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ARTICLE INFO ABSTRACT

Keywords: Physical evacuation drills are pre-planned activities to train building occupants in facing emergencies and
Immersive Virtual Reality evaluate safety performances. Nowadays, technologies including Virtual Reality (VR) and Immersive Virtual
Drills

Reality (IVR) are shifting from the physical to the virtual paradigm. AR enables just to extend real-world
environment, while VR and IVR allow to (re)create and manipulate digital environments. VR and IVR
simulation systems have been observed to guarantee higher involvement and long-term information retention
— leveraging more attractive experiences and psychological arousal. However, efforts should be provided
to improve end-user training while assessing occupants’ behaviors and the effectiveness of the emergency
plan. This paper proposes a systematic literature review of VR and IVR evacuation solutions. To support
and guide such effort, we formulated thirteen structured research questions investigating scenarios, recipients,
requirements, objectives, methods, and technologies. The results mainly show that VR and IVR drills almost
entirely tackle a single hazard, considers occupants as sole system recipients, and lack systems formalization.
Among the most relevant outcomes, the paper analyzes the need for enhancing the modeling of emergency
systems (e.g., signage, alarms), user inclusiveness (i.e., impaired individuals), devices, non-player characters,
and additional effects (e.g., heat reproduction, sounds, and smells). These measures can improve the level of
realism experienced by the user of IVR simulators and pave the way to more reliable outcomes.

Evacuation
Emergency simulation
User behavior

1. Introduction are also widely used to assess the safety performances of emergency
procedures also in relation to the built environment features and the

Evacuation drills represent one of the most common and signif- adopted risk-mitigation strategies (e.g., by evaluating response and
icant activities to train and educate about disaster/hazards in the evacuation times and the order of performed actions) (Gwynne et al.,

built environments — either single buildings, neighborhoods, or ur- 2020; Abir et al., 2022; Kinateder et al., 2021a; Yoshida, 1995; Cgdas
ban area (Gwynne et al., 2020; Kwegyir-Afful, 2022). They aim at and Saglamer, 1995). Thus, evacuation drills are widely recognized

training different typologies of occupants to face emergency conditions as significant educational support in becoming familiar with the built
according to their roles, emergency procedures, and depending on the environments and the hazard-related procedures (when possible) be-
considered disaster scenario (Gwynne et al., 2020; Abir et al., 2022; sides just facing possible real-world critical situations (Gwynne et al.,
Kinateder et al., 2021a; Shi et al., 2021). In particular, they can under- 2020; Ramachandrail, 1985; Villagran de Leén, 2006; Lin et al., 2020a;
take specific tasks, such as identifying possible risk and safety elements, van der Wal et al., 2021; Lin et al., 2020c; Leder et al., 2019).

performing individual safety procedures, selecting the proper routes to
reach an assembly area, assisting vulnerable occupants (for the staff),
and hazards damage containment (for firefighters and rescuers). Drills

Many countries provide guidelines and drill-based training
for several kinds of disasters in buildings (e.g., earthquake hazards)’
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(Bernardini et al., 2019), requirements of national safety regulations
and building codes support the definition of evacuation drills, by
mainly orienting their adoption in the field of fire hazards, and in
coordination with fire evacuation plans (Gwynne et al., 2020; Kwegyir-
Afful, 2022).

In most cases, in-building fire drills stage an emergency, activating
the fire alarm system and entailing the evacuation through the nearest
or the most familiar exit/safest route. The procedures of the exercise
change depending on variables such as the scope of the building
(i.e., supermarket, school, or hospital) and its physical dimension (sin-
gle house, apartment building, or skyscraper). Nevertheless, since drills
are “models” of emergency conditions, the efficiency of the evacua-
tion process can be affected by biases and oversimplifications of real-
world situations (i.e., oversimplification of getting to safety/leaving the
building, reaching a meeting point, and of the actual environmental
conditions) (Gwynne et al., 2020; Yoshida, 1995; Lin et al., 2020c;
Shih et al., 2000). Indeed, conventional emergency drills are often
done outside of normal/peaks business hours to minimize the risks for
occupants and costs for business continuity (in terms of both monitor-
ing devices/human resources and loss of services supply) (Kinateder
et al., 2021a; Gwynne et al., 2019), thus simplifying the tests and
reparations if needed. Too often, vulnerable and fragile groups (i.e., in-
dividuals with medical issues or physically impaired (Lally and Crome,
2007; Pel-Littel et al., 2009)) are not considered/involved in the tests.
Nevertheless, their engagement should be a priority, in light of their
risk exposure exacerbated by their specific features/needs (Tancogne-
Dejean and Laclémence, 2016). A further limitation is the inconsistent
and/or partial data collection during the emergency physical drills,
often due to the lack of systematic and objective data collection meth-
ods (Kinateder et al., 2021b). The results obtained by such studies
provide a limited understanding of the drills and the ability to compare
them and assess whether the exercises constitute a valid evacuation
model (Kinateder et al., 2021b). Moreover, previous works point out
the limited evidence of lasting benefits, given the high contrast between
testing scenarios and real-world (Gwynne et al., 2020; van der Wal
et al., 2021; Bernardini et al., 2019). Virtual Reality (VR) systems are
composed of monitors (displays) rendering the environment in which
the user can operate through the use of joysticks or a keyboard/mouse
(like in video games). Immersive Virtual Reality (IVR) immerses the
user in the environment through dedicated devices such Head-Mounted
Displays (i.e., Oculus Lovreglio et al., 2018) or Cave Automatic Virtual
Environment (i.e., CAVE Ronchi et al., 2015), which are capable of
providing a fully immersive 360-degree view of the environment. This
innovative technologies such as VR and IVR have been identified to
cope with the challenges mentioned above and possibly improve the
planning capabilities, exercise observation, and analysis of tests highly
consistent with semi-realistic hazards (Shi et al., 2021; Lin et al., 2020c;
Feng et al., 2018; Kinateder et al., 2014; Kinateder and Warren, 2016;
Zhang et al., 2020; Li et al., 2018; Paes et al., 2021; Feng et al., 2021).
Furthermore, the employment of VR and IVR outlines potential cost
reductions, improved long-term training effectiveness, and a more accu-
rate assessment of occupant behavior. In the last two decades, IVR has
been increasingly adopted and accessible as a training and assessment
tool in view of its application sustainability and feasibility (Shi et al.,
2021; Feng et al., 2021; Quagliarini et al., 2021; Lovreglio et al., 2017;
Fu et al., 2021; Xu et al., 2020; Natapov et al., 2022). Studies such as
Gwynne et al. (2020) have pointed out that the cost-effectiveness of
training tools promotes their adoption for both individual and group
tests. To this end, they can be easily combined with serious game
approaches (Feng et al., 2018; Solinska-Nowak et al., 2018). Moreover,
VR and IVR allow to not disrupt the workplace’s productivity and, most
importantly, engage the users emotionally. They can also be employed
to test the effectiveness of different emergency systems, including the
ones relating to wayfinding tasks as one of the fundamental issues in
evacuation (Lin et al., 2020a; Feng et al.,, 2021; Chen et al., 2021;
Kubota et al., 2021; Dubovi, 2022).
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VR and IVR can enhance automatized design and evaluation of
building safety procedures, avoiding unnecessary implementation in
real-world settings, thus possibly reducing resource waste (Zhang et al.,
2020; Li et al., 2018).

Indeed, the studies on VR and IVR have skyrocketed in the last
decade, focusing on individual features, related solutions, methodolo-
gies, techniques, and both single-hazards and multi-hazard settings.
According to UNRR, “hazardous events may occur simultaneously,
cascadingly or cumulatively over time, and taking into account the
potentially interrelated effects” (UNDRR, 2020). However, as of today,
studies on VR/IVR environments for safety drills still show restrictions,
limitations, and lacks.

This work aims to update previous literature reviews on the mat-
ter (Feng et al.,, 2018) and widen the characterization of methods,
techniques, and tools to perform VR and IVR drills. In particular, it
proposes a Systematic Literature Review (SLR) (conducted in January
2022) adhering to the rigorous and reproducible methodology pro-
posed by Kitchenman (Kitchenham and Charters, 2007) as extended
and amended by Calvaresi et al. (2017). Starting from the general
remarks of previous works on VR and IVR based approaches (Gwynne
et al., 2020; Kwegyir-Afful, 2022; Shi et al., 2021; van der Wal et al.,
2021; Tancogne-Dejean and Laclémence, 2016; Feng et al., 2018; Paes
et al., 2021; Quagliarini et al., 2021), this work leverages 13 structured
research questions addressing topics including involved research insti-
tutes, contributions’ abstraction level, application scenario, intended
recipients characterization (i.e., user health conditions, initial position,
environmental knowledge, etc.) perspective (i.e., user’s point of view),
and non-player characters, systems’ requirements and objectives, sys-
tems assessment/analysis methods, technologies, strengths, limitations,
and future challenges of single and multi-hazard VR and IVR simulation
systems.

The rest of the paper is structured as follows: Section 2 describes the
SLR methodology. Section 3 presents and analyzes the results. Section 4
discusses the information elicited from the aggregated data. Finally,
Section 5 concludes the paper.

2. Methodology

Fig. 1 schematizes the SLR methodology characterizing this study.
It composes of three main activities, including (a) planning the re-
view — definition of the general and structured research questions, (b)
performing the review — location, selection, and analysis of relevant
articles, and (c) documenting the review — aggregation, discussion,
and documentation of the obtained results. Hereafter, the elaborated
research papers are referred to as primary studies.

Following the Goal-Question-Metric (GQM) approach, we set the
generic free-form question (GQ) as follows:

GQ : How are VR and IVR solutions for (multi-)hazard drills charac-
terized, and what have they achieved?

Such a GQ has been decomposed into the following 13 structured
research questions (SQR).

Demographics. To investigate the distribution of interest in single/
multi-hazard virtual simulators (in terms of time, country, and insti-
tutes), we set the following question.

SRQ1: How time- and geographic-wise are the research efforts dis-
tributed? i.e., when (year) and where (the geographical indi-
cation of the scientific institute).

Abstraction. To understand the nature of the contribution con-
veyed by the primary studies, we set the following question.

SRQ2: What is the abstraction level of the elaborated scientific con-
tributions?
(i.e., conceptual (C), prototype (P), or tested (T)).
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Fig. 1. Systematic literature review methodology schema.
Source: Adapted from Anjomshoae et al. (2019).

Application scenarios. To understand the context and domain of
the primary studies, we set the following question.

SRQ3: In which areas and settings have the users’ behaviors been
simulated via VR and IVR?
(e.g., structures, open spaces, etc.)

Recipients. To analyze the beneficiary and subject involved in the
studies, we set the following question.

SRQ4 (A): Who are the users considered within the VR and IVR simu-
lators/studies?

Secondary Actors. To evaluate the possible involvement of other
subjects implicated in the research, we set the following question.

SRQ4 (B): What are the classes of the secondary users or non-player
characters (NPC) considered in the VR and IVR simula-
tors/studies?

Requirements. To formalize and cluster the needs expressed by the
studies with respect to (w.r.t.) recipients, environments, hazards, and
interactions, we set the following questions.

SRQ5: Which requirements have been defined for the recipient(s),
environment(s), (multi-)hazard interactions, and level of stress,
within the investigated systems?

Objectives. To understand the primary studies’ directions, we set
the following question.

SRQ6: What are the goals set by the elaborated studies? (i.e., evalua-
tion, training, entertaining, etc.)

Methods, user characterization, and perspectives. To under-
stand the methodologies & techniques, and recipients characterization
employed by the elaborated studies, we set the following questions.

SRQ7 (A): What are the methodologies/techniques used in the case
study?

SRQ7 (B): User characterization. What are the users’ cognitive/
physical/motor skills used in the case study?

SRQ7 (C): What are the users’ approaches/perspectives (first or third-
person) through the virtual reality used in the case study?

Technology and interfaces. To understand which technologies and
related interfaces have been employed, as well as user behaviors w.r.t.
to them, we set the following question.

SRQ8: Which are the technologies employed in the researches (VR or
IVR) (e.g., monitors, Oculus, smartphones, ...), and how are
the replated interfaces characterized?

Analysis methodologies. To assess the evaluations performed by
the primary studies, we set the following question.

SRQ9: How have the results been analyzed?

Strengths. To elicit the advantages/benefits provided by the pri-
mary studies, we set the following question.

SRQ10: What are the benefits produced by the primary studies?

Limitations. To acknowledge the drawbacks of the existing systems
and facilitate further research, we set the following question.

SRQ11: What are the limits/barriers/uncertainties raised by the pri-
mary studies?

Solutions. To understand how the primary studies’ authors have
dealt with the known limitations (if mentioned), we set the following
question.

SRQ12: Which are the solutions to the stated limitations proposed by
the primary studies?

Future Challenges. To unveil the ongoing/envisioned research di-
rections of the primary studies’ authors, we set the following question.

SRQ13: What challenges are awaited by the authors of the primary
studies?

The selected research channels (web crawler) include google
scholar, IEEE Xplore, Elsevier. The semi-automatic search through
them has been performed querying the following list of keywords
keeping the keyword “Virtual Reality” as the root of contextualization:
Virtual reality AND (hazard simulation OR evacuation OR multi-hazard
simulation OR simulator OR users’ behavior/behaviour OR hazard OR
users’ behavior/behaviour OR multi-hazard).

The initial collection counted ~ 1400 articles. According to the SLR
methodology (Calvaresi et al., 2017), such a batch has been coarse-
grain filtered by applying the following seven selection criteria to the
papers’ abstract:

(A) Relevance & Technologies: The paper must employ VR technolo-
gies for evacuation and hazard response.

(B) Primary Study: Only papers providing a direct contribution to
VR (e.g., models, architectures, implementations, or tests) are
included. Secondary studies (i.e., surveys) are excluded.

(C) Accessibility: To be included, the article’s content should be

accessible via one of the portals mentioned above.

Singularity/Originality: Duplicates or papers that have been ex-

tended are discarded, including only the extended/complete ver-

sion.

(E) Contribution characterization: the study must provide theories,
frameworks, or tests relevant to the study.

(F) Behavioral assessment: In the context of VR and IVR-based sim-
ulators, the papers must address human behavior during the
evacuation drill.

(G) Environment: The setting object of the study must be related
to the built environment or open spaces in the proximity of
built environments (possibly tangent to built or elements directly
affected by hazards).

(D

-

Applying such criteria cut down the papers to approximately 100.
Nevertheless, for some studies, processing the sole abstract did not
allow an explicit “inclusion/exclusion”. Such ambiguity has been shed
by fast reading the papers’ body which has set to 37 the number of
relevant articles composing the set to be analyzed.
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Fig. 3. Number of primary studies per year.
3. Results

3.1. SRQ1: Demographics

Fig. 2 and Fig. 3 show, respectively, the geographic and chrono-
logical distribution of the analyzed works. It is noticeable that the
most economically developed countries are leading the research on
VR and IVR-based systems for emergency scenarios (i.e., China, Swe-
den, USA and Italy, Germany, and Japan). It is worth highlighting
that 15 out of 37 papers represent collaborations between two or
more countries, which have been evenly counted for fairness. From
a timing perspective, while European countries and the US had a
steadily growing trend in terms of publication between 2010 and today,
China’s contribution peaked in the biennium 2019-2021. Looking at
the universities invested in the topic, it is noticeable that most of
the studies are carried out by Massey University for New Zealand (4
papers), University of Wiirzburg (3 papers), Tsinghua University for
China, and Lund University for Sweden (7 papers each). Furthermore,
while all the studies are carried out by at least one university, seven
of them have been conducted in collaboration with private or public
companies and institutes. The number of selected papers seems to grow
exponentially over the years, with a remarkable inclination from 2012
and a surge in the last two years. Indeed, 86% of the papers have
been written after 2012. A possible reason can be the accessibility
(technology- and cost-wise) of the IVR technology - although it dates
back to the late 80 s.

3.2. SRQ2: Abstraction
The contributions are classified as conceptual (C), prototype frame-

works/architectures with no explicit analysis (P), and clearly tested
frameworks and architectures with results/analysis included (T). To

Safety Science 163 (2023) 106141
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Fig. 4. Typologies of abstraction according to the primary studies and related
frequency percentages.

Table 1
Primary studies organized by typologies of abstraction.
Abstraction Papers
Conceptual Uno and Kashiyama (2008), Sharma
et al. (2014)
Prototype Lovreglio et al. (2018), Kwok et al.
(2019), Cha et al. (2012), Ren et al.
(2006), Rahouti et al. (2017)
Tested Shih et al. (2000), Ronchi et al. (2015),

Xu et al. (2014), Tucker et al. (2018),
Kinateder et al. (2015), Smith and
Ericson (2009), Cavalcanti et al. (2021),
Lu et al. (2020), Bourhim and Cherkaoui
(2020), Mossberg et al. (2021), Cao

et al. (2019), Lin et al. (2020b), Feng
et al. (2020a), Zhang et al. (2021),
Fujimi and Fujimura (2020)

Arias et al. (2021), Farra et al. (2019),
Andrée et al. (2016), Snopkova et al.
(2021), Arias et al. (2019), Feng et al.
(2020b), Cosma et al. (2016), Chittaro
and Ranon (2009), Meng and Zhang
(2014), Chittaro and Sioni (2015), Silva
et al. (2013), Kinateder et al. (2013),
Shaw et al. (2019), Xia et al. (2021),
Ronchi et al. (2016)

this end, two studies are conceptual, five present prototypes, and
thirty studies propose tests and results. It is appreciable that this field
of scientific research is applied and strives to cope with real-world
challenges. Indeed, having 81% (see Fig. 4) of the papers presenting
tests and concrete applications for hazard drills via VR and IVR can
suggest the maturity of the approach(es) and an increasing level of
reliability of VR and IVR technologies (see Table 1).

3.3. SRQ3: Application scenarios

The elaborated studies targeted multiple applications. Fig. 5 shows
the characterization of the three scenarios’ macro areas, which include
buildings, tunnels, and stations. The main differences between the
three classes are the geometric characterization (i.e., size and com-
plexity of the plan), the interactions (i.e., following predetermined
paths (Smith and Ericson, 2009; Lu et al., 2020; Cao et al., 2019),
extinguish fires (Cha et al., 2012; Ren et al., 2006; Cavalcanti et al.,
2021; Bourhim and Cherkaoui, 2020), grabbing and handling various
scene’s objects (Rahouti et al., 2017; Bourhim and Cherkaoui, 2020;
Feng et al., 2020a; Snopkové et al., 2021; Arias et al., 2019; Chittaro
and Ranon, 2009), and simply opening doors (Zhang et al., 2021; Arias
et al., 2021; Andrée et al., 2016)), and the (un)familiarity with the en-
vironment (i.e., workers vs. clients aware or not about the environment
conformation). Moreover, it is possible to distinguish the scenarios
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Fig. 5. Number of primary studies depending on the application Domains, by including differences with respect to specific intended uses.

within the main classes based on the intended use. For example, the
“building” category includes nine different environments.

More than half of the studies (59%) has studied emergency scenarios
through the use of VR in buildings, (22%) have focused on metro or rail-
way stations, and the remaining (19%) on tunnels. The research institute
was placed in the tunnel category with respect to tunnels because the
paper (Arias et al., 2019) deals with CERN, a research institute having
tunnel-like architectural features, although it has a different function
than vehicular or rail-trail traffic. Within the buildings category, most
of the studies targeted hospitals and hotel environments. Within the sta-
tion category, subway stations got most of the attention. Such choices
suggest that the possible factors categorizing the scientific interest
include (i) presence of ill/sensitive people, (ii) possibly overcrowded
spaces, and (iii) limited knowledge about the surroundings.

3.4. SRQ4 (A): Recipients

The main actors considered in the elaborated studies can be in seven
main classes, which are, of course, related to the intended use of the
building (see Fig. 6). In particular, the occupants — recipient of the
systems — are home residents, staff, students and professors, firefight-
ers, visitors, drivers, and customers. This latter can be characterized
as “people purchasing goods/services from a store or business” with
limited knowledge of the surrounding. The class customers is composed
of: housing guests — mainly present hostelry scenarios (Arias et al.,
2021; Andrée et al., 2016; Snopkovéa et al., 2021; Meng and Zhang,
2014), shoppers — mainly present in supermarkets (Shih et al., 2000;
Anjomshoae et al., 2019; Zhang et al., 2021) and libraries (Tucker et al.,
2018), and travelers — mainly present in subway stations (Sharma et al.,
2014; Ren et al., 2006; Xu et al., 2014; Mossberg et al., 2021; Lin et al.,
2020b; Xia et al., 2021).

Unlike customers, visitors are defined as people who visit someone
or somewhere, mainly socially (e.g., tourists). This category is preemi-
nent in hospitals as they are intended to be relatives or acquaintances
of patients inhabiting the facility (Rahouti et al., 2017; Feng et al.,,

2020a,b). In turn, patients are the individuals occupying the facility
and receiving medical care. Their knowledge of the surrounding might
be higher w.r.t. the visitors. However, their functional capacity must be
considered dramatically inferior. The scenarios’ personnel include hos-
pitality, medical, and possibly surveillance staff. They are considered
to have a discrete knowledge of the environment and possibly play a
role in the evacuations (Rahouti et al., 2017; Feng et al., 2020a; Farra
et al., 2019; Feng et al., 2020b; Silva et al., 2013). Finally, firefighters
are key players in the training and education case studies. They are in
charge of mitigating the hazards (i.e., extinguishing the fire or reducing
the flooding) and supporting the evacuation of the endangered occu-
pants (Xu et al., 2014; Smith and Ericson, 2009; Lu et al., 2020). Drivers
(people who drive a vehicle) are the key players for the road tunnel sce-
narios (Ronchi et al., 2015; Kinateder et al., 2015; Cosma et al., 2016;
Kinateder et al., 2013; Ronchi et al., 2016). Students and professors
are the “personnel” primarily endangered in schools and universities
setups (Chittaro and Ranon, 2009), libraries (Tucker et al., 2018),
and museums (Cao et al., 2019). Finally, home residents are persons
inhabiting an environment permanently or for long-terms (Uno and
Kashiyama, 2008; Bourhim and Cherkaoui, 2020; Fujimi and Fujimura,
2020),

Overall, it is possible to assert that most of the recipients of the
elaborated studies are people who use services or buy goods, who
therefore have (at least) limited knowledge of the environment in
which they have been tested.

3.5. SRQ4 (B): Secondary actors

Besides the primary “player/user”, eight studies (27%) involve sec-
ondary actors as NPCs in the scene. The NPC belong to the same
categories characterizing the primary actors (see Fig. 7). Their initia-
tives, actions, emotions, and plans are hard-coded or delegated to Al
engines. Although the NPC’s “intelligence” might not be outstanding
in all the implementations, their presence already ensures a more real-
istic immersive environment and experience (given the almost always
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Fig. 7. Number of primary studies considering the NPC’s presence and their typology.

crowded nature of the studied environments). The most represented
category by the NPC is the occupants, followed by the others, thus
following the same classes of Fig. 6, as discussed for SRQ4(A). Two
studies (Lovreglio et al., 2018; Shaw et al., 2019) instead report the
presence of NPCs without otherwise specifying their role in the scene.

3.6. SRQ5: Requirements

The requirements characterizing the studies affect the recipients,
environments, type of hazard involved on the scene, interactions with
the environment and NPCs, and stress level within the system. The most
common requirement is the user’s starting point (either inside/outside
the building), which can be part of a user’s routinely circulation
within/around the building, and an ending point (either inside the
building - yet an area declared safe — or outside the building) in
emergency conditions (i.e. evacuation). All the primary studies confer
all users an optimal visual capacity (neglecting any user-related im-
pairments). The only factors harming their visibility are (multi-)hazard-
related (e.g., fire/flash flood/earthquake/terror attack). Concerning the
anxiety and stress level assessment (via sensors or survey after drills),
eleven articles explicitly specific technologies — detailed in SRQ7(A).
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The familiarity (or not) with the environment, and so also the
knowledge of the procedures and evacuation routes, is the only trans-
verse requirement concerning the user, which associates all the studies
(see Fig. 8), as also discussed for SQR4(A). In particular, (35%) of the
studies (13) assumed full/partial knowledge of the built environment,
given their possible familiarity with it. To ensure compliance with such
a requirement, the users have been asked to practice and get confident
with the virtual environment before executing the test. Conversely,
(22%) of the studies (8) imposed no prior knowledge of the environ-
ment. The papers not explicating environmental requirements for the
users are (27%) (10 studies). Three studies (8%) limited the knowledge
assumption solely to staff members, not conferring any information
to the visitors. These studies are set in hospital environments, thus
leveraging the assumption that medical staff is more familiar with
the environment than patients’ relatives (Rahouti et al., 2017; Feng
et al., 2020a,b). Finally, three studies (8%) divide the users into teams:
the control group (no proper knowledge of the environment) and the
treatment one (environmental awareness, e.g., through the use of test
scene plans and detailed escaping info) to analyze any differences in
data collection during the test (Cao et al., 2019; Chittaro and Sioni,
2015; Kinateder et al., 2013).

The environmental requirements have mostly been treated implic-
itly (see Fig. 9. Indeed, the majority (12 studies) lack any formalization.
Some studies mention the presence of alarm systems and emergency
signage among the default settings. In particular, 3 studies present only
emergency signage (Zhang et al., 2021; Snopkova et al., 2021; Cosma
et al., 2016), while 2 studies mention only alarm systems (Fujimi and
Fujimura, 2020; Silva et al., 2013). Eleven studies present a combina-
tion of alarm systems and emergency signage. In real-world settings,
these two components are both present in buildings to ensure efficiency
during the evacuation process.

Fire is the leading cause of accident and death for building occu-
pants, essentially because risk assessment and mitigation tasks con-
cerning this hazard are well codified by regulations which also widely
include fire and evacuation training, as well as emergency planning as
a priority task for building safety all over the World. Indeed, among
the hazards investigated, fire is the most prevalent (59%), possibly
combined with earthquakes (3%) (see Fig. 10). In the elaborated studies,
fire is characterized as a static element in a given point without any or
very limited propagation. Earthquakes are characterized as a shaking
scene with, possibly, falling and breaking furniture and elements of
the scene (Lovreglio et al., 2018). Floodings (5%) are characterized
as a “simil-liquid” rising its level and filling a given room/area. Ter-
rorist attacks (3%) are characterized as accidental and unpredictable
explosions.

However, in 19% of the studies, the user has not been given any
information about the hazard. The only indications have been to “find
a way out and get safe”. The hazards in such cases are represented by
the activation of alarm sirens or voices.

Overall, although some elements of the environments, users, and
interactions have been (in)directly mentioned, there is a lack of for-
malization and alignment among the studies. This harms an extensive
characterization, extendibility, and comparison among the VR and IVR
systems for emergency drills.

Although the level of stress is highly influencing the decision-
making process under pressure, 16 studies (43%) do not address its
characterization explicitly (see Fig. 11). Fourteen studies (38%) identify
smoke as the most relevant element connected to the users’ stress.
Indeed, smoke is the first factor of death (by asphyxiation) and the
main obstacle placed along the building layout. Therefore, having a
realistic representation of smoke spreading in the built environment is
crucial in both terms of graphics and dynamics. The obstacles are also
required to be physical such as books, ceiling panels, office equipment,
furniture, and exhibition elements present in museums. On the one
hand, some studies limit their settings to ground obstacles (Lovreglio
et al., 2018; Bourhim and Cherkaoui, 2020; Feng et al., 2020a,b). On
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Fig. 10. Percentage of hazards considered in the primary studies.

the other hand, more sophisticated studies combine obstacles on the
floor with smoke (Tucker et al., 2018; Lu et al., 2020; Cao et al., 2019).

The interactions between users and the environment have different
natures and complexity. For example, players can extinguish fire (Cha
et al.,, 2012; Ren et al., 2006; Cavalcanti et al., 2021; Bourhim and
Cherkaoui, 2020), or grab and handle scene’s objects (Rahouti et al.,
2017; Bourhim and Cherkaoui, 2020; Feng et al., 2020a; Snopkova
et al., 2021; Arias et al., 2019; Chittaro and Ranon, 2009; Shaw et al.,
2019), and simply follow predefined rescue/safety paths and open
doors (features in common among all the studies).

Finally, the interactions between the main player and the NPC(s)
are shaped as:

+ The player is surrounded by a crowd (of NPCs). The sole interac-
tion is the body-bumping and freedom of movement reduction,
using simple movement algorithms (Lovreglio et al., 2018; Lin
et al., 2020b; Shaw et al., 2019; Xia et al., 2021).

» The NPCs can provide useful information (audio or displaying text
on the screen/visor) supporting the evacuation process (Tucker
et al., 2018; Feng et al., 2020a,b).

3.7. SRQ6: Objectives

Twelve analyzed studies (32%) aim at evaluating the user behaviors
when facing dangerous scenarios in VR and IVR. Thus, maximizing
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Fig. 11. Number of primary studies considering environmental stressors due to the
hazard and the built environment modifications.
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Fig. 12. Percentages of primary studies with respect to performed test objectives.

immersiveness and realism of the environment created are priorities.
Therefore, they seek to detect the danger perception and understand the
consequent undertaken actions. The remaining 25 papers (68%) target
the behavioral (the outstanding objective) and technical analysis.

Overall, as shown in Fig. 12 and Table 2, the ultimate finality of the
studies can be clustered in:

* educating the occupants of a building about possible dangers
demanding to evacuate the building;

« testing the user capabilities within the simulated environment and
solutions’ viability (e.g., if they respond adequately to the given
danger, how they interact with the environment, if possible).
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Table 2
Primary studies organized by Objectives.
Objective Papers
Training Shih et al. (2000), Lovreglio et al.
(2018), Ronchi et al. (2015), Kwok
et al. (2019), Cha et al. (2012), Rahouti
et al. (2017), Xu et al. (2014), Smith
and Ericson (2009), Lu et al. (2020),
Farra et al. (2019), Silva et al. (2013)
Evaluation Uno and Kashiyama (2008), Sharma

et al. (2014), Ren et al. (2006), Tucker
et al. (2018), Kinateder et al. (2015),
Cavalcanti et al. (2021), Bourhim and
Cherkaoui (2020), Mossberg et al.
(2021), Cao et al. (2019), Lin et al.
(2020b), Feng et al. (2020a), Zhang
et al. (2021), Fujimi and Fujimura
(2020), Arias et al. (2021)

Andrée et al. (2016), Snopkova et al.
(2021), Arias et al. (2019), Feng et al.
(2020b), Cosma et al. (2016), Chittaro
and Ranon (2009), Meng and Zhang
(2014), Chittaro and Sioni (2015),
Kinateder et al. (2013), Shaw et al.
(2019), Xia et al. (2021), Ronchi et al.
(2016)

3.8. SRQ7 (A): Methods characterization

The study of the evacuation process (i.e., approaching a gathering
area/an exit) is the focus of 34 studies. In particular, they assessed
the travel time, speed, paths & trajectories, and distance covered to
reach a given safe point. While the evacuation analysis is conducted on
the data extracted from the experiments, the anxiety and immersion
degree evaluation has been studied “off-line’,” with surveys conducted
at the end of the simulation. Nevertheless, in a few cases, the anxiety
has been assessed during the simulation via sensors recording blood
pressure and sweat (i.e., Heart Rate — HR, Galvanic Skin Response —
GSR, electrodermal activity as BIOCAP) (Uno and Kashiyama, 2008;
Tucker et al., 2018; Meng and Zhang, 2014; Chittaro and Sioni, 2015;
Xia et al., 2021). Two articles solely focused on the paths selection
driven by emergency signage (Rahouti et al., 2017; Feng et al., 2020b),
while (Lovreglio et al., 2018) presents only a prototype simulator that
can be implemented in evacuation trials. See Table 3.

3.9. SRQ7 (B): Users characterization

The user has been granted full access to the virtual environments
without being imposed paths/areas in 30 studies. Only two studies
report that users are obliged to follow a previously studied escape
route (Smith and Ericson, 2009; Lu et al., 2020). Except Farra et al.
(2019), who do not state it explicitly, the rest of the studies define the
test starting point, as also remarked in SRQ5. In particular, it can be:

» The users start the drills inside or outside the building, pos-
sibly being given the possibility of constructing prior environ-
mental knowledge preceding the hazard(s) outburst (Fujimi and
Fujimura, 2020; Snopkova et al., 2021; Shaw et al., 2019).

« Next to a car (in the case of tunnel-related studies) (Ronchi et al.,
2015; Cha et al., 2012; Kinateder et al., 2015; Ronchi et al., 2016).

The evacuation drills’ ending point (target) is often placed outside
the building (represented as passing through a perimeter building
door) or “embodied” by a safe area (elevator, lobby, or stairs) — see
Table 4. Conversely, three studies do not need to explicitly define the
exit point/safe area. In particular, Farra et al. (2019) and Lovreglio
et al. (2018) focus just on getting ready to face an evacuation, Uno
and Kashiyama (2008) provide a conceptual contribution, and finally,
Fujimi and Fujimura (2020) set the end of the test and not the ending
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Table 3
Primary studies organized by Methodologies and techniques involved.

Methodologies and techniques Papers

Shih et al. (2000), Ronchi et al. (2015),
Sharma et al. (2014), Ren et al. (2006),
Rahouti et al. (2017), Xu et al. (2014),
Tucker et al. (2018), Kinateder et al.
(2015), Smith and Ericson (2009),
Cavalcanti et al. (2021), Lu et al. (2020),
Bourhim and Cherkaoui (2020)

Bourhim and Cherkaoui (2020), Mossberg
et al. (2021), Cao et al. (2019), Lin et al.
(2020b), Feng et al. (2020a), Zhang et al.
(2021), Fujimi and Fujimura (2020), Arias
et al. (2021), Farra et al. (2019), Andrée
et al. (2016), Snopkova et al. (2021)
Arias et al. (2019), Feng et al. (2020b),
Cosma et al. (2016), Chittaro and Ranon
(2009), Meng and Zhang (2014), Chittaro
and Sioni (2015), Silva et al. (2013),
Kinateder et al. (2013), Shaw et al. (2019),
Xia et al. (2021), Ronchi et al. (2016)

Ronchi et al. (2015), Kinateder et al.
(2015), Cao et al. (2019), Lin et al.
(2020b), Arias et al. (2019), Meng and
Zhang (2014), Kinateder et al. (2013), Shaw
et al. (2019)

Kwok et al. (2019), Tucker et al. (2018),

Bourhim and Cherkaoui (2020), Arias et al.
(2021), Snopkova et al. (2021), Arias et al.
(2019), Cosma et al. (2016), Kinateder et al.
(2013), Shaw et al. (2019), Xia et al. (2021)

Uno and Kashiyama (2008), Tucker et al.
(2018), Meng and Zhang (2014), Chittaro
and Sioni (2015), Xia et al. (2021)

Evacuation

Survey anxiety assessment

Survey VR experience

Sensors (HR, GSR, BIOCAP)

Table 4
Primary studies organized by Ending point on the case studies.

Ending points Papers

Shih et al. (2000), Ronchi et al. (2015),
Sharma et al. (2014), Kwok et al.
(2019), Cha et al. (2012), Kinateder

et al. (2015), Cavalcanti et al. (2021),
Lu et al. (2020), Bourhim and Cherkaoui
(2020), Cao et al. (2019), Lin et al.
(2020b), Feng et al. (2020a), Zhang

et al. (2021)

Arias et al. (2019), Feng et al. (2020b),
Cosma et al. (2016), Chittaro and Ranon
(2009), Meng and Zhang (2014),
Chittaro and Sioni (2015), Silva et al.
(2013), Xia et al. (2021), Ronchi et al.
(2016), Shaw et al. (2019)

Ren et al. (2006), Rahouti et al. (2017),
Xu et al. (2014), Tucker et al. (2018),
Smith and Ericson (2009), Mossberg

et al. (2021), Arias et al. (2021), Andrée
et al. (2016), Snopkova et al. (2021),
Kinateder et al. (2013)

Outside

Safe area

point (safe point) is when, seeing the hazard, the user decides to start
the evacuation process.

Moreover, a few studies allowed the user to interact with the
environment (i.e., grabbing objects and extinguishing fire) beyond
simply opening doors (Cha et al., 2012; Ren et al., 2006; Cavalcanti
et al., 2021; Bourhim and Cherkaoui, 2020; Shaw et al., 2019). Besides
possible spacial limitations, a common line is a time (to evacuate) lim-
itation. Finally, three articles do not explicitly mention the interaction
characteristics (Uno and Kashiyama, 2008; Farra et al., 2019; Ronchi
et al., 2016).

Summarizing, besides the NPCs’ body impenetrability, structural
impediments, bloodstains on the user’s display (Chittaro and Sioni,
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2015), and smoke may affect the users’ field of view (Ronchi et al.,
2015; Xu et al., 2014; Kinateder et al., 2015; Smith and Ericson, 2009;
Lu et al., 2020). Indeed, the user is intended able to move freely in
more than half of the studies analyzed (86%) — see Fig. 13. This aspect
is fundamental to allow the tester to get immersed in the scenario with
no limits and restrictions of movement, like in a potential real-world
scenario. However, all the studies have assumed the users to be healthy
individuals. Indeed, the users have always an optimal (standard) vi-
sual capability and good motion skills (not physically injured) (same
walking/running pace for all the users). Such a naive assumption push
far back the effectiveness of the studies, given that physically/visually
impaired subjects are subject to the hazards too (reasonably being
affected more than healthy individuals).

The set of interactions a tester/user is able to perform includes to:
follow predefined paths (Smith and Ericson, 2009; Lu et al., 2020; Cao
et al., 2019), extinguish fire (Cha et al., 2012; Cavalcanti et al., 2021),
find victims (Cha et al., 2012), grab and handle various scene’s objects
(i.e., pick up and use a watering can (Snopkova et al., 2021), and just
being able to open doors (Zhang et al., 2021; Andrée et al., 2016).

Among the interactions mentioned above, Arias et al. (2021) report
that participants struggled with the mechanism set in place to open
doors.

NPCs play an important role in several studies (Lovreglio et al.,
2018; Sharma et al.,, 2014; Rahouti et al.,, 2017; Lin et al., 2020b;
Fujimi and Fujimura, 2020; Xia et al., 2021). They can just implement a
physical impediment or source of stress, or supply the users with useful
information about the evacuation process (Tucker et al., 2018; Feng
et al., 2020a,b).

3.10. SRQ7 (C): User’s perspective

The user’s perspective is not explicitly stated by the analyzed studies
(84%). It can vary between 1st and 3rd person view, and the distinction
seems to mainly follow the technology employed. For example, in the
case of IVR (e.g., via Oculus or CAVE technologies), only the 1st person
view has been provided. Conversely, in the case of the PC-based VR, the
analyzed studies provided either 1st or 3rd person view on the screen.

3.11. SRQ8: Technology and interfaces

The technologies actualizing the IVR are employed in 29 (78%) of
the analyzed studies (see Table 5).

Nineteen studies have realized immersive environments via Head
Mounted Display (a screen mounted on the head of the viewer through
an ad-hoc helmet and can be monocular or binocular (i.e the repro-
duction of a small display optic in front of one (monocular) or each
eye (binocular)) (Lovreglio et al., 2018; Sharma et al., 2014; Kwok
et al., 2019; Cha et al., 2012; Ren et al., 2006; Tucker et al., 2018;
Cavalcanti et al., 2021; Bourhim and Cherkaoui, 2020; Mossberg et al.,
2021; Cao et al., 2019; Lin et al., 2020b; Feng et al., 2020a; Zhang
et al., 2021; Fujimi and Fujimura, 2020; Arias et al., 2021; Farra et al.,
2019; Snopkova et al., 2021; Arias et al., 2019; Feng et al., 2020b;
Cosma et al., 2016; Kinateder et al., 2013; Shaw et al., 2019; Xia
et al., 2021), and seven via Cave Automatic Virtual Environment (CAVE

Table 5

Primary studies organized by Interface implemented.
Interface Papers
IVR Lovreglio et al. (2018), Ronchi et al.

(2015), Sharma et al. (2014), Kwok

et al. (2019), Cha et al. (2012), Ren

et al. (2006), Tucker et al. (2018),
Kinateder et al. (2015), Smith and
Ericson (2009), Cavalcanti et al. (2021),
Lu et al. (2020), Bourhim and Cherkaoui
(2020), Mossberg et al. (2021), Cao

et al. (2019), Feng et al. (2020a), Zhang
et al. (2021), Fujimi and Fujimura
(2020), Arias et al. (2021)

Farra et al. (2019), Andrée et al. (2016),
Snopkova et al. (2021), Arias et al.
(2019), Feng et al. (2020b), Cosma

et al. (2016), Kinateder et al. (2013),
Shaw et al. (2019), Xia et al. (2021),
Ronchi et al. (2016)

VR Shih et al. (2000), Uno and Kashiyama
(2008), Rahouti et al. (2017), Xu et al.
(2014), Chittaro and Ranon (2009),
Meng and Zhang (2014), Chittaro and
Sioni (2015), Silva et al. (2013)

HIVR
O VR

Fig. 14. Percentages of primary studies considering the Interaction interfaces.

technologies (Ronchi et al., 2015; Kinateder et al., 2015; Smith and
Ericson, 2009; Lu et al., 2020; Andrée et al., 2016; Ronchi et al., 2016)
which consist of a cube-shaped room and video projectors directed on

its faces (see Fig. 14)).

The primary studies focusing on VR employed a PC monitor (Shih
et al., 2000), 6 LCD monitors and a smoke generator (Meng and Zhang,
2014), and PC and wii Joystick with visual and audio stimuli (Chittaro
and Sioni, 2015)) technologies. Finally, six studies did not specify the
involved technology/interface. Fig. 15 shows the different VR and IVR

technologies used in the tests.

The underlying technologies powering the modeling and implemen-

tation of graphic engines for both VR and IVR are multiple.
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Fig. 15. Examples of VR interfaces: (a) the interaction occur via monitor and a joystick (Anon, 0000c); Examples of IVR interfaces: (b) Cave Automatic Virtual Environment (Anon,

0000a), and (c) Head Mounted Display (Anon, 0000b).
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Fig. 16. Number of primary studies considering the used software.

The most used modeling software to generate the environments
are Revit (BIM program?), Sketchup, and Autocad, (see Fig. 16). 3D
Studio Max is also used as a modeling program. However, in the
studies analyzed, it is generally used to integrate effects such as lights,
materials, or objects within the created space. Unity 3D is the most used
graphics engine for modeling (especially for environment animation),
with Unreal Engine in second place. Finally, to increase the credibility
of the virtual environment, semi-realistic effects are added, such as
the dynamics and density of the smoke enveloping the environment,
which increases with the passage of time and fire. Indeed, five case
studies feature Fire Dynamic Simulator technologies (Cha et al., 2012;
Ren et al., 2006; Xu et al., 2014; Tucker et al., 2018; Lu et al., 2020).
An additional study (Meng and Zhang, 2014) reports the use of smoke
generators as an alternative to these fluid dynamics systems but only
for VR use. Alternatively to these fluid dynamics systems, some studies
report the use of smoke generators (Meng and Zhang, 2014),(visual and
audio stimuli) (Chittaro and Sioni, 2015), heat generators (Shaw et al.,
2019), and a chair-shaking system (Lovreglio et al., 2018; Feng et al.,
2020b). An example of a complete technological pipeline is Revit for
modeling, 3D Studio Max for the integration of effects, Unity 3D to
make the model interactive, and finally, FDS software to generate and
develop fire and smoke patterns. The study of dynamic fluid employed
in the tests (Xu et al., 2014; Lu et al., 2020). is best explained in SRQ10.

3.12. SRQ9: Analysis methodologies

The methodologies used by the primary studies to assess their
findings are quite heterogeneous (see Fig. 17). Eleven studies explicitly
target the assessment of VR realism. The users who participated in the
experiment have been surveyed right after completing the test. The
stress level (especially in proximity of the danger) has been analyzed
during the tests’ execution (Lin et al., 2020b; Shaw et al., 2019), while
similar aspects such as frustration and dizziness have been assessed
both during and after the tests’ completion (Smith and Ericson, 2009).

2 Building information modeling (BIM) is a 3D digital construction process
where all project information is controlled and shared for the entire team
during all construction phases and for the duration of the building life cycle.
BIM is not properly a tool for designing or visualizing. It is a procedure
that makes it possible to develop a common data model. Each and every
stakeholder has access to this model.

10

Although VR and IVR can cause the disturbs mentioned above, the
assessment of their usefulness in the process of educating/testing emer-
gency drills has reported positive marks (Sharma et al., 2014; Kwok
et al., 2019; Tucker et al., 2018; Cavalcanti et al., 2021; Bourhim and
Cherkaoui, 2020; Lin et al., 2020b; Arias et al., 2021; Silva et al., 2013)
Furthermore, Feng et al. (2020a) found that visitors (mostly unaware of
the environment) have dramatically improved their performances over
the tests, reaching the level of the hospital staff (already confident with
the environment). Furthermore, Chittaro and Sioni (2015) state that
the interactive team (players can choose and make dietary decisions
on their behalf) had a better risk assessment than the non-interactive
team. However, both have increased their knowledge of the evacuation
process (proven via the post-test surveys).

Five papers also analyze the decision-making process and the escape
routes taken during the tests. According to their analysis, ~ 70% of the
players use the same routes taken at the entrance to escape (because
it is the only one or the one they know) and trusted that more than
the quest of following the emergency signage (Tucker et al., 2018).
Additionally, Shih et al. (2000) and Ronchi et al. (2015) highlight that
the safety routes might not be the shortest, yet they are the safest.
Nevertheless, this aspect seems to raise little interest in the user, and it
is overruled by many danger-related emotions. To solve this problem,
Snopkové et al. (2021), and Chittaro and Ranon (2009) state that
through a proper building/spaces design and putting signs in clear
sight the tendencies to retrace known routes can be less appealing than
following proper safety paths.

Thus, the signs’ visibility is crucial, and their use must be en-
couraged (Shih et al., 2000; Kinateder et al., 2015; Snopkova et al.,
2021; Chittaro and Ranon, 2009). Greenlight is reported to be more
tolerable than blue light and especially at a rate of 1 to 4 Hz (Ronchi
et al., 2016). Cosma et al. (2016) did not find such differences in user
evacuation behavior. The implementation of voice alarm systems can
give critical information to ensure a smoother and more consistent
evacuation process (Andrée et al.,, 2016; Xia et al., 2021). Another
relevant research employs smartphones to provide instructions to reach
the emergency exits (Mossberg et al., 2021).

Two studies assessed anxiety, stress, behavioral choices, and escape
time by splitting the users into two teams: one team having the possibil-
ity to move freely in the generated environment, the other team having
to follow a predetermined route (simulating limited environmental
knowledge) (Cao et al., 2019; Meng and Zhang, 2014). The experiments
found that the team with the ability to move freely took much longer
to escape and was more stressed than the “limited-range” team.

3.13. SRQ10: Strengths

All the studies agree on the importance played by VR and IVR
simulators to enhance the efficiency and effective learning of evacu-
ation training (Arias et al., 2021; Kinateder et al., 2013; Xia et al.,
2021), although some limitations are still retrieved, as shown by SQR11
insights. The combination of conventional emergency static signage
has been accompanied by voice alarm systems, and the use of devices
such as smartphones have also shown promising results and bene-
fits (Cavalcanti et al., 2021; Mossberg et al., 2021). Particular attention
should be paid to the contribution of NPCs within the hazard scenario



E. Gagliardi et al.

VR Realism

Increased evacuation knowledge after drill -

Uscfulness of implementing NPCs [ 76 F

Decision making process:escape routes/exits/trajectories {16 H
Dynamics emergency signage {14 5

Not defined because prototype or conceptual study {14 5
Anxiety increasing due freedom of movements | ]2 -

Emergency alarm voices -| 2 -
|

Safety Science 163 (2023) 106141

0 2 4 6 8
No. of papers

10 12

Fig. 17. Number of primary studies considering types of analysis of the results.

as they influence the decision-making and behavioral process of the
user bringing it closer to the reality (Lovreglio et al., 2018; Lin et al.,
2020b). Shaw et al. (2019) denounce the importance of heaters and
smells in increasing anxiety ratings. Finally, a further benefit is related
to the use of fluid dynamic computation systems (FDS). In particular,
Xu et al. (2014), and Lu et al. (2020) divide space into discrete volumes
which increase their opacity (representation of smoke in space) in
time steps consistent with FDS. Thus, it is possible to conclude that
leveraging FDS boosts the credibility of the simulator and allows the
achievement of more realistic levels of engagement and stress.
However, it is worth highlighting that 20 papers do not explicitly
elaborate on the strengths, benefits, and advantages of their research.

3.14. SRQ11: Limitations

Twenty articles (59%) do not mention nor address the limitations
and barriers entailed in their studies. The rest of the papers point out
four types of limitations:

» the participants are alone in the test environment, harming the
credibility of the system (Kinateder et al., 2015; Bourhim and
Cherkaoui, 2020; Mossberg et al., 2021; Zhang et al., 2021;
Kinateder et al., 2013);
the lack of effects and/or sensors that can reproduce heat, hu-
midity, smells, smoke density for a more realistic environment is
reported in another (Tucker et al., 2018; Kinateder et al., 2015;
Bourhim and Cherkaoui, 2020; Zhang et al., 2021; Cosma et al.,
2016).
unpleasant users’ sensation/feeling due to technological draw-
backs. For example, some users have experienced dizzying due
to the virtual environment’s lack of fluidity — frame-rate irreg-
ularity, loss of focus, depth alteration) (Lovreglio et al., 2018;
Bourhim and Cherkaoui, 2020; Mossberg et al., 2021; Andrée
et al., 2016; Feng et al., 2020Db).
» unbalanced users population, almost only young individuals took
part in the studies (Zhang et al., 2021; Ronchi et al., 2016).

Some studies report combinations of these four major limitations
as (Kinateder et al., 2015; Bourhim and Cherkaoui, 2020; Mossberg
et al., 2021; Zhang et al., 2021).

3.15. SRQ12: Solutions

Most of the papers have delegated such an analysis to future re-
search or just mentioned them as potential challenges. Only three
studies mention solutions to cope with the limitations pointed out in
SRQ11. In particular, the studies analyzed (both concerning VR and
IVR) offer only single-user — as the main protagonist — scenarios. To
cope with such a limitation, some solutions proposed by two primary
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studies would be to develop the multi-player concept and coordinate
simultaneous tests. By doing so, possibly adding NPCs, the simulated
scene can become more crowded (getting closer to real-world scenarios)
— henceforth more realistic (Tucker et al., 2018; Lovreglio et al., 2018).
Another aspect defined is the employment of sensors to reproduce
sounds, smells, and heat to increase the credibility of the generated
virtual world (Bourhim and Cherkaoui, 2020; Cao et al., 2019). Finally,
a study proposes the use of a treadmill as a measure of overcoming
the movement limitations of virtual reality (Bourhim and Cherkaoui,
2020).

3.16. SRQ13: Future challenges

Twenty-four studies (73%) expressed the intention (to be verified) to
follow the presented studies. Some of the future challenges indicated
by the primary studies overlap with the elicited limitations. Eight
studies that provide the implementation of physical stimuli such as
the sensation of heat, smoke production (via specific generators), and
environmental sounds reproduction foresee the use of sensors, such as
heart rate and sweat sensors, to perceive stress levels (Kwok et al.,
2019; Cha et al., 2012; Tucker et al., 2018; Bourhim and Cherkaoui,
2020; Arias et al., 2019; Chittaro and Ranon, 2009; Meng and Zhang,
2014; Xia et al.,, 2021). Shaw et al. (2019)propose to compare the
effects of interaction between the senses. Several studies propose to
introduce the multi-player setting and behavioral group analysis (Ren
et al.,, 2006; Rahouti et al., 2017; Mossberg et al., 2021; Meng and
Zhang, 2014; Silva et al., 2013; Kinateder et al., 2013; Shaw et al.,
2019), aligned with the proposal of Zhang et al. (2021) to involve a
crowd-flow to explain social behaviors. Chittaro and Sioni (2015) plans
to implement the third-person perspective to investigate changes in
the decision-making behavior of the individual given another (wider)
perspective. Cavalcanti et al. (2021) propose to involve an audience of
users of different gender and age (including possible movement limita-
tions) to have a more plausible framework and user representation. The
environment also plays an important role in the study as the complexity
of the building can give users anxiety, loss of orientation, and difficulty
finding their way out. To this end, the studies such as Lin et al. (2020b)
and Silva et al. (2013) aim at modeling a more complex environment
in the upcoming studies (i.e., more realistic objects on the scene with
an accurate hazard-related representation).

Moreover, Smith and Ericson (2009) and Chittaro and Sioni (2015)
highlight the need to implement multi-hazard and dynamic-hazard
studies. It can be translated into a fire and smoke initiation and
development, possibly via FDS (fire dynamics system) software.

Finally, recalling that VR and IVR training can instill a high level of
stress on the user and increase the evacuation’s knowledge retention,
research such as Feng et al. (2020a), Chittaro and Sioni (2015) propose
to study long-term effects via a survey carried out at a relatively distant
time from the day of the evacuation test.
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4. Discussion

The analysis of SRQs allows us to trace key findings concerning two
main implication areas: (1) a common framework for future VR/IVR
tests, which are also correlated to the ”blind spots” to be solved
by future research, also implying improvements from technological
perspectives; (2) applications should move towards a multi-domain per-
spective, that essentially imply multi-risk conditions and the possibility
to extend the existing and improved approach to other scenarios.

4.1. Towards a common framework: From ontological to technological
improvements

Technologies involved in VR and IVR drill systems have rapidly
evolved in the last twenty years. However, they are still relatively un-
explored to their full potential, thus indicating the infancy of this field.
An element that justifies this statement is the absence of a framework
(requirements and characterization of the procedures) that standardizes
the creation of simulators having the purpose of evacuation exercises.
Elaborating on the results elicited by our investigation, it is possible to
assert the relevance of employing VR and IVR technologies for evacu-
ation drills. Hence, the results obtained by the mostly practical studies
(applied and tested) testify a growing performance efficiency (Feng
et al., 2020a; Kinateder et al., 2013), emotional involvement (An-
jomshoae et al., 2019; Meng and Zhang, 2014; Chittaro and Sioni,
2015) scientific interest, information retainment, enhanced outreach, a
broader set of “testable” scenarios, and a wider spectrum of observable
key variables in the users’ behavior.

Since VR would succeed in overcoming the previously mentioned
limitations of physical evacuation tests, such as in data collection or
saving costs for business continuity (Gwynne et al., 2019; Kinateder
et al.,, 2021b), the idea of replacing physical tests with drills done
through virtual reality is not intended to be considered valid, but to use
such technology as an aid to the collection and subsequent processing
of data.

It would be interesting to focus on the study of pertinent differences
between the quiet situation with which users start the test (circulation)
and the evacuation situation because most studies start from a quiet
situation, typically to allow the user to become familiar with the
context and virtual reality technology (evacuation).

However, such solutions introduce several limitations and are char-
acterized by several severe blind spots. In particular, the requirements
formulation (concerning the user, the hazard scenario and the hazard
effects spreading over time, and the built environment) seems to be
too often weak and approximate. The definition of formal requirements
would pave the way towards standardization and, therefore, a more
uniform and structured systems’ evolution, thus providing:

1. extension of recipients’ sample dimension and types also depend-
ing on the effective users of the buildings;

2. moving towards the inclusion of normal to emergency conditions
in the tests, e.g., by firstly involving users’ circulation in the
buildings and then the involvement in the evacuation process,
so as to replicate familiarity awareness increase for building use
as in real-world scenarios;

3. simulation-based representation of hazard effects (e.g., through
FDS-based dynamics);

4. moving towards the inclusion of normal to emergency conditions
in the tests, e.g., by firstly involving users’ circulation in the
buildings and then the evacuation process;

5. adequate level of accuracy and realism of the building environ-
ment in terms of architectural components and building compo-
nents (including audio stimuli);

6. improved levels of the main following literature factors concern-
ing the concept of presence in the virtual environment (Kwegyir-
Afful, 2022):
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(a) sensory, as the “the degree of movement” in the environ-
ment;

realism, as the closeness “to reality” that participants
perceive considering both the scenes and the structures
in the IVR environment, e.g., by focusing on fatigue-based
approaches or familiarity-related issues before the tests;
involvement quality, that concerns “visual display and
controllers” that participants use to accomplish the task
in the IVR environment;

control of IVR elements;

distraction, as the “ease of adaptation” to the IVR envi-
ronment.

(b)

()

(d
(e)

Such actions would shed some light on the several naive assump-
tions that, as of today, strongly characterize the recipients/users. For
example, among all the studies, the main user/player has no impair-
ments — complete motor and visual skills. Nevertheless, designing and
implementing the main player with several motions speeds, heights,
visual capabilities, or grabbing/reaching settings would boost the inclu-
siveness and the significance of the system/study, which would finally
consider ill, harmed, and disabled individuals among the recipients
to be educated or trained against possible hazards. Furthermore, it is
necessary to better characterize the initial setups and assumptions, the
interface functionalities and projections, and the analysis of the final
results. In this sense, the implementation of formal requirements and
the actualization of a proper “framework” to characterize VR and IVR
emergency drill systems could be used to compare rigorous methods
with naive assumptions and understand if operational simplifications
could still be tolerated to assess behaviors or adequately train people.

The technologies involved in VR and IVR drill systems have rapidly
evolved. However, they are still relatively unexplored to their full
potential, especially when coupled with wearable garments and sensors
(involving more human senses at once). This affects the engagement
level, which should definitely be increased to trigger higher levels
of sensory, realism, and involvement quality, and reduce distraction
factors (Bourhim and Cherkaoui, 2020; Cao et al., 2019).

4.2. Towards a multi-domain perspective: From application scenarios to
multi-risk assessment

It is worth highlighting that most of the attention is dedicated to
(A) simulating indoor environments such as hospitals, hotels, and mall
centers — rather than private environments (mostly neglected) — (B)
limiting the scenario to the building itself —rather than also including
the interconnected public outdoor space facing the building- and (C)
considering the occurrence of a single hazard. In this sense, three main
issues can be noticed to make future efforts more capable of facing
challenging conditions.

About point (A), when staging such crowded environments, NPCs
play a very crucial role with the user, the only real player in the scene.
Yet, they are undeservedly under-addressed, and further efforts are
needed, for instance, in coupling a single hazard with more realistic
crowd phenomena via NPC (Xu et al., 2020). Improving their rep-
resentation/characterization (e.g., from a strategic or Al perspective)
and involvement in the drills (either as obstacles or resources) would
dramatically increase the benefits and realism of the systems, since
previous studies like Lovreglio et al. (2018) implements NPCs using
simple movement-based triggers and algorithms. In this sense, evacu-
ation model trajectories in VR/IVR solutions could be an interesting
opportunity to better link different tools for risk assessment in a built
environment. For instance, results from evacuation simulation models
could be implemented in the test environment in a more structured
manner, also thanks to future capabilities of quasi-real-time simulation,
while VR/IVR trajectories derived from VR/IVR tests could also be
implemented in the tools by substituting simulation results, especially
when the NPCs do not interact with the tester but could be visible on
the scene.
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About point (B), the correlation between indoor and public outdoor
spaces could be relevant in view of the possibility that additional condi-
tions of the built environment facing the building could imply different
critical interactions for the occupants at the end of the evacuation,
such as the arrival of rescuers’ vehicles, overlapping of evacuation
phenomena in case of crowded public spaces and/or wide complexes of
buildings, overlapping of risks in outdoor due to multi-hazard scenarios
(i.e., fires following earthquakes) (Lin et al., 2020c; Quagliarini et al.,
2021; Feng et al., 2020a).

About point (C), further research should move from hazard, as
the main requirement, to the concept of risk as a leading factor,
by considering that the risk depends on the combination of hazard,
physical vulnerability, and occupants’ exposure (thus including their
number and density) and individual/social vulnerability, as well as
their ability to cope with the danger and all the psycho-physiological
variables pertaining to the user (Villagran de Leén, 2006; Tancogne-
Dejean and Laclémence, 2016). In this general context, the hazards
can have different natures, and when considering multi-hazard, the
scenario would be dramatically more complicated, inducing greater
psychological arousal and retention of the information (Smith, 1982).
Thus, “simply” evacuating a building using the emergency routes and
exits as represented by the current systems might not be sufficiently
motivating. For instance, in a multi-hazard scenario like in the case of
fire following an earthquake, building damages should be summed to
fire spreading, thus making users undergo additional stress conditions.
Meanwhile, the same built environment scenario could be analyzed
by making users face different hazards, one at a time, to assess users’
behaviors and risk-reduction strategies under different scenarios.

In this way, hazard representation can also be linked to physical
vulnerability variations (e.g., layout, wayfinding signs, alarm, other
emergency systems, and facilities), thus also pursuing the effectiveness
test of fundamental solutions for occupants’ evacuation support (Lin
et al.,, 2020a; Chen et al., 2021; Gath-Morad et al., 2022). Further
research should also urgently develop formal requirements for the
identification of users’ characterization issues by also actively involving
more vulnerable individuals (e.g., with motion or visual impairments,
patients) as recipients (see SQR4 (A)). NPCs’ characterization assumes a
relevant rule for social vulnerability factors connected to the aforemen-
tioned crowd phenomena and underlying exposure issues. Given the
above, typological (relevant due to statistical recurrence) combinations
between hazards, environment features (and so vulnerability), and
users’ factors (exposure and vulnerability) can be then used to focus
on the most meaningful scenario conditions for behavioral analysis and
training activities expecting the users’ preparedness to increase.

5. Conclusion

This paper conducted an SLR collecting 37 papers (conducted in
January 2022) focusing on VR and IVR systems for evacuation drills un-
der hazardous conditions in buildings. It presented the review method-
ology, organized the elicited results, and discussed the aggregated
information. The elaborated studies open to VR and IVR technologies,
providing promising results. However, they introduce several limita-
tions (i.e., users’ dizziness, lack of engagement, and lack of realism)
and neglect crucial aspects (i.e., user inclusiveness — ills, impaired, or
disabled).

Elaborating on both positive and negative sides, a possible road map
might include smartphones with augmented reality solutions (possibly
interacting with IoT-enabled environments), which could dynamically
redefine emergency strategies, morphed according to the evolution of
the environment/hazard. Furthermore, introducing smartphone-based
applications can make the systems more affordable and maximize
outreach. Moreover, as mentioned in the previous section, this new
generation of systems could be coupled with wearable sensors and
actuators to boost the immersiveness of the experience.
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Concerning the characterization of the environment, moving to-
wards more realistic conditions should be a priority, also by better
linking specific case studies with VR and IVR activities. Adopting more
realistic settings with a more practical degree of damage (more objects
should be added to the scene and should be affected accordingly) can
instill a more adequate perception of the danger. Therefore, attention
should be paid to developing a more precise and, therefore, realistic
propagation of the elements (e.g., fire and smoke). The user should
also be allowed to manipulate or “break” — even accidentally — scene
objects, and the consequences of such actions should be reflected. For
example, opening or accidentally breaking a window would imply a
change in the virtual environment perimeter, which would allow for the
smoke to leave the area and possibly decrease its density. Finally, the
characterization and involvement of NPCs should be among the highest
priorities. This will require extensive studies, given the broad contribu-
tion such “actors” can bring. From a future research and application
perspective, the definition of such formal requirements and procedures
to improve VR and IVR testing could then support: (1) researchers in
a proper assessment of human behaviors in emergency and evacuation
scenarios, without any risk for participants, also to collect more reliable
data for evacuation and emergency modeling and simulation; (2) safety
managers and designers in the preliminary test of deployed emergency
facilities and emergency plans before their application; (3) stakeholders
such as emergency staff and firefighters to understand the main critical
issues in emergency situations because of human behaviors, and to
get trained on it; (4) end-users, including occupants, to increase risk
awareness towards a proactive engagement in emergency preparedness
in (un)familiar environments.
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