1 6 Yes Yes
B 5 5.6 No No
C 1 3 No No

8
A 0 6 No Yes
B 5 3.6 Yes No
C 5 4.6 Yes No
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deception, participants were informed that the VR experience was 
designed to demonstrate the use of virtual environments for meetings.

Once participants reached the red target, the fire alarm sounded, and 
NPCs in the room stopped their activities, looked around briefly, and 
then moved toward pre-determined exits, as specified in Table 1. NPCs 
were assigned random reaction times, ranging from 3 to 9 s, to prevent 
congestion at the exits. As the alarm sounded, smoke began entering the 
room through designated doors, depending on the scenario (Table 1). 
The experiment concluded when participants reached one of the three 
exits, with their exit choices and navigation paths recorded in a local 
database (i.e., a CSV file).

After completing the VR scenarios, participants filled out a final 
questionnaire to provide feedback on the experiment. The survey 
assessed several factors, including realism, ease of use, emotional re
sponses, urgency perception, and the validity of participants’ behavior. 
Responses were measured on a seven-point Likert scale, ranging from − 3 
(strongly disagree) to +3 (strongly agree). Participants were asked to 
rate their level of agreement or disagreement with the following 
statements: 

- The virtual world was adequate/realistic (Realism 1);
- The virtual fire scenario was adequate/realistic (Realism 2);
- The interaction with other virtual people was adequate/realistic 

(Realism 3);
- I found running this VR scenario easy (Usability);
- This experience makes me feel scared/fearful (Emotion 1);
- Overall, this experience makes me feel tense/nervous (Emotion 2);
- Overall, this experience makes me feel anxious (Emotion 3);
- I felt the urgency to act/do something during the fire emergency 

(Urgency);
- I would act the same way in real life during a fire emergency 

(Validity).

3.3. Participants

A total of 146 participants were recruited for this study, comprising 
86 individuals for the immersive VR experiment and 60 for the non- 
immersive VR experiment. Participants were primarily recruited 
through email campaigns, social media platforms, and referrals from 
other participants. Additional recruitment efforts involved distributing 
flyers and placing advertisements across the Massey University campus, 
targeting multiple student associations. Following Lovreglio et al. [13], 
the immersive group size was fixed at 86, yielding 344 individual ob
servations (each participant completed four scenarios). Prior to con
ducting the non-immersive experiment, a power analysis (assuming a 
medium effect size of 0.25, 80 % power, and α = 0.05) indicated that 
approximately 256 total observations would be needed to adequately 
compare the immersive and non-immersive conditions, and at least 192 
observations would be required to detect significant within-group 
variance for the non-immersive setting. Since each of the 60 non- 
immersive participants also completed four scenarios, their total of 
240 observations exceeded this threshold. This sample size provides 
robust statistical power [69], and the combination of multiple obser
vations per participant with an efficient, D-error-minimized experi
mental design further supports the reliability of the findings [13]. It 
should be noted that the two groups of participants were distinct in
dividuals, randomly recruited from the same university participant pool 
during the same time period, thereby minimizing cohort differences and 
exposure to external history effects.

Fig. 4 presents a comprehensive breakdown of the demographic 
characteristics of both experimental groups. Gender distribution was 
relatively balanced across both groups. The immersive VR group con
sisted of 55.8 % male and 44.2 % female participants, while the non- 
immersive VR group had a near-even split, with 50.8 % male and 
49.2 % female participants. Regarding the age, the immersive VR group 
was predominantly younger, with 66.7 % of participants aged 18–25 
years and 15 % aged 26–29 years. Only 17.9 % of participants were aged 
30 or above, including 11 % aged 30–35, 11 % aged 36–45, and 6 % aged 
46 and older. In contrast, the non-immersive VR group showed a more 
diverse age distribution, with 27 % of participants aged 18–29, 22 % 
aged 30–35, and a substantial representation in older categories: 10 % 
aged 36–45 and 11 % aged 46 and above, extending up to 70 years. 
Despite these differences, a Chi-square test (χ2 = 8.84, p = 0.116) 
showed no statistically significant difference in age distribution between 
the two VR conditions. Ethnic composition varied between the groups, 
although both showed a predominance of Asian participants. In the 
immersive VR group, 52.3 % identified as Asian, followed by 31.4 % as 
European. The remaining participants were distributed among Middle 
Eastern (8.1 %), African (5.8 %), and other ethnicities (2.3 %). The non- 
immersive VR group had an even higher proportion of Asian participants 
at 60 %, with 21.7 % identifying as European and 18.3 % as other 
ethnicities. Additionally, prior VR experience was assessed. In the 
immersive VR group, 74 % of participants had no prior VR experience, 
while 26 % had used VR before. The non-immersive VR group showed a 
similar pattern, with 78.3 % reporting no prior VR experience and 21.7 

Fig. 2. Screenshots of the virtual experience: (a) before and (b) during the evacuation.

Fig. 3. Physical space used for the immersive VR experiment.
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% having used VR previously.

3.4. Statistical analysis

The data collected during the experiments were analyzed using a 
multifaceted approach to examine participants’ decision-making be
haviors in VR environments. As depicted in Fig. 5, this comprehensive 
analysis focused on the influence of various perceived factors and par
ticipants’ responses to a questionnaire assessing different aspects of the 
VR experience. Furthermore, the study investigated the interaction ef
fects between these perceived factors and the VR experience on decision- 
making.

The analysis began with a Chi-Square test to determine whether 
significant differences exist in exit choices between immersive VR and 
non-immersive VR across eight scenarios (Fig. 5a). This test, outlined in 
Eq. 1, compares the observed frequencies of exit decisions in each VR 
setting with the expected frequencies, calculated under the assumption 
that there are no differences in exit choice preferences between the two 
VR settings. In this equation, Oij represents the observed frequency of 
participants choosing or not choosing an exit in each VR setting for each 
scenario. The index i denotes the VR settings (immersive and non- 
immersive), while j indicates the exit decisions (chose exit, did not 

choose exit). Eij represents the expected frequency, assuming no rela
tionship between the VR setting and the exit decision. Building upon this 
initial analysis, the study employed random utility models, specifically 
different forms of the multinomial logit model, to estimate the decision- 
making processes. These models are founded on the principle that 
decision-makers select options that maximize their perceived utility, 
which comprises both a deterministic component and a stochastic error 
component, as outlined in Eqs. 2 and 3. The utility for each decision- 
maker and alternative is defined by the deterministic component Vq,i 

and the stochastic error component εq,i, as shown in Eq. 2. The deter
ministic component follows a linear specification, where Xq,i,j in Eq. 3
represents the observed values of factor j perceived by decision-maker q 
for alternative i, and βi,j denotes the parameters quantifying the deci
sion-maker’s preferences regarding factor j. This analysis of the impact 
of each factor, while controlling for other variables, provides insight into 
their relative significance and the direction of their effects on partici
pants’ exit choices. 

χ2 =
∑

(
Oij − Eij

)2

Eij
(1) 

Uq,i = Vq,i + εq,i (2) 

Vq,i =
∑

j
βi,jXq,i,j (3) 

Although logistic regression has been widely used to model human 
evacuation behavior, it has limitations in distinguishing between cor
relation and causation due to its observational nature and potential 
oversight of latent variables. To overcome these limitations, this study 
incorporates Bayesian networks (BNs) as a more robust alternative. BNs 
provide a powerful and flexible tool for graphically modeling causal 
relationships between variables, elucidating the collective impact of 
various factors on human decisions, and uncovering interactions that 
logistic regression may miss [70]. The effectiveness of BNs has 
contributed to their increasing prominence in risk analysis and emer
gency behavior assessment, with a growing number of publications 
highlighting their advantages in learning and inference algorithms. BNs 
excel over traditional methods in their ability to model multi-state 
variables, requiring fewer parameters and compact probability 
tables—a particular advantage when empirical data are limited. Their 
versatility in combining expert knowledge with data-driven methods is 
crucial in scenarios with scarce failure data, enabling researchers to 
leverage expert insights while potentially reducing subjective bias 

Fig. 4. Distribution of participant characteristics in the immersive and non-immersive VR experiments.

Fig. 5. Statistical analysis framework for VR experiment data.
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compared to purely expert-based approaches [71].
A hierarchical BN was constructed to explore the causal relationship 

between environmental factors and human emergency behavior. Based 
on graph theory principles, this network models the interactions be
tween human exit choice decisions and environmental factors, including 
the number of people at the exit, the distance to the exit, the presence of 
smoke, and individuals’ familiarity with the exit. The BN modeling 
process comprises structure learning and parameter learning. For 
structure learning, the Hill-Climbing algorithm, a type of greedy algo
rithm, was employed (Fig. 6). This algorithm iteratively searches the 
solution space by making local modifications to the current model. 
These modifications are evaluated using predefined scoring functions, 
such as the Bayesian Information Criterion and Akaike Information 
Criterion. This algorithm selects modifications that statistically enhance 
the model while adhering to specified constraints such as mandatory 
edges (whitelist) and forbidden edges (blacklist). Upon establishing the 
structure, Bayesian inference is applied to compute the probabilities of 
query nodes via Bayesian conditional probability calculations within the 
BN framework. This approach updates the conditional probability tables 
(CPTs) by integrating prior distributions with observed data, yielding 
posterior distributions that encapsulate both prior beliefs and new 
empirical evidence. This method is particularly beneficial for managing 
complex models under conditions of uncertainty and data scarcity, 
enabling a nuanced comparison of causal relationships derived from 
both immersive and non-immersive VR experiments. Consequently, it 
offers deeper insights into how environmental factors influence human 
behavior in emergency situations across different VR settings.

In addition to assessing exit choices in VR settings, this study also 
considers how personal perceptions, such as self-efficacy, vulnerability, 
negative emotions, realism, scenario perception, and ecological aware
ness, influence behavior in immersive and non-immersive VR environ
ments, as depicted in Fig. 5b. An analysis of variance (ANOVA) was 
initially conducted to examine how personal characteristics—gender, 
age, and cultural background—influence user experiences across 

different VR settings. This analysis helps determine whether de
mographic groups react differently to VR environments and whether 
specific VR settings can evoke the intended experiential responses 
necessary for emergency studies. Additionally, it identifies which per
ceptions most strongly impact various groups, potentially informing the 
design and development of more effective virtual experiments. Subse
quently, a two-way ANOVA was performed to explore the interaction 
effects between human perceptions (self-efficacy, vulnerability, nega
tive emotions, realism, scenario perception, and ecological factors) and 
environmental factors (number of persons at an exit, distance to an exit, 
presence of smoke, and exit familiarity) on emergency decision-making 
behaviors. Literature suggests that the sense of presence in VR signifi
cantly influences emotional responses and consequent behaviors. For 
example, heightened anxiety can alter decision-making processes, with 
highly anxious individuals showing more extensive visual scanning and 
physiological arousal when facing perceived threats in VR [72]. Addi
tionally, the presence and actions of virtual NPCs in emergency sce
narios can affect evacuation decisions [17]. By exploring these complex 
interactions, the analysis aims to uncover subtleties that single-variable 
analyses may overlook, thereby enhancing our understanding of how 
environmental and perceptual factors collectively influence decision- 
making in VR. This comprehensive analysis of interactions across 
different VR settings will help inform the design of more targeted and 
effective emergency response experiments tailored to various scenarios, 
ultimately yielding more accurate and actionable outcomes.

4. Results and analysis

The following section presents findings from analyses of participants’ 
exit-choice behavior and user experiences in immersive versus non- 
immersive VR environments. Specifically, it compares exit-choice fre
quencies, models the determinants of exit decisions, examines under
lying causal factors, contrasts user experiences between the two settings, 
and explores how user perceptions correlate with exit choices.

Fig. 6. Structural learning of BNs using the Hill-climbing algorithm.
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4.1. User exit choice Behavior analysis

4.1.1. Chi-Square analysis of exit choices in immersive and non-immersive 
VR

To examine exit choice behaviors in diverse VR environments, Chi- 
Square tests were conducted to investigate the differences between 
immersive VR and non-immersive VR across eight distinct scenarios. 
The results (Table 2) generally indicated no significant differences in 
most scenarios, with p-values substantially exceeding the 0.05 
threshold, suggesting that decision-making in both VR formats is sta
tistically comparable under standard conditions. However, Scenario 3 
presented a notable exception, with a significantly low p-value of 
0.00596 highlighting a marked difference in user interactions between 
the two VR experiments.

The distinctive setting of Scenario 3 (Table 1), which featured smoke 
at a familiar exit—unlike other scenarios where smoke and crowd 
density were either uniformly distributed or not combined with famil
iarity cues—likely heightened the psychological impact on participants 
in immersive VR. This scenario underscores how immersive VR’s 
enhanced realism and immersion can significantly amplify the percep
tion of smoke and familiarity cues, creating a stark contrast with the 
non-immersive VR presented on a laptop, where these factors may elicit 
weaker emotional and cognitive responses.

4.1.2. Exit choice modeling
To further investigate emergency exit choice behavior in virtual 

environments, logistic regression analysis was applied to data from both 
non-immersive and immersive VR experiments, with the results pre
sented in Table 3. This analysis provided significant insights into the 
factors influencing participants’ exit choices, revealing distinct patterns 
under varying experimental conditions. In the non-immersive VR 
experiment, the “Dist” (distance to the exit) and “Smoke” (presence of 
smoke) factors emerged as significant predictors, both negatively 
correlating with the likelihood of exit selection—consistent with safety 
behavior principles. As distance increases or smoke impairs visibility, 
the probability of selecting a specific exit decreases, as indicated by p- 
values less than 0.01.

Conversely, the immersive VR experiment revealed significant cor
relations for all four factors. The “NP” (number of people at an exit) 
factor had a positive coefficient (0.131), suggesting that more people at 
an exit increased the likelihood of its selection, possibly due to social 
proof or herd behavior (p < 0.001). The “Fam” (familiarity with an exit) 
factor also showed a significant positive effect, with a coefficient of 
1.379, indicating that familiarity enhances exit selection. This finding 
highlights the role of environmental cues and prior knowledge in 
decision-making under high sensory immersion. Meanwhile, the Dist 
factor retained its negative correlation, with its effect nearly doubling in 
immersive settings (− 0.574), suggesting an amplified spatial awareness. 
The Smoke factor also showed a more pronounced negative impact 
(− 2.312) in immersive VR, aligning with the expectation that sensory- 
rich environments amplify hazard perception and subsequently influ
ence behavior more markedly. The differences observed between non- 
immersive and immersive settings highlight the complex interplay of 
environmental factors and sensory engagement in shaping behavior 

during emergency egress. This suggests that immersion intensifies the 
impact of social and environmental cues on decision-making.

Fig. 7 presents the effect plots illustrating the impact of Dist and NP 
on participants’ exit choices in non-immersive (red) and immersive VR 
(blue) environments. The shaded regions around the regression lines 
represent the 95 % confidence intervals, providing insight into the 
precision of the estimated effects. Notably, narrower confidence in
tervals in certain areas reflect higher certainty in these estimates. The 
impact of these factors was more pronounced in the immersive VR 
setting, as evidenced by the steeper slopes of the regression lines. Spe
cifically, in the immersive VR condition, distance to the exit had a 
stronger negative impact on exit choice, with participants significantly 
less likely to select a distant exit. This steeper gradient reflects the more 
intense effect of spatial factors when participants are immersed in a 
more realistic and engaging virtual environment, compared to the more 
gradual influence observed in the non-immersive VR condition. In 
addition to distance, an increase in the number of people at an exit 
correlates with a higher likelihood of participants choosing that exit in 
the immersive VR environment, suggesting a pronounced herding 
behavior. This contrasts sharply with the non-immersive VR condition, 
where the influence of crowding on exit choice appears more complex or 
less pronounced, indicating that the non-immersive VR may have been 
less effective at amplifying the social cues necessary for participants’ 
decision-making. Furthermore, the confidence intervals (represented by 
the shaded areas around the regression lines) for the non-immersive VR 
condition, particularly regarding the number of people at an exit, are 
significantly wider. This suggests participants in a lower-immersion 
environment perceived virtual cues more weakly or inconsistently, 
resulting in more varied responses and less consensus in behavior. In 
contrast, the fully immersive VR condition provided stronger sensory 
cues and a more engaging environment, leading to more uniform re
sponses across participants. These discrepancies may indicate technical 
limitations (e.g., lower perceived presence) inherent in the current non- 
immersive VR design, which could reduce user engagement and weaken 
cue delivery.

4.1.3. Causal analysis of exit choices in VR settings
Following the logistic regression analysis, a causal analysis using BN 

modeling was performed to elucidate how specific variables influence 
exit decisions, addressing the complexity of their interrelationships. 
While logistic regression evaluates direct effects on a binary outcome, 
BNs capture conditional dependencies and more nuanced interactions. 
Notably, leveraging established insights into how environmental factors 
shape exit choices, the Hill-Climbing algorithm was employed to 
determine the optimal structure of the BN.

Fig. 8 displays the BN constructed from data gathered in both non- 
immersive and immersive VR experiments. The comparison reveals 
that participants’ decisions to exit or not, under controlled conditions, 
are generally consistent, highlighting an inherent behavioral pattern in 
emergency scenarios.

Table 4 presents the conditional probabilities of choosing an exit in 
response to various environmental factors in both non-immersive and 
immersive VR settings. Notably, probabilities around 0.5 indicate no 
significant causal effect from the environmental or social variables 
tested, suggesting that participant decisions under these conditions are 
essentially random. In immersive VR, the presence of smoke profoundly 
affects exit choices, markedly reducing the likelihood of selecting a close 
exit from 0.352 to 0.069 when smoke is present and no people are at an 
exit. This significant decrease underscores an increased perception of 
risk associated with smoke, highlighting the strong aversive reaction 
elicited by the realistic settings of immersive VR. Furthermore, distance 
to the exit generally influences choices in smoke-free conditions, with 
closer exits preferred. However, this preference diminishes when smoke 
is introduced, suggesting that perceived environmental risks may su
persede the usual preference for proximity. Social dynamics, indicated 
by the number of people at an exit, also significantly influence decision- 

Table 2 
Chi-square results for exit choices across VR scenarios.

Scenario Statistic Value P-Value Significance

1 3.260 0.071 Not Significant
2 0.842 0.359 Not Significant
3 7.560 0.005 Significant
4 2.650 0.104 Not Significant
5 0.605 0.437 Not Significant
6 3.080 0.0792 Not Significant
7 0.821 0.365 Not Significant
8 3.260 0.071 Not Significant
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making in immersive VR. The likelihood of choosing an exit increases 
substantially when more individuals are present, supporting the concept 
that social cues—such as the presence of others—instill a sense of se
curity or encourage herd behavior, particularly in environments where 
realism intensifies the perceived stakes of decision-making. In contrast, 
responses in the non-immersive VR environment show considerably less 
variability. Neither the presence of smoke nor familiarity with the exit 
significantly influences exit choices, as evidenced by the minimal 
changes in probabilities (e.g., from 0.269 to 0.311 when smoke is 
introduced). This muted response suggests that the diminished sensory 

engagement and realism of non-immersive VR lessen the impact of 
environmental cues on behavior, potentially reducing its effectiveness in 
scenarios that require realistic emotional and cognitive responses. The 
consistent response patterns in non-immersive VR, particularly 
regarding the negligible effects of familiarity and smoke, align with 
previous findings that less realistic environments yield less behavioral 
variation among participants.

On the other hand, when comparing the results from conditional 
probability analysis (CPA) with those from logistic regression, both 
methods consistently highlight the significant negative impact of smoke 

Table 3 
Correlation analysis.

Factor Non-immersive VRExperiment Immersive VR Experiment

Coefficient Standard Error Z-value P-value Coefficient Standard Error Z-value P-value

NP 0.015 0.021 0.7290 0.466 0.131 0.019 6.868 p < 0.001 ***
Dist − 0.258 0.098 − 2.6410 0.008 ** − 0.574 0.097 − 5.948 p < 0.001 ***
Smoke − 0.884 0.170 − 5.2070 p < 0.001 *** − 2.312 0.174 − 13.263 p < 0.001 ***
Fam − 0.252 0.257 − 0.9820 0.326 1.379 0.242 5.699 p < 0.001 ***

Fig. 7. Effect plot for immersive and non-immersive VR experiments.

Fig. 8. Bayesian network of environmental factors and exit choice behavior in both non-immersive and immersive VR experiments.
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visibility and the preference for closer exits. Logistic regression reveals 
highly significant negative coefficients for both smoke (− 0.884 in non- 
immersive, − 2.312 in immersive; p < 0.001) and distance (− 0.258 in 
non-immersive, − 0.574 in immersive; p < 0.001), corroborating the 
trends observed in the CPA data. However, discrepancies emerge in the 
analysis of familiarity. While CPA often indicates a neutral effect of fa
miliarity (marked as 0.500*, with probabilities around 0.500), sug
gesting negligible impact, logistic regression identifies a significant 
positive effect in immersive VR, highlighting a potential limitation of 
CPA in detecting subtle variable interactions. These differences may 
stem from the distinct focuses of the two methodologies: CPA concen
trates on direct conditional probabilities and local dependencies among 
variables, capturing how exit choice probabilities vary under specific 
conditions; meanwhile, logistic regression assesses the overall impact of 
each predictor on exit choice while controlling for other variables, 
providing a more defined quantification of each variable’s influence.

4.2. User experience analysis in non-immersive and immersive VR 
experiments

Fig. 9 provides a detailed overview of user experiences in non- 
immersive (red boxplot) and immersive (blue boxplot) VR experi
ments. Participants in the non-immersive VR setting reported slightly 
higher levels of self-efficacy, possibly due to the predictability and fa
miliarity of user interfaces (a laptop and a mouse), which bolstered their 
confidence in handling emergencies. This observation also extended to 
their vulnerability experiences. Additionally, scenario perception, the 
intuitive judgment of an emergency’s severity and urgency within a 
virtual environment, was notably enhanced in non-immersive VR. This 
finding suggests that reduced immersion may sharpen users’ focus on 
the emergency narrative, a key element in developing VR-based training 
interventions. Perceived realism, which measures how closely the 

environment, the fire hazard, and the virtual humans resemble reality, 
received similarly positive ratings in both immersive and non-immersive 
modes. Conversely, participants in immersive VR reported significantly 
higher levels of negative emotions, such as fear, tension, and anxiety, 
alongside a more uniform agreement on the realism of the immersive VR 
experience. Interestingly, ecological validity, which measures realistic 
user behavior in VR scenarios, showed no significant differences be
tween the two formats. This finding suggests that both VR settings 
effectively convinced participants that their behavioral responses and 
decision-making were similar to those they would exhibit in real-life 
emergencies. Moreover, immersive VR received higher ratings for user 
engagement and ease of interaction, indicating that while non- 
immersive VR may enhance users’ confidence through familiar con
trols, immersive VR excels at creating more engaging and user-friendly 
environments. This analysis highlights the critical role of immersion in 
VR experience design, offering valuable insights for improving safety 
training and other applications involving high-stakes decision-making.

In addition, ANOVA was conducted to investigate the effects of de
mographic and experiential factors on user perceptions across different 
VR environments (Table 5). The results indicate that the immersive 
nature of VR significantly amplifies the impact of variables, such as VR 
experience, gender, and age, on user perceptions in both non-immersive 
and immersive settings. Specifically, self-efficacy is substantially 
enhanced in immersive VR, with VR experience and gender showing 
significant effects (Mean Sq = 129.980; F-value = 78.650), highlighting 
the heightened sensitivity of self-efficacy to these factors. Conversely, 
vulnerability is more influenced by VR experience in non-immersive 
settings, with the effects of gender and age being less pronounced in 
immersive VR. This pattern suggests that non-immersive VR may not 
adequately engage sensory and cognitive faculties, thus minimizing the 
visibility of age-related differences and their impact on self-efficacy and 
other factors. However, in immersive VR, there is a marked increase in 
the influence of both VR experience and age on negative emotions, 
suggesting that greater immersion amplifies emotional responses. 
Additionally, while realism is noticeably impacted by age in non- 
immersive VR, it is less influenced by VR experience in immersive set
tings, indicating that age-related differences in sensory acuity and 
cognitive engagement are more pronounced in less immersive condi
tions. In contrast, immersive VR significantly affects perceptions related 
to realism and ecological validity, with both age and VR experience 
intensifying these effects. This demonstrates that enhanced sensory ex
periences in immersive VR increase sensitivity to age-related variations. 
Scenario perception in immersive settings is less influenced by VR 
experience, whereas ecological validity is considerably sensitive to both 
age and VR experience, especially in immersive environments. This 
heightened sensitivity suggests that familiarity with immersive VR can 
reduce vulnerability and bolster perceived control and competence, 

Table 4 
Conditional probability table.

Settings Smoke Fam Dist NP = 0 NP = 1 NP = 5 NP = 10

Immersive VR

False False Close 0.352 0.651 0.500* 0.823
False False Far 0.500* 0.070 0.256 0.818
True False Close 0.069 0.046 0.127 0.310
True False Far 0.024 0.500* 0.500* 0.500*
False True Close 0.500* 0.500* 0.500* 0.500*
False True Far 0.655 0.500* 0.500* 0.602
True True Close 0.500* 0.500* 0.500* 0.500*
True True Far 0.500* 0.070 0.163 0.500*

Non-immersive VR

False False Close 0.269 0.714 0.500* 0.473
False False Far 0.500* 0.048 0.286 0.690
True False Close 0.311 0.314 0.185 0.445
True False Far 0.765 0.500* 0.500* 0.500*
False True Close 0.500* 0.500* 0.500* 0.500*
False True Far 0.500* 0.500* 0.500* 0.418
True True Close 0.500* 0.500* 0.500* 0.500*
True True Far 0.500* 0.018 0.016 0.500*

Fig. 9. User experience in immersive and non-immersive VR experiments.
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likely due to users acclimating to the complexities of VR’s sensory and 
interactive elements. These findings highlight the importance of 
considering the immersive quality of VR when evaluating its psycho
logical effects, as user experience, age, and gender significantly influ
ence user perceptions.

4.3. Correlation between user perception and exit choice

This study examined the interaction effects between user perceptions 
and the characteristics of emergency scenarios on exit choice behavior in 
both non-immersive and immersive VR environments. The ANOVA re
sults revealed significant interaction effects (p < 0.05) between key 
variables, as depicted in Figs. 10 and 11 for non-immersive and 
immersive VR experiments, respectively.

For the non-immersive VR experiment, Fig. 10a illustrates the 
interaction between exit familiarity and perceived ease of control within 
the desktop VR environment. Participants familiar with an exit showed 
an increased likelihood of choosing that exit as their perceived ease of 
using the VR format increased. This relationship was particularly pro
nounced for higher ease ratings, suggesting that familiarity enhances the 
usability benefits of the VR format. Conversely, participants unfamiliar 
with the exit demonstrated an inverse relationship; as their perceived 
ease of using the VR environment increased, their likelihood of choosing 
the unfamiliar exit generally decreased. This unexpected finding may be 
attributed to the increased ease of use, which encourages unfamiliar 

users to explore the environment more thoroughly, thereby reducing 
their reliance on the first encountered exit. Fig. 10b illustrates the 
complex relationship between exit familiarity and perceived vulnera
bility in participants’ exit choice behavior in the non-immersive VR 
setting. For participants familiar with an exit, increased perceived 
vulnerability correlated with a higher likelihood of choosing that 
familiar exit, indicating that familiarity significantly influences 
decision-making in stressful situations. Conversely, for participants un
familiar with an exit, heightened vulnerability decreased the likelihood 
of selecting that exit. Interestingly, as perceived vulnerability increased, 
the relative influence of familiarity on exit choice diminished, suggest
ing that under extreme stress, the immediate need to escape might 
override the benefits of familiar surroundings.

In the immersive VR experiment, notable interaction effects were 
observed between familiarity and perceived vulnerability, as well as 
between familiarity and negative emotion perception. As depicted by 
the regression lines in Fig. 11a, the influence of familiarity on decision- 
making varied significantly with the level of perceived vulnerability. 
Specifically, at lower levels of perceived vulnerability, participants were 
more likely to choose familiar exits. However, as perceived vulnerability 
increased, the likelihood of selecting familiar exits decreased markedly. 
This could be attributed to participants perceiving the consequences of a 
fire emergency as highly harmful, potentially leading to less rational 
decision-making during exit selection. Similarly, Fig. 11b illustrates the 
interaction between familiarity and negative emotions. When 

Table 5 
ANOVA results for user perceptions in VR experiment.

Experience Factor Personal Factor Non-immersive VR experiment Immersive VR experiment

Mean Sq F value P value Mean Sq F value P value

Self-Efficacy
VR Experience 6.148 5.193 < 0.01 15.620 8.857 < 0.01
Gender 74.110 67.610 < 0.001 129.980 78.650 < 0.001
Age 0.388 0.324 0.570 129.980 78.650 < 0.001

Vulnerability
VR Experience 18.120 16.030 < 0.001 8.949 5.761 0.017
Gender 60.090 54.860 < 0.001 0.629 0.403 0.526
Age 8.959 7.679 0.006 0.629 0.403 0.526

Negative Emotions
VR Experience 47.250 18.130 < 0.001 56.170 22.930 < 0.001
Gender 6.422 2.357 0.125 262.200 116.600 < 0.001
Age 13.404 4.937 0.027 262.200 116.600 <0.001

Realism
VR Experience 4.806 2.325 < 0.01 0.827 0.530 0.467
Gender 0.022 0.011 0.918 15.954 10.320 < 0.01
Age 134.270 71.000 < 0.001 15.954 10.320 0.001

Scenario Perception
VR Experience 15.752 11.700 < 0.001 1.291 0.478 0.490
Gender 31.250 23.240 < 0.001 17.406 6.477 < 0.05
Age 14.005 10.230 < 0.01 17.406 6.477 0.011

Ecological
VR Experience 4.920 3.238 0.040 19.011 7.165 0.008
Gender 7.200 4.734 < 0.05 71.390 27.430 <0.001
Age 31.800 21.390 < 0.001 71.390 27.430 < 0.001

Fig. 10. Interaction plot for non-immersive VR experiment.
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participants experienced intense negative emotions, such as heightened 
anxiety or nervousness, exit distance had minimal impact on their 
choices, with similar probabilities of selecting close or distant exits. 
Conversely, participants made more rational decisions under lower 
emotional stress, preferring closer exits. These findings suggest that high 
levels of perceived vulnerability and intense negative emotions can 
result in less rational decision-making during emergency exit selection, 
potentially overriding the influences of familiarity and proximity.

This highlights the complex interplay between psychological factors 
(perceived vulnerability and negative emotions) and environmental 
cues (exit familiarity and distance) in shaping emergency exit choice 
behavior within VR simulations. The results indicate that emotional 
states and risk perception can significantly influence decision-making in 
simulated emergency scenarios, potentially overriding more rational 
considerations such as exit proximity or familiarity. This understanding 
has critical implications for emergency preparedness and evacuation 
planning, emphasizing the need to consider both environmental design 
and psychological factors in optimizing safety strategies and informing 
future experimental designs.

5. Conclusions

VR has gained widespread recognition for its ability to simulate 
realistic environments and evoke emotional responses, providing valu
able insights into human behavior during emergencies. However, the 
high costs associated with immersive VR formats limit their scalability, 
thereby affecting the breadth of data collection in studies. This paper 
presented a comparative analysis of the impact of immersive and non- 
immersive VR environments on exit choices during simulated emer
gency evacuations. Specifically, it examined how factors, such as the 
number of people at an exit, smoke presence, exit distance, and famil
iarity with an exit, shape decision-making, alongside a user experience 
survey to assess the impact of the virtual environment type. By 
employing a multifactorial experimental design integrated within a 
comprehensive analytical framework, this research captures the com
plex interdependencies among behavioral cues, user perceptions, and 
situational contexts, examining them collectively as components of a 
unified system rather than independently. This integrated approach 
directly addresses a limitation in previous studies, which typically 
investigated these variables in isolation and static manner. Furthermore, 
the proposed analytical framework is significantly more robust and 
layered, which goes beyond basic group comparisons by integrating Chi- 
square tests, random utility modeling for discrete decision analysis, 
ANOVA for examining differences across conditions, and a causal 
analysis to uncover underlying drivers of evacuee choices. This 
comprehensive approach provides deeper insight into not only what 

differences exist between immersive and non-immersive VR in emer
gency scenarios, but also why they arise under stress, enhancing the 
interpretability of the findings and their relevance to both theoretical 
understanding and practical applications.

This study revealed several key findings. First, immersive VR 
enhanced the impact of environmental cues on decision-making, with 
participants in immersive environments showing a stronger preference 
for closer exits and greater susceptibility to social influence. The pres
ence of smoke significantly affected exit choices in immersive VR, sug
gesting that immersive environments are more effective at capturing 
attention and evoking stronger emotional responses. Additionally, a 
negative interaction between smoke and exit distance was observed, 
indicating that proximity to exits was less influential in the presence of 
smoke, possibly because perceived environmental risks overrode typical 
decision-making preferences. Regarding user experience, participants in 
immersive VR reported higher engagement, easier interaction, and 
stronger negative emotions, such as fear and anxiety. Conversely, non- 
immersive VR users demonstrated higher self-efficacy and better sce
nario perception, likely due to the reduced sensory load in non- 
immersive environments. Despite these differences, both VR formats 
exhibited comparable self-reported ecological validity, indicating their 
effectiveness in simulating real-world emergency responses. Further
more, personal factors, including prior VR experience, age, and gender, 
significantly influenced perceptions and emotional responses, particu
larly in immersive VR. In non-immersive VR, prior experience had a 
greater impact on perceptions of vulnerability. Notably, participants 
who perceived higher vulnerability tended to choose more familiar exits 
in the non-immersive VR environment; however, this effect diminished 
in immersive VR, where emotional stress appeared to override rational 
decision-making. Additionally, the influence of exit distance on 
decision-making weakened under high emotional stress, suggesting that 
negative emotions and perceived risks may lead to less rational exit 
choices.

Overall, this study makes several key contributions to the fields of 
emergency evacuation and VR research. First, it provides a compre
hensive comparison of exit behavior in immersive and non-immersive 
VR environments, highlighting how key factors shape decision-making 
differently in each setting. This comparison is crucial since VR-based 
evacuation studies vividly demonstrate how occupants choose and 
move toward exits under pressure, confirming that crowd dynamics and 
clear visual cues decisively influence split-second decisions. Architects 
can harness these behavioral insights to optimize exit layouts, under
scoring the critical importance of VR simulation experiments for 
informing architectural design. Thus, by contrasting fully immersive, 
headset-based VR simulations with non-immersive, screen-based ones, 
the study clarifies how the level of immersion intensifies—or 

Fig. 11. Interaction plot for immersive VR experiment.
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tempers—participants’ responses under stress. These insights deepen 
our understanding of VR’s impact on emergency behavior, helping re
searchers refine VR-based experimental protocols so that evacuation 
trials yield more realistic, reliable data. In turn, the improved evidence 
base supports architects and safety engineers in designing buildings that 
are not only safer but also more resilient. Second, by examining the 
interaction between emotional responses and decision-making, this 
study reveals how different VR formats shape participants’ emotional 
states under stress. This underscores the critical role of immersion in 
shaping emotional responses, broadening the scope of emergency 
behavior research and emphasizing how emotional stress can override 
rational decision-making. Third, this study emphasizes the significant 
impact of personal factors, such as prior VR experience, age, and gender, 
on user perceptions and behaviors in VR simulations. It highlights the 
importance of accounting for these variables when designing and 
interpreting VR-based evacuation studies to ensure that findings more 
accurately reflect real-world decision-making.

While this study offers valuable insights, several limitations should 
be addressed in future research. This study primarily focused on factors 
such as social influence, smoke presence, exit distance, and familiarity. 
As such, future studies should explore a broader range of emergency 
behaviors or the intricate psychological underpinnings (e.g., panic 
escalation) to provide a more in-depth understanding of individual re
actions in virtual emergency scenarios. In addition, the comparison of 
immersive and non-immersive virtual evacuation environments was 
constrained by the specific technological setup employed in this study. 
Varying technical parameters, for example, implementing dynamic 
field-of-view adjustments to reduce visual-cognitive load or applying 
spatial-audio solutions such as Meta’s de-reverberation to enhance 
sensory coherence, would clarify how system design influences affective 
responses and immersion. Such insights can optimize VR emergency- 
training simulations by aligning technical configurations with behav
ioral realism. Moreover, tracking arousal dynamically through repeated 
self-reports and physiological indices (e.g., heart rate, skin conductance) 
before, during, and after exposure would offer more precise evidence of 
VR-induced stress and its impact on evacuation decisions. Ecological 
validity could be further strengthened through multi-modal interaction 
paradigms, such as haptic feedback, gesture recognition, and dynamic 
visual rendering, which bridge the gap between virtual and real-world 
emergency responses. Finally, grounding these design choices in estab
lished psychological models of stress, decision-making, and situational 
awareness will refine VR practice and strengthen its value for high- 
stakes behavioral research and training.
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Retracing evacuation strategy: a virtual reality game-based investigation into the 
influence of building’s spatial configuration in an emergency, Spat. Cogn. Comput. 
22 (2022) 30–50, https://doi.org/10.1080/13875868.2021.1913497.

[32] Y. Feng, D.C. Duives, S.P. Hoogendoorn, Wayfinding behaviour in a multi-level 
building: a comparative study of HMD VR and desktop VR, Adv. Eng. Inform. 51 
(2022), https://doi.org/10.1016/j.aei.2021.101475.

[33] J. Kubota, T. Sano, E. Ronchi, Assessing the compliance with the direction 
indicated by emergency evacuation signage, Saf. Sci. 138 (2021), https://doi.org/ 
10.1016/j.ssci.2021.105210.

[34] M. Fu, R. Liu, Y. Zhang, Do people follow neighbors? An immersive virtual reality 
experimental study of social influence on individual risky decisions during 
evacuations, Autom. Constr. 126 (2021), https://doi.org/10.1016/j. 
autcon.2021.103644.

[35] M. Fu, R. Liu, Y. Zhang, Why do people make risky decisions during a fire 
evacuation? Study on the effect of smoke level, individual risk preference, and 
neighbor behavior, Saf. Sci. 140 (2021), https://doi.org/10.1016/j. 
ssci.2021.105245.

[36] J. Lin, L. Cao, N. Li, Assessing the influence of repeated exposures and mental stress 
on human wayfinding performance in indoor environments using virtual reality 
technology, Adv. Eng. Inform. 39 (2019) 53–61, https://doi.org/10.1016/j. 
aei.2018.11.007.

[37] J. Lin, R. Zhu, N. Li, B. Becerik-Gerber, Do people follow the crowd in building 
emergency evacuation? A cross-cultural immersive virtual reality-based study, 
Adv. Eng. Inform. 43 (2020), https://doi.org/10.1016/j.aei.2020.101040.

[38] X. Ben Song, R. Lovreglio, Investigating personalized exit choice behavior in fire 
accidents using the hierarchical Bayes estimator of the random coefficient logit 
model, Analyt. Meth. Accident Res. 29 (2021), https://doi.org/10.1016/j. 
amar.2020.100140.

[39] P.E. Wais, M. Arioli, R. Anguera-Singla, A. Gazzaley, Virtual reality video game 
improves high-fidelity memory in older adults, Sci. Rep. 11 (2021), https://doi. 
org/10.1038/s41598-021-82109-3.

[40] E. Krokos, C. Plaisant, A. Varshney, Virtual memory palaces: immersion aids recall, 
Virtual Reality 23 (2019) 1–15, https://doi.org/10.1007/s10055-018-0346-3.

[41] L. Chittaro, F. Buttussi, Exploring the use of arcade game elements for attitude 
change: two studies in the aviation safety domain, Int. J. Hum.-Comput. Stud. 127 
(2019) 112–123, https://doi.org/10.1016/j.ijhcs.2018.07.006.

[42] Y. Zhao, C.L. Bennett, H. Benko, E. Cutrell, C. Holz, M.R. Morris, M. Sinclair, 
Enabling People with Visual Impairments to Navigate Virtual Reality with a Haptic 
and Auditory Cane Simulation, Conference on Human Factors in Computing 
Systems - Proceedings, 2018-April, 2018, https://doi.org/10.1145/ 
3173574.3173690/SUPPL_FILE/PN1758.MP4.

[43] D.L. Gao, W. Xie, E.W. Ming Lee, Individual-level exit choice behaviour under 
uncertain risk, Phys. A: Statis. Mechan. Applicat. 604 (2022), https://doi.org/ 
10.1016/j.physa.2022.127873.

[44] N.W.F. Bode, A.U. Kemloh Wagoum, E.A. Codling, Information use by humans 
during dynamic route choice in virtual crowd evacuations, R. Soc. Open Sci. 2 
(2015), https://doi.org/10.1098/rsos.140410.

[45] A. Normoyle, J. Drake, A. Safonova, Egress Online: Towards Leveraging Massively, 
Multiplayer Environments for Evacuation Studies. https://repository.upenn.edu/h 
andle/20.500.14332/7949, 2012. (Accessed 6 May 2025).

[46] M. Shi, Z. Zhang, W. Zhang, Y. Ma, H. Li, E.W.M. Lee, The study of self-organised 
behaviours and movement pattern of pedestrians during fire evacuations: virtual 
experiments and survey, Saf. Sci. 170 (2024), https://doi.org/10.1016/j. 
ssci.2023.106373.

[47] J.M. Davila Delgado, L. Oyedele, P. Demian, T. Beach, A research agenda for 
augmented and virtual reality in architecture, engineering and construction, Adv. 
Eng. Inform. 45 (2020), https://doi.org/10.1016/j.aei.2020.101122.

[48] M. Umair, A. Sharafat, D.E. Lee, J. Seo, Impact of Virtual Reality-Based Design 
Review System on User’s Performance and Cognitive Behavior for Building Design 
Review Tasks, Appl. Sci. 12 (2022) 7249, https://doi.org/10.3390/APP12147249.

[49] P. Srivastava, A. Rimzhim, P. Vijay, S. Singh, S. Chandra, Desktop VR is better than 
non-ambulatory HMD VR for spatial learning, Front. Robotics and AI 6 (2019), 
https://doi.org/10.3389/frobt.2019.00050.

[50] D. Paes, J. Irizarry, D. Pujoni, An evidence of cognitive benefits from immersive 
design review: comparing three-dimensional perception and presence between 
immersive and non-immersive virtual environments, Autom. Constr. 130 (2021), 
https://doi.org/10.1016/j.autcon.2021.103849.

[51] D. Paes, E. Arantes, J. Irizarry, Immersive environment for improving the 
understanding of architectural 3D models: comparing user spatial perception 
between immersive and traditional virtual reality systems, Autom. Constr. 84 
(2017) 292–303, https://doi.org/10.1016/j.autcon.2017.09.016.

[52] B. Han, F. Leite, Measuring the impact of immersive virtual reality on construction 
design review applications: head-mounted display versus desktop monitor, 
J. Constr. Eng. Manag. 147 (2021) 04021042, https://doi.org/10.1061/(ASCE) 
CO.1943-7862.0002056.

[53] J. Zhao, P. LaFemina, J. Carr, P. Sajjadi, J.O. Wallgrun, A. Klippel, Learning in the 
Field: Comparison of Desktop, Immersive Virtual Reality, and Actual Field Trips for 
Place-Based STEM Education, 2020, pp. 893–902, https://doi.org/10.1109/ 
VR46266.2020.00012.
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