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ARTICLE INFO ABSTRACT

Keywords: Various methodologies and technologies have been developed and tested to train communities for
Flood natural hazards and investigate human behaviour. The combination of Virtual Reality (VR) and
Safety Serious Games (SG) represents a promising solution to expose communities to different hazardous
Virtual reality scenarios in a totally safe way and without exposing the testers to any real risks. Previous studies

Serious game

tested VR SG for several different natural hazards and safety training scenarios, but only a few
Disaster risk management

applications have been proposed within the context of flood safety training. Furthermore,
comprehensive prototyping works aimed at evaluating VR SG applications in terms of knowledge
acquisition, self-efficacy and user experience, are still needed.

This work proposes a novel non-immersive VR SG in the context of users’ safety in the event of
flooding in the urban built environment, pursuing the users’ safety training. The proposed
application is based on several modules, which can be combined to form different storylines and
training objectives. The VR SG capabilities are demonstrated here by firstly considering one
significant storyline. Results show a significant increase in self-efficacy and safety knowledge
after the VR experience, thus suggesting the possibility to exploit it for increasing users’ aware-
ness and preparedness. Furthermore, results also demonstrate the existence of similarities be-
tween real-world behaviours and VR choices by the tested individuals, thus suggesting how an
application of this kind could also be used to support the development and validation of flood
evacuation simulators.

1. Introduction

Floods represent one of the most critical disasters for the Built Environment (BE), and its users are exposed to high possibilities of
flood risk because it can have different origins: groundwater, river (fluvial), surface water (pluvial), estuary/coastal (tidal), or from
sewer sources. Urban floods are usually generated from a complex combination of causes, both meteorological and hydrological ex-
tremes, such as extreme precipitation and flows [1]. Building resilience to these changing conditions has become a common goal for
different disciplines concerned with the protection of the BE and the safety of users [2,3].

The safety of the BE users during an urban flood depends on the flood dynamics into the BE layout and on the users’ interactions
with the floodwater levels (i.e. the depth and speed of the water can reduce the users’ evacuation speed and pose problems for their
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stability) and the BE elements [4-7]. Pedestrian evacuation is one of the main strategies used today to reduce the impact of floods on
BE users, who are asked to move towards safe and raised areas situated in the urban layout (e.g. gathering areas according to the urban
emergency plan) or upstairs (e.g. to perform "shelter-in-place" strategies) [8,9]. Works on real-world observations and experiments
have pointed out the presence of several behaviours during emergency evacuation which can endanger the users due to their inter-
action with the BE and the floodwater conditions [4,6,10-15].

In this general behavioural context, promoting correct behavioural responses and understanding the users’ reactions are two of the
main steps in providing strategies for users’ and BE risk reduction [16]. The same approach has also been found to support risk
reduction in other kinds of emergencies such as fires [17,18] and earthquakes [19,20]. Different methods for behavioural analysis and
educational and training purposes have been applied in literature. These methods also include augmented and Virtual Reality (VR)
applications [17,21-23]. Both immersive and non-immersive VR allows researchers to increase the possibility of reproducing different
dangerous scenarios, thus allowing users to interact with the digital environment without any risk [20,24]. The literature have shown
that both immersive and non-immersive VR training tools can help overcome the pedagogical education of traditional training
methods [23,25]. In fact, VR training makes it possible to follow all the behaviours and choices made by users during the training,
providing them with a report on what they did correctly [20,26]. Furthermore, VR training solutions provide customisation in training
depending on the type of users [19,23].

To date, several applications of VR training have been tested in literature. For instance, several immersive and non-immersive VR
applications have been developed and tested for fire safety training [27,28], tsunami and earthquake training [20,29,30], aviation
training [31,32] and counter-terrorism safety training [31,33], among other types of safety training. Several studies have also
compared the effectiveness of VR training with traditional training methods [27,28,34,35]. These studies have highlighted that a
fundamental objective of these tools is to enhance users’ knowledge on the safety procedures to follow during a disaster (i.e.,
knowledge acquisition) as well as several studies have shown that VR training tools (also known as VR Serious Games) perform better
that other traditional training tools in retaining these information (i.e., knowledge retention) [27,28]. Further, existing studies have
showed that both immersive and non-immersive VR SG can provide increment of users’ self-efficacy which is defined as the in-
dividuals’ belief in their capacity to properly accomplish a task [31,36,37]. Previous works underlined the capabilities of
non-immersive VR solutions towards this goal [28,31,38], showing that their efficacy is the same of immersive solutions [34]. In this
sense, using such non-immersive solutions can be more effective since they can reach more users, performing training activities on a
personal computer or smartphone, and also using online applications.

VR training tools can provide a unique opportunity to train communities living in high flood risk areas. A few applications have
already been proposed in literature focusing on flood safety training. For instance, Sermet and Demir [39] presented a VR framework
that creates a realistic 3D gaming environment to increase public awareness of flood risks. Gamberini et al. [40] investigated how
co-design methodologies can be used to identify the contents of a VR simulation for river flood emergency training. Fujimi and
Fujimura [41] proposed a VR application to promote early evacuation decisions during flood emergencies. However, this research
focuses only on evacuation-promoting river design. Finally, Mol et al. [42] used VR to increase risk perception, coping appraisal,
negative emotions and damage-reducing behaviour through a simulated flooding experience. These preliminary studies show the
feasibility of using VR for flood safety.

Recent works pointed out the growing popularity and promises of Serious Game (SG) in the field of Disaster Risk Management
(DRM) and related scientific research [43,44]. The primary purpose of SG is an educational one rather than an entertainment-oriented
one, since its success lies in the shift in learning methods from lecturer-based to more engaging approaches in which a strong emphasis
is put on emotional aspects. Djaouti et al. [43] provided a brief overview of existing taxonomies of SGs by tracing the evolution of
definitions adopted over time by the different research approaches. Although the domain boundaries of the field of SGs are still subject
to debate, according to all these definitions, the primary purpose of SGs is an educational one rather than an entertainment-oriented
one. With the advent of these technologies, the term "Serious Games" has come to be identified with aspects of simulation games, thus
being associated with any piece of software that merges a non-entertaining purpose (serious) with a video game structure (game) [43].
The success of SGs lies in the shift in learning methods from lecturer-based to more engaging approaches in which a strong emphasis is
put on emotional aspects.

In fact, previous works claimed that "Serious games [...] have the potential to reach a wide audience and convey reliable and
consistent information regarding DRM, installing disaster awareness, portraying hazards and vulnerabilities, and modelling useful
skills across all stages of the DRM cycle" [44]. Among the SGs analysed by this research (45 in total), most focus on floods (27),
earthquakes (10), and drought threats (7), these being the most common and deadliest natural disasters. In addition, only 14 out of 45
SGs analysed were developed as single-player computer/VR experiences. These SG approaches are mainly similar to quizzes and
usually goal-oriented, thus requiring the player to perform a certain action to get a "reward". They offer more complicated
decision-making processes, putting players in control. Although some limits in their impact could be related to users’ technology
self-efficacy issues [37], previous works widely remarks that only VR SGs offer the possibility of a more realistic and engaging
experience [44]. In fact, they give players a sense of control over what is happening on screen, but they also allow them to more easily
identify with the "heroes" of the story, contributing to the empathy of the situation and stimulating interest in learning more about
disasters. Finally, considering the evaluation of data processed during the use of SGs, few cases offer documented evidence with
detailed information using structured surveys, particularly with respect to the stated objectives, resorting instead to simple discussion
and participant observation [44]. However, comprehensive prototyping works that test VR SG applications in terms of knowledge
acquisition, self-efficacy and user experience are still needed in literature, as well as the adherence between real-world and VR SGs
behaviours and choices by users should be analysed to better remark the capabilities of this kind of approach in DRM-related activities.

In view of the above, this paper aims at investigating the effectiveness of the combination between SG and non-immersive VR in
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improving evacuation behaviour in case of flood pedestrian evacuation in urban BE scenarios. A new non-immersive VR SG is then
prototyped by including several training objectives for flood safety training and laboratory tests are carried out by comparing the
users’ knowledge and self-efficacy before and after the tests. Furthermore, data from VR SG tests are investigated to verify the
adherence of tested behaviour in respect of literature ones, thus analysing if substantial differences between simulated and real-world
conditions exists and could affect the users’ experience.

2. Materials and methods

Fig. 1 presents a flow chart showing the research design process. The first step is the development of the training application
according to the concepts of gamification, non-immersive VR, and evacuation training. In particular, gamification lies in the con-
struction of individual scenarios, also called "story modules", whose overall articulation builds the "storyline". A beta test activity was
carried out with a small group of experts, selected from professors, researchers, doctoral students and students from two universities in
Italy (Polytechnic University of Marche and Sapienza University of Rome) and one in New Zealand (Massey University) to verify the
applicability of the experiment and receive technical feedback on the simulation. The beta test involved 30 participants. Following the
feedback received in the beta test phase, the appropriate changes were made to the SG and then proceeded to experiments with the VR
SG. The different components of the VR application are described in Section 2.1. The final application was then tested using pre-test
and post-test questionnaires, as shown in Section 2.2). Furthermore, the behaviour of the participants was also investigated, as
explained in Section 2.3.

According to the aims of the study, the following specific research hypotheses (H) have been defined:

e Aim A: evaluate the effectiveness of an VR SG in improving evacuation behaviour, in terms of knowledge and self-efficacy
increment:
o H A.1: the use of the SG generates an increase in knowledge in the users;
o H A.2: the use of the SG generates an increase in self-efficacy in the users.
e Aim B: explore human behaviour facing flood pedestrian evacuation in urban BE scenarios, to assess if differences with real-world
behaviours could impact the test results:
o H B.1: the choice of safe path is defined by signals or rescuers supporting the evacuation process;
o H B.2: the interaction with other people affects the evacuation and motion path;
o H B.3: the interaction with floodwater levels affects the evacuation and motion path;
o H B.4: the interaction with movable and unmovable elements affects the evacuation and motion path.

2.1. Application development

According to the general aims of this work, the proposed VR application aims to train users through flood scenarios relying on
possible real-world conditions of urban BEs.

In this study, the selected scenario is designed according to previous works on real-world and typological BEs affected by floods
[45]. In particular, the scenario is consistent with the typological geometric features of Italian urban BE (i.e. historical ones) of riverine
cities prone to flood risk. The scheme of a portion of the urban layout is represented in Fig. 2. The scheme is characterised by a square,
some streets connecting the riverfront to the square, and the buildings that define the boundaries of these open spaces. The scenario

Research design VR SG experiment

SG development
| BE Scenario l
{ Pre-test VR SG Post-test
Training objectives I T d : s i .
| g i questionnaires | | experience | | questionnaires
1
- |
| Story modules | .
{ ’ :
! |
H |
: :
| Modeling strategies and scripts I BETA i
1) H Test :
\ '
:
| SG modeling I [ S '
1
: Results
! p—
¥ H
H
’ Behavioral
i analysis on
Participants Questionaries ! tracking data
H
H
H
A ' Improvement of perception,

preparation and response to flood risk
Improvements

Fig. 1. Research design scheme.
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comprises the modelling of these outdoor spaces (see, for instance, Fig. 5), and two indoor environments (to simulate the start of the
process from a building and a gathering area located inside a building of the square; see Fig. 13). The floodwater levels of the scenario
can be changed to analyse the users’ reaction to the flooding risk by providing them with different training scenarios [45]. In
particular, in this work, we assumed a floodwater depth equal to 40 cm with a simulated walking speed of about 0.8 m/s, according to
Bernardini et al. [46].

The following subsections offer the specific steps in the VR SG application modelling and development involving this scenario.

2.1.1. Training objectives

The first step relates to the definition of training objectives to analyse. According to literature, the best responses, in terms of
learning, occur when you have defined objectives in training [47,48]. At the same time, analysing responses to specific behaviours is
one of the specific aims of the research in terms of simulating human behaviour in the event of a disaster. The main training objectives
have hence been defined according to the behavioural response of VR SG participants, who will act as pedestrians in the flood
emergency:

a) the path choice: the participants should have the possibility of knowing the actual height of the water for the different alternative

paths (thanks to, e.g. depth indicator poles or objects with commonly known dimensions such as cars) [4], or with a wayfinding

system (both for indoor and outdoor scenarios) [14];

the choice of a safe area: the participants could perform "shelter-in-place" strategies by moving towards higher levels of the building

where they are located, or they could move towards gathering areas and shelters provided by emergency plans [14,49]. In this

second case, the users could choose a gathering area located in a building (thus reaching the building and then moving upstairs), or

located outdoors (e.g. a raised gathering area), or even prefer to select a raised outdoor position perceived as safe (including, for

instance, a bench) and stay there until the level becomes critical or until the rescuers’ arrival [4,9];

the interaction with obstacles: the presence of mobile or fixed obstacles on a defined path enables users to choose whether or not to

avoid them (e.g. cars or small objects in the flow) or move towards them if perceived as possible shelters (i.e. grab bars, raised areas,

benches) [4];

d) the interaction with other people (i.e. social interactions): other individuals, modelled as Non-Player Characters (NPCs), could slow
down the evacuation of the participants (in case the participants choose to help them), or act as a facilitator element (in case of the
presence of a rescuer or a leader during the evacuation) [4].

b

=

—

C

2.1.2. Story modules
The story modules are defined on the basis of training objectives as defined in Section 2.1.1. Each story module is planned to
analyse the participants’ behaviour regarding one or more training objectives. The structure in story modules hence can:

e analyse a limited number of human behaviours in emergency response to limit the possibility of confounding factors;
e create interchangeable modules within general storylines. This allows researchers to analyse the results of a single module in a
direct and specific manner, even if inserted in different storylines.

5 story modules are elaborated as shown in Fig. 3, linking the related identification code ID to the specific story module conditions
and training objectives as defined in Section 2.1.1:

ID1. Inside a room on the ground floor of a building: this could represent the start of the indoor scenario, and the participants could
choose whether to go downstairs, upstairs, or outside. The possibility of going downstairs will lead to "game-over" conditions due to the
wrong choice of an unsafe place. The possibility of going upstairs depends on the availability of a higher level, and, in this work, this
possibility is not considered so as to force people to move outdoors and investigate related evacuation behaviours. The possibility of
going outside connects to another story module;

ID2. Street with obstacles: participants need to proceed in the street with different types of obstacles (fixed and mobile ones);

ID3. Street with other pedestrians: participants need to proceed in a street where other users (NPCs) are present. These NPCs could
interact with the participants as help seekers (i.e. rescuers such as policemen) or pedestrians who are evacuating;

ID4. Intersections: participants need to choose the best path also according to the depth indicator poles and objects present at the

Building

River

Square

Fig. 2. Scheme of the base scenario for VR application. Built environment dimensions: square [45 x 75 m]; building block [33 x 67 m]; streets parallel to the river [4
m]; streets perpendicular to the river [6 m].
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Fig. 3. Scheme of story modules linked to training objectives and possible application in storylines. *: in the indoor story module, the possibilities of going upstairs and
downstairs are not presented at the same time: in the first story module, participants can make a choice between going outdoors or downstairs, while there is the
possibility of going upstairs in the last story module, after getting inside a building from the square story module.

intersections;

ID5. Square: participants need to move in an open space where obstacles and other users are present. Two possibilities are
considered: reaching a safe area within the square; or getting inside a building and reaching a higher level.
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2.1.3. Modelling strategy

The story modules defined in Section 2.1.2 are then modelled using the Unity game engine (version 2020.3.10f1). The exposed
methodology fits both Immersive VR and non-immersive VR. The modelling involves all the elements of the BE (such as buildings,
roads, signs, benches), the NPCs (i.e. the avatars of pedestrians who are evacuating, with their animations), as well as the water
element to simulate the flood scenario. Each story module (see section 2.1.2) has been modelled as a separated scene in Unity, scaling
the dimension to the whole BE scenario (see section 2.1.1).

Following the example of Krishnan [47], some pre-built assets have been used, both paid as well as free assets from the Unity Assets
store, for specific purposes:

e torecreate the urban BE: "Urban construction" pack, developed by Quantum Theory and "Urban City Pack", developed by PolyPixel:
pre-built elements of the built environment (buildings, streets, etc.);

o to simulate flood in VR: "WaveMaker", developed by Lidia Martinez. Given the complexity of floodwater spreading simulation as
well as considering the solutions of most of the previous works [41,50,51], the modelling strategy is based on a graphical
simplification of a sort of flowing plane that rises from the ground level to a defined level;

e to improve the "flood-immersive" experience:

o "AlISky Free - 10 Sky/Skybox Set", developed by rpgwhitelock, for the setting of the skybox with a storm-like sky;

o "Rain Maker - 2D and 3D Rain Particle System for Unity", developed by Digital Ruby (Jeff Johnson), to reproduce the audio-visual
sensation of rain thanks to specific scripts and textures;

o "Simple Water Shader URP", developed by IgniteCoders, to render the water in a more detailed way;

o "Fast Buoyancy", developed by Nathan Gauér, to simulate floating obstacles in the flooded street thanks to specific objects and
scripts.

The model of the BE based on a real case study could be developed in several ways. The most used methodologies are based on BIM
modelling [20], simpler 3D models, i.e. from Sketchup [50], or directly modelled into Unity with the use of pre-built assets [47]. In this
research, the basic geometries have been modelled inside the BIM Authoring Software Autodesk Revit to respect the dimension and
proportions of HBE scenarios (Fig. 4), and then textures and more complex models have been applied inside Unity, with the use of the
aforementioned pre-built assets (Fig. 5).

Several scripts in C# language have been used to develop the models of the story modules. Some of them came from the described
"assets", and some others came from specific scripts elaborated for the experiment. The scripts were elaborated in VisualStudio 2019.

The following scripts have been elaborated for the simulation:

e Player Controller and Mouse Handler to ensure the First Person Movement;

e Story Module Control, to pass from one story module to another one. The script is based on switching between levels in a video
game. It is applied to a virtual plan that marks the physical boundaries of the BE of the single-story module;

e Position tracking to record the times and movements of the participants in each single-story module in order to analyse behaviour
in the virtual flood risk scenario.

For the NPCs, we use models generated by Mixamo [52], powered by Adobe, where the avatars of the people and related ani-
mations were selected (i.e., the injured walking). Two types of NPCs are considered in this work: (A) single NPCs moving linearly to
safe areas; and (B) small groups of NPCs calling for help. For the latter, the scene also includes a disclaimer that warns participants to
move after having helped people. The disclaimer is activated when the participants enter the area of influence of the groups of NPCs. As

Fig. 4. Modelling of the scenario in Unity.
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Fig. 5. Images of two-story modules: "road with obstacles" (left) and " intersection" (right) modelled within Unity software.

for the sound, different aspects have been used to simulate: environmental sound (i.e. the rain) to create a more realistic environment,
punctual sound sources such as the voice of the policemen’s avatars and police car sirens to draw the user’s attention to a specific point
(safe areas).

Finally, in this work, a non-immersive system has been adopted for experiments. The general efficacy of non-immersive solutions is
the same of immersive solutions [34], but they allow reducing complexities in test performing while applying it to a significant number
of participants. In such terms, this choice also allows us to focus on the prototyping of the SG, which is one of the mail research goals,
and thus to preliminary understand how users could perceive the experience and if evacuation behavior have been improved by
training activities. Tests are carried out on a laptop mounting Intel Core i7-8750H CPU (@ 2.20 GHz) - 32 GB RAM, and Graphics card
NVIDIA GeForce RTX2070, Windows 10, and using a Philips V LINE monitor LCD FULL HD (23.8 inchs, 1920 x 1080 pixel). However,
these specifications are not related to minimum ones, since other preliminary tests have been carried out on other less performing
laptops (e.g. i5-6200, i7-4750HQ and i7-11800H CPU; 8 and 16 GB RAM; NVIDIA GeForce GTX960 M and AMD Radeon RS M330 GPU;
Windows 8, 8.1 and 11) guaranteeing that the VR application can be easily run in common PC configuration currently available.
Furthermore, the non-immersive approach could ensure easy-to apply safety and health standards for participants also in view of
possible sanitary restrictions (i.e. tests were carried out during the period of the COVID-19 pandemic).

An example video of the possible scenarios in the SG has been uploaded to show the extent of immersion accomplished and is
available at the following link: https://bit.ly/3YiD3JZ.

2.2. Data collection and questionnaire

Different protocols of involvement of participants are used in literature [46,48,53]. Usually, a number higher than 30 participants
is recommended for this kind of experiment. If the research includes interest in a retention test, the number should be even higher due
to the possibility of no response from involved participants after some weeks. For this purpose, the number of involved trained should

Table 1
Example of how the answers to the open questions were evaluated.

Questions Participants #1 #2 #3 #4 #5 #6 o #55

1. go out 1
upper floors 1 1 1 1
"panic” -1
stay
signs and indications
help people
looking for help 1
2. avoid moving obstacles 1 1
shelter on fixed obstacles 1 1 1 1 1
stay 1
move close to the walls
water level control
change route 1
elevated zone
3. looking for help 1 1 1 1 1 1
help people 1 1 1
4. towards shallow water 1 1 1 1 1 1
help people
look at elements
5. safe zone 1 1 1
inside the building 1
avoid moving obstacles 1
help people 1
closest place
total 5 7 3 5 5 6 5

—_
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be higher than 50. Participants are usually volunteers, randomly chosen to be a representative sample of the population, divided by
gender and age. As an example, Lovreglio et al. [27] recruited volunteers in Auckland (New Zealand) at the Albany campus of Massey
University and in several public libraries. Fujimi and Fujimura [41] recruited the volunteers at University, 103 students from the
University of Tokyo. The common procedures in literature rely on two evaluation tests to assess participants’ knowledge before and
after the test [54]. This method enables the evaluation of the training efficacy of the elaborated method.

To compare the effectiveness of the SG experience, two evaluation tests are designed to evaluate participants’ knowledge acqui-
sition, namely pre-test (before the training) and post-test (immediately after the training). The evaluation tests are elaborated as
questionnaires, with both close-ended and open-ended questions [27]. The pre-test questionnaire includes three parts:

1. Collection of background information on participants’ age, their previous experience and training with evacuation drills, as well as
their gaming experience;

2. Assessment of the participants’ awareness of flooding risk;

3. Focus on the operational steps in which the participants had to describe how they would behave in the different scenarios described
(the scenarios described coincide with the story modules).

The first and the second parts are elaborated with close-ended questions, while the third part is made up of open-ended questions.
The post-test questionaries focus on knowledge acquired during the training due to the evacuation and emergency procedures and self-
efficacy levels. The post-test questionnaires are structured to have the exact same parts as the pre-test questionnaire, except for the first
part on previous background data, in order to compare the results before and after the SG. In the post-test questionnaire, we add a part
concerning the involvement in the simulation and the feedback on the experience of VR SG.

Both close-ended and open-ended questions are used. In open-ended questions, the participants need to describe the possible
behaviours in an emergency during a flooding risk related to each training objective defined and story module described. The open-
ended questions are used to avoid prompting possible answers or limited responses, as in the case of close-ended questions. The open-
ended questions are processed through the identification of keywords within the answer and are coded to provide a score (+1 for
positive behaviours, i.e. I go upstairs, looking for a policeman; and —1 in the case of negative behaviours, i.e. I stay put, “panic”).
Table 1 shows the coding created by the researchers. The other data are collected through close-ended questions and using a Likert
scale, ranking them from 0 to 6 (0 = strongly disagree and 6 = strongly agree). Google form was used to set up the tests and make them
available to participants.

2.3. Data analysis

The results of the double-questionnaire used in this study are analysed using statistical testing. Participants’ knowledge before and
after as well as self-efficacy are compared using u-test or t-test, depending on the normality of the data. The statistical tests are carried
out using SPSS Version 27.0 statistical software package.

The analysis of participants’ trajectories is performed to detect the usage levels of the open spaces during the evacuation with
respect to elements in the BE, such as movable and unmovable elements (i.e. barrels, cars, building walls, benches), safe areas, other
people, including rescuers. A1 m x 1 m grid is selected to discretise the space according to the ranges of distances between unmovable
elements in literature [12], being also consistent with the maximum avatar diameter. Trajectories can also point out literature-based
phenomena noticed in: (1) real-world observations from flood events, flood evacuation modelling, common behaviours in evacuation
[4,9,12,13,15,55,56]; and (2) VR movement depending on the methods for the translational component plus head movements for
rotational components, to detect differences with real-world scenarios [57,58]. The percentage of participants in reference to their
final position is assessed considering "game over" (GO, that is unsafe) or the arrival in safe areas codified in the evacuation plan.
Furthermore, answers to the open questions in the post-test survey are analysed to qualitatively point out behavioural issues in tra-
jectories and final positions analysis. Evacuation times are investigated by providing a boxplot representation to assess the overall
effects on the time of permeance into the VR outdoor environment. Kolmogorov-Smirnov tests are carried out to assess if evacuation
times had a normal distribution [59]. Matlab R2021b is used to perform these analyses [60].

Evacuation drill Familiarity with video games

96%
o
100% 30% —27%
o
80% 25%
, o
60% % 20% 18%
0 35% 15% 15% -
15% 8
16%
20% 0 7% 10% 7%
4% 0% [ R ! 5%
0% - 5%
never once a year twice a year I do not know .
0%
m How often did you perform evacuation drills? Never Less than Atleast  Atleast Atleast Several Everyday
oncea  oncea  oncea  oncea days a
How often have you done anti-flood drills? year year month week week

Fig. 6. Graphs describing the sample of volunteers who took part in the experiment.
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3. Results

The results of the testing are presented here in three main sub-sections. The description of the participants is provided in Section
3.1, the awareness assessments and SG training perception are offered in Section 3.2, while behavioural analyses are investigated in
Section 3.3.

3.1. Participants

The experiment involved 55 volunteers. The sample is composed of 30 male and 25 female volunteers, with an age range ranging
from 18 to 68 years. The first interesting fact is the poor preparation in terms of sample evacuation exercises (Fig. 6). 35% have never
carried out evacuation drills, 42% carry them out once a year and only 7% twice a year. The percentages are greater in cases of drills
aimed at flood risk, where 96% of the sample has never carried out this type of drill. As for familiarity with video games, 27% never
play, 40% are casual gamers (less than once a year, at least once a year or once a month), and 33% are instead regular players (at least
once a week or more), as shown by Fig. 6.

3.2. Awareness assessments and SG training perception

The first part of the pre and post-test questionnaires with closed-ended questions is organised in the same way to compare the
evaluation before and after the SG simulation. The answers provided by the volunteers show a variation from constant disagreement
answers (values from 0 to 2) to constant agreement answers (from 3 to 6) for questions 1 to 6, i.e. the questions relating to the self-
assessment of ability to deal with a situation of danger, while they have an opposite tendency for questions 7 to 9, regarding self-
assessment on the possible consequences of risk and personal vulnerability (Figs. 7 and 8).

The means of the responses are characterised by a normal distribution (Kolmogorov-Smirnoff test p-value = 0.2 > 0.05), and the
difference between before and after performing the SG showed statistical significance (T-Test, p-value <0.001), thus demonstrating the
effectiveness of the experiment. Concerning the H A.1 (“the use of the SG generates an increase in knowledge in the users”) and H A.2
(“the use of the SG generates an increase in self-efficacy in the users”) results confirmed the research hypotheses shown in section 2
(Fig. 9).

The involvement in the simulation presents optimal results, with high satisfaction percentages of the learning method, compared to
traditional methods. Thus, results remark a good response in the increase of preparedness to face the flood risk. Satisfaction values
(equal to scores 4,5,6) in percentages higher than 50% are recorded in all the questions [1. = 81%; 2. = 76%; 3. = 65%; 4. = 54%; 5. =
98%; 6. = 89%; 7. = 94%]. The question with the lowest percentage of positive scores is 4. The question "I could easily deal with the
situation foreseen in the virtual game" reaches the cumulative value of 54% between answers with values 4, 5 and 6. This result is to be
considered linked to an awareness of the danger of flood risk, for which, despite the improvement in preparation, it is possible that the
participants in the experiment still understood the seriousness of the flood risk, not being influenced by the ease of management in the
virtual world (Fig. 10).

Feedback on the simulation also shows good results (Fig. 11). The first three questions concern the participants’ emotional state
with respect to feelings of fear, nervousness and anxiety. In this case, about 77% of the participants do not perceive negative feelings
(responses with values from 0 to 2) [1. = 79%; 2. = 78%); 3. = 76%], while 93% of the participants find the SG enjoyable and engaging
reporting high values for the fourth question (answers with values from 4 to 6). Questions 5 to 8 concern the technical aspects. 93% of
the participants find it easy to interact with the non-immersive VR of the SG. 87% feel that the virtual world was adequately realistic,
and 85% think that the flood scenario is realistic enough too. 54% of the participants also consider the interaction with other people
(NPCs) in the SG to be adequately realistic (question 8), both considering the rescuers and the other pedestrians (answers with values
from 4 to 6), although the majority of answers focused on neutral values, about 33% (answers with a value of 3). This data indicates a
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Fig. 7. Participants’ answers to closed-ended self-assessment questions on flood risk before and after the SG.
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Fig. 8. Boxplot for comparing participants’ responses (for questions number are reported in Fig. 7) to closed-ended self-assessment questions before (black boxplots)
and after (yellow boxplots) the SG.
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Fig. 9. Boxplot for comparison of the pre and post SG averages of the answers to the closed-ended self-efficacy questions.

: L I 1 [
N 1

»
(5}
3 3 ) o
15
w2

2 o o o

1 o

0 -t

1. 2. 3. 4. 5 6. 7

Questionnaire answers

Fig. 10. Boxplot of the evaluations on involvement in the simulation by the participants. Questions: 1. Simulated situations in the virtual game are useful for my
safety; 2. Simulated situations will allow me to effectively deal with a flood emergency; 3. After simulated situations in the virtual game, I can greatly reduce the
likelihood of injury to myself or others during a flood emergency; 4. I could easily cope with the predicted situation in the virtual game; 5. I found this flood simulation
more engaging than traditional training tools (such as evacuation drills, health and safety notions, recommendation brochures and seminars); 6. It was easier to
remember the actions to be performed during a flood provided in this simulation versus those provided with traditional training tools; 7. I prefer flood simulation to
traditional training tools.

possibility of improving the modelling of NPCs and related interactions in the SG. 74% of the participants think that they would behave
in real life during a flood exactly as they did in the SG (question 9). The last five questions instead concern the perception of danger in
the SG and the severity of the flood. 67% of the volunteers perceived the urgency to act during the scenarios proposed in the SG
(question 10 - answers with values from 4 to 6). Questions 11 to 13 regarding the sensation perceived in the scenarios showed more
distributed values. The feeling of danger is perceived by 58% of participants in the initial story module inside the flooded building;
52% in the story modules comprising the street with obstacles and people; and just 31% instead in the square (answers with values
from 4 to 6). This data seems to point out a decline in the perception of danger as the spaces of the BE become less narrow and wider.
Finally, 61% of the participants perceived the flood as serious (question 14 - answers with values from 4 to 6).

One of the most interesting aspects that emerges in the open-ended question in the pre-test, concerns the attitude towards the
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Fig. 11. Boxplot of participant simulation feedback. Questions: 1. This experience makes me feel scared; 2. This experience makes me feel tense/nervous; 3. This
experience makes me anxious; 4. The game was engaging/fun; 5. I found it easy to play this game; 6. The virtual world was adequate/realistic; 7. The virtual flood
scenario was adequate/realistic; 8. Interaction with other virtual people was adequate/realistic; 9. I would behave the same way in real life during the flood; 10. I felt
the urge to act/do something during the flood; 11. I felt in danger while I was in the virtual building at the beginning of the simulation; 12. I felt in danger while I was
in the virtual street; 13. I felt in danger while I was in the virtual square; 14. I thought that the flood was serious.

presence of a rescuer. The same percentage of participants are engaged in searching for help from the rescuer and in collaborating and
providing assistance to the other people for social attachment issues.

Post-test questionnaires highlight which behaviours are effectively performed, showing greater adherence to scientific literature
with respect to real flood risk situations and providing important information regarding the management of the built environment
(Table 2). Road signs appear to be the element of greatest influence, together with the presence of other indicators useful for deducing
the level of water depth. Finally, the most recurrent criterion for choosing the area to reach for safety is the presence of a rescuer who

Table 2
Participants’ answers to open questions on behaviour in case of flood risk before and after the SG.
PRE POST
go outside g0 upstairs stay other  go outside - - Game over
inside/ (underground)
"panic"
1. You are inside a room on the 18% 59% 12% 11% 85% - - 15%
ground floor of a building and a
flood warning is declared.
avoid shelter by stop other  avoid skirt walls get away Game over
moving fixed moving from the (towards the
obstacles obstacles obstacles river river)
2. You are walking on a flooded road ~ 46% 21% 7% 15% 80% 24% 43% 15%
and there are possible fixed and
moving obstacles in your path.
seeking help other Both other  seeking help other Both -
help people help people
3. You are walking on a flooded street ~ 44% 44% 8% 4% 59% 14% 27% -
and on your path, there is an
experienced evacuee (or
policeman) and people who need
help.
towards I do not - other  Signal attracted by ~ other Game over
shallow know other indicators (wrong way)
water people (poles, cars)
4. You are at an intersection and must ~ 87% 6% - 7% 61% 30% 52% 15%
choose the safest route. There are
some elements that help to
understand the depth of the
water.
Safe zone Building the other  Safe zone Building The first I've -
closest seen
5. You are in a flooded square. There  53% 13% 30% 4% 70% 30% 7% -
are various obstacles and people Signal Police Safer attracted by
seeking shelter. At the end of the officer other people
square, there is a raised safe area 11% 36% 27% 18%

and around some buildings
where you can take refuge.
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Fig. 12. Comparison boxplot of the scores for the pre and post knowledge.

attracted the attention of the participants. Similar remarks can be then compared to the participants’ trajectories analysis, as pointed
out in Section 3.3.

According to the scores assigned to the open-ended questions, the overall values are then compared, and the difference between
before and after performing the SG shows statistical significance (Mann-Whitney U Test, p-value <0.001), thus demonstrating the
effectiveness of the experiment on the improvement of perception, preparedness and response of the risk of disasters by the sample
(Fig. 12).

3.3. Behavioural analysis

Fig. 13 shows the outdoor space usage in the VR SG tests (absolute usage frequency), tracing the participants’ trajectories according
toalm x 1 m grid spatial discretisation. In this sense, Fig. 13 support findings on the hypotheses concerning human behaviour
exploration, focusing on the evacuation and motion paths by showing probable trajectories. Dark blue represents non-used patches of
the grid, while red refers to the greater number of times the person moves in the patch over time. Different main areas for interactions
between the volunteers and the built environment are marked by different letters in Fig. 13 and shown as views of the VR environment
in Fig. 14.

The evacuation starting point is the building marked by "s" (Fig. 14-a). Participants stop their evacuation in different parts of the
environment (compare with Fig. 13):

e one of the following "game over" (GO) areas: indoor, downstairs; the river (Fig. 14-b); one of the streets at the intersection with
higher waters levels (Fig. 14-c);

e one of the two safe areas: SA1 for the building (the safe area is located on the upper floor - Fig. 14-g); SA2 for the raised outdoor
platform (Fig. 14-h).

The joint analysis of trajectories and open questions in post-test surveys allows for a resumption of the reasons for the choices of
final selected areas, and it confirms the general reliability of VR SG tests in collecting data similar to those of real-world flood scenarios
and other behaviours that are common to other kinds of emergencies. In particular, literature behaviours are confirmed in respect of
the research hypotheses shown in section 2.

Concerning H B.1 (“the choice of safe path is defined by signals or rescuers supporting the evacuation process™) and H B.3 (“ the
interaction with floodwater levels affects the evacuation and motion path”), confirmed behaviours regard:

L. (virtual) environment exploration to collect information on the emergency conditions, i.e. on the water level and on the urban layout
[4,13,14,61]. This behaviour is mainly noticed:
- at the starting building exit (Fig. 14-b), where exploration prevents volunteers from rapidly leaving the unsafe position and
thus depicts a sort of "curiosity effect";
- at the main intersection (Fig. 14-c), where people approaching spend time evaluating the boundary conditions and then select
the proper evaluation path;

II. in view of the previous point (I), the effectiveness of elements with well-known dimensions (e.g. traffic poles in Fig. 14-c, rectangle 1;
cars in Fig. 14-c, rectangle 2) in supporting the water flows levels and so the identification of proper evacuation direction outdoors [4].
These elements could limit the number of people in GO conditions at the first intersection, as shown in Fig. 15;

I1I. in view of point (1), the effectiveness of wayfinding signs for the identification of proper evacuation direction when no other visible
people are present [13,15]. As also remarked in Fig. 1515% of volunteers did not leave the building but decided to remain
indoors and reached the stairs moving downstairs. They do not correctly understand the wayfinding sign placed on the door of
the stairs (stairs with downward arrows). In fact, they believe they are accessing the stairs, and they could then move upstairs,
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Fig. 13. Outdoor space use (1 m x 1 m grid) by volunteers while moving from the starting building (S) to one of the safe areas (SA1: building; SA2: raised platform),
expressed in terms of absolute usage frequency. Rectangles with white and dashed borders point out the main outdoor areas affecting motion paths, with the
identification code according to Fig. 14. Results support testing hypotheses on human behaviour exploration concerning evacuation and motion paths.

Fig. 14. Main elements affecting motion paths (and related main elements in the red rectangles) in respect of the testing hypotheses on human behaviour exploration.
Each panel offers their position in outdoor areas according to Fig. 13 plan view: a) starting building, whose exit is marked in red with S [movable obstacles]; b) the
road to the river [street sign pointing out the river direction]; c) first intersection with three possible selectable directions [1: street sign pointing out the square
direction, and barriers and traffic poles as water level markers; 2: car as water level marker]; d) street parallel to the river [other pedestrians]; e) street parallel to the
river [1: bench as an unmovable obstacle; 2: car as potentially movable obstacle]; f) square [1: bench as unmovable obstacle, including a standing pedestrian; 2: other
benches as unmovable obstacles]; g) SA1, as the safe area in the building, with the entrance marked in green; h) SA2, as the safe area on the raised platform marked
in green.

thus confirming the individual’s desire to move upstairs when possible [8,9]. Then, for participants who exit from the building,
anon-emergency sign pointing out the river (Fig. 14-b, red rectangle) prevents them from moving toward the risk source. Fig. 15
shows that no people are involved in GO conditions towards the river. Finally, the sign pointing out the square (Fig. 14-c,
rectangle 1) significantly limits the number of participants selecting the wrong evacuation path.

Concerning H B.1 (“the choice of safe path is defined by signals or rescuers supporting the evacuation process”) and H B.2 (“the
interaction with other people affects the evacuation and motion path”), the interaction with other people and rescuers along the evacuation
path is confirmed [4,13,56]. The NPCs attract the volunteers while moving because of social interaction phenomena, for both those
placed along the second street (as in Fig. 13, rectangle d; Fig. 14-d, rectangle) and placed on the benches in the square (as in Fig. 13,
rectangle f; Fig. 14-f, rectangle 1).

Finally, the interaction with movable and unmovable obstacles as investigated by H B.4 (“the interaction with movable and unmovable
elements affects the evacuation and motion path”) has been confirmed too [4,6,12]. Movable obstacles are perceived as repulsive
elements because of risky elements drawn by floodwaters. Participants prefer to adapt their trajectories (Fig. 13, rectangle a) to move
far from barrels (Fig. 14-a, rectangle). They prefer to move again close to the wall of the building (preferred distance of 1-2 m) [12]
without crossing the street (width of 6 m). A similar effect is connected with the car placed along the second street of the path
(Fig. 14-e, rectangle 2), as shown by the distancing trajectories in Fig. 13, rectangle e. Unmovable obstacles are perceived as attractive
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elements, as mainly shown by benches placed along the second street (Fig. 13, rectangle e; Fig. 14-e, rectangle 1) and in the square
(Fig. 13, rectangle f; Fig. 14-f, rectangles 1 and 2). In particular, participants moving toward the building walls are believed to move to
the next sidewalks to reduce the effects of floodwater depths, as noticed in real-world observations [4].

It is worth noticing that the need to become familiar with the navigation methods could partially influence the aforementioned
exploration behaviours as well as the participants’ trajectories, although the preliminary testing scene allows volunteers to get trained
with movement rules [18,62,63]. In this sense, differences between real-world observations and VR SG data on trajectories seem to
mainly emerge considering the square. In the tests, as shown in Fig. 13, volunteers generally preferred to move in a straight line to
where they identified as the best safe area (Fig. 14-g, h). Patches closest to the buildings seem to be less used than the central ones,
contrary to what has been done along the streets and in real-world observations [12], essentially because moving in a straight line in
the space of the square could be really simple for the volunteers.

In addition, some participants change their motion direction in the central part of the square by firstly moving towards SA1 and
then switching to SA2. Open questions in the post-test surveys point out that they move to SA1 because they first notice the police car,
thus confirming the effectiveness of rescuers’ presence at the scene to collect people in a safe area [4]. Anyway, while approaching,
they are not convinced about the safety of their choices since they have no additional information on the building site (e.g. "could I
move upstairs once they entered the building?"). Thus, they prefer to move towards the visible raised platform because they are also
attracted by the evacuation signage (Fig. 14-h). The attraction due to the visible wide raised platform is generally remarked by the
higher percentage of people selecting SA2 with respect to SA1, as shown in Fig. 15. The effects of the police car placed in front of SA1
entrance are also remarked by the evacuation time distribution in Fig. 16. The mean value for SA1 (166 + 61s) is 12% greater than the
one for SA2 (145 + 22s), and both are characterised by a normal distribution of values according to the Kolmogorov-Smirnov
normality test. Although the linear path distances from the starting building "s" to SA1 and SA2 are almost the same, a longer time
is needed to coordinate the entry movement towards the SA1 entrance door, bypassing the police car (Fig. 14-g). In view of the above,
outliers and Q3 to Q4 values in SA1 evacuation times distributions are both affected by this phenomenon and by attraction due to
unmovable obstacles (i.e. building walls and benches) in the square (see Fig. 13, rectangle f and Fig. 14-f).

4. Discussion

The discussion is organised around three main themes: 1. modularity of the designed story modules; 2. increase in people’s awareness of
flood risk; 3. deriving experimental data on behavioural issues according to the comparison of quantitative results of the experiments
versus behavioural analysis in real-world scenarios.

Firstly, one of the most innovative approaches tested is related to the modularity of the designed storyline. The subdivision into story
modules and their structured organisation can allow greater freedom for the user to explore the BE under risky conditions, presenting a
greater adherence to reality. At the same time, the use of these modules allows data to be analysed both from each module and in an
aggregate way across the entire storyline.

In this sense, this work hence represents an example of an application storyline that could be modified in a more articulated
manner. For instance, the users may not necessarily incur in the game over conditions while selecting some route choices, and thus they
can continue the evacuation process and just lengthen the route to the gathering area. In this way, retrieved data could be analysed by
comparing user behaviour in the same modules but articulated differently in the unfolding of the main storyline. Another possible
application is to differentially combine story modules by building completely different storylines and testing human behaviour in the
urban BE, starting from different points in the layout. The modelling methodology adopted in this work can support these activities
because it uses checkpoints at the beginning and end of a given step, according to common video games techniques. Meanwhile, the use
of this technique allows us to punctually analyse the results of the simulations both from the qualitative point of view (feedback of the
users regarding the training objectives declared) and quantitative (times and followed paths).

The second point relates to the increase of awareness in people with respect to flooding-type disaster preparedness issues. Substantial
percentages of participants report positive ratings with respect to the easy interaction in the SG and the information gained during the
experiment. They also report that the SG was engaging, and no negative feelings (e.g., anxiety and fear) are underlined. Both par-
ticipants’ self-efficacy and knowledge acquisition before and after the training are statistically different, thus demonstrating positive
results of the experiment. The use of immersive learning techniques can have a long-lasting effect on participants’ memory, allowing
them to intuitively recall their experience in virtual training when needed in the real environment. A limitation of this study lies in the
lack of retention data that should have been carried out at least four weeks later, but that was not in the objectives of the research.
Similar results are reported in literature, confirming that VR training leads to better results and allows longer knowledge retention than
traditional learning methods [25,27].

Concerning the third point, this work demonstrates that VR SG appears to be a valuable tool for deriving experimental data on
behavioural issues, as trajectory analysis appears to confirm general trends from real-world observations. From the results, it emerges
that the elements that have most influenced the choices in all story modules are those of signage (i.e. directional signs or indications of
safe areas) or presence recognisable in an immediate way through the audio and visual input of rescuers (i.e. NPCs that indicated their
presence by moving their arms, sirens of police cars and voices of policemen that called the attention of users). These outcomes
certainly represent interesting suggestions on which to base considerations to make the urban BE safer., such as, for example, the
inclusion of appropriate signage related to safety issues, possibly integrated into the existing tourist information to move around the
city. Results also suggest that some elements of the BE which can guide the safety of users should be designed in a more recognisable
way, such as water depth indicators. These results could be used to develop, calibrate or validate simulation models for pedestrian
flood evacuation by mainly taking advantage of possible differences in pedestrian trajectories in the square and of the percentage of
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Fig. 16. Evacuation time boxplot for GO intersections, SA1 and SA2 conditions.

users who cannot reach a safe area. In any case, the participants’ sample dimension should be increased by also varying floodwater
levels to account for possible differences in paths, BE features and implemented strategies, thanks to the VR SG modularity. In this
sense, different wayfinding systems could be tested, as well as the impact of familiarity issues with the BE and the emergency plan. In
this sense, preliminary tests could be carried out by allowing volunteers to freely move in the BE before the flood or making them aware
of the emergency plan layout before the simulation starts.

Nevertheless, differences between immersive and non-immersive VR should be assessed, also in combination with other locomotion
methods. Although non-immersive VR has many application advantages, especially due to its simplicity in widespread applications to
citizens [31,34], immersive applications could increase the reality of the scenario experience [44], thus promoting a more engaging
response in the volunteers and overcoming the limitations of non-immersive VR SG [39]. Three different solutions should be hence
included [28,31,38]: (1) the non-immersive VR, as developed in this contribution, by extending it to other personal devices (and online
platforms too), so as to increase the possible engaged audience; (2) immersive VR, with the use of head-mounted viewers, or even of
cave automatic virtual environment; and (3) an "immersed" strategy, for example in a swimming pool to simulate with greater realism
the evacuation limited by the effects of the presence of water. In view of point (2), VR platforms can be also used, since they allow
players unmatched freedom of movement and can also be also set up to include the simulation of fatigue effects due to floodwaters. In
view of point (3), there are currently few studies on the use of VR in water immersion [64], and in the literature review they were not
found specifically in relation to emergency and evacuation conditions in the event of a flood disaster. A central theme of this last
application concerns the possibility of using head-mounted viewers for virtual reality not connected to electricity for the safety of the
participants in the experiment (i.e. special VR immersion viewers, such as DIVR Ballast Technologies, or waterproof boxes in which to
insert water-proof smartphones). Moreover, beside these VR solutions, additional equipment for objective behavioral analysis could be
also adopted in tests, e.g. eye-tracking techniques to focus where and how the participants look for information and support in the
virtual environment [65].

Finally, the authors are aware of additional limitations of the study that should be solved by further efforts. The social aspects of the
SG use could be further explored, such as statistical analysis on the actual data. Multidisciplinary approach issues to the research
should be improved, by more deeply exploring data from statistics and social science standpoint, in addition to the engineering one
focused on the built environment. This task represents a further step of the research. In this sense, a possible evolution could be linked
to the expansion of the use of the VR SG by envisaging a larger sample of users. The current sample size is sufficient for the aim of this
first part of the research, but specific efforts should be provided towards users with different technological self-efficiency levels [37],
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thus considering differences with respect to age (i.e. young people confident with games and elder people) and also including
vulnerable groups, i.e. elderly. Similarly, further works should differentiate the sample also in terms of risk awareness (i.e. planners,
rescue teams, general users).

5. Conclusion

The safety of the users in the built environment (BE) during an urban flood depends on the flood spreading into the BE layout and on
the users’ interactions with the BE elements. During the immediate aftermath of a disaster, human behaviour focuses on evacuation
target selection and how to get there. In the specific case of a flooding disaster, movement is obviously influenced by the presence, level
and velocity of the water. Emergency activities and evacuation planning can be supported by awareness-raising processes, such as
training campaigns. With this perspective, virtual reality (VR) and Serious Games (SGs) training offer powerful tools to prepare users
for disasters and improve their emergency response by providing immersive, engaging, and safe methods of learning.

This paper aims at investigating the use of SG in combination with non-immersive VR training to enhance participants’ knowledge
and self-efficacy in case of a flood disaster. The proposed prototype of a new non-immersive VR application is based on several modules
which can be combined to form different storylines and training objectives. One storyline is tested in this work to assess the efficacy of
the training solution and investigate participants’ behaviours. The results show a significant increase in self-efficacy and safety
knowledge after the VR experience. Furthermore, the results allow for the generation of new behavioural data which could be used in
future flood evacuation simulations, thanks to the general adherence between behaviours and in VR conditions and real-world
scenarios.

Future applications may concern the use of the SG in immersive VR to test the difference in the behaviour compared to non-
immersive VR and "immersed in water" to simulate the movements made more difficult by the presence of water. Regarding
immersive VR, further research developments will be related to SG customisation, considering the height, gender, and age of the user,
to set the movement speed more specifically in the flood disaster scenario, test other combinations of story modules to define different
storylines, and implement water simulation to predict varying depth levels as the disaster phases change. While for "immersed" VR, an
interesting finding will be to compare visually induced motion sickness and the difference in behaviour between the participant in VR
while standing on the ground or floating in the water. There are currently few studies on the use of VR in water immersion and
literature, and they were not found specifically in relation to emergency and evacuation conditions in the event of a flood disaster.
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Appendix. Questionnaires Items

Pre-Test Questionnaire

Question Type of
. K question
General informations
1 Gender close-ended
2 Age (year) open-ended
3 Nationality open-ended
4  How frequently have you practiced in an evacuation drill? close-ended
5  How frequently have you practiced in a flood drill? close-ended
6  How often do you play video games? close-ended
Section 1: Specific knowledge Please state your level of agreement with these statements. (0 = strongly disagree and 6 = strongly agree).
1 Iam confident that I am able to effectively deal with a flooding emergency close-ended
2 Thanks to my resources, I know how to manage in a flooding emergency close-ended
3 Iwould be able to deal with a flooding emergency even if the water level is critical and water velocity does not permit me to move easily ~ close-ended
4 1 would be able to cope with a flooding emergency even if I find other people along the way close-ended
5  Iwould be able to deal with a flooding emergency even if the exit is blocked and the water level doesn’t permit me to open doors and going ~ close-ended
outside
6 1 would be able to cope with a flooding emergency even if I find objects that may harm me along the way close-ended
7  The consequences of a flooding emergency on my safety would be severe close-ended
8  Iwould be vulnerable during a flood close-ended
Section 2: What if ... ? please describe how you would behave in these possible situations (open-ended questions)
1  You are inside a room on the ground floor of a building and a flood alarm is declared. open-ended
You are walking on a flooded street and there are possible fixed and moving obstacles in your path. open-ended

3 Youare walking on a flooded street and on your path, there are people in need who need help and an experienced evacuee (that is, someone  open-ended
who had previous experiences with flood risk and evacuation)/a rescuer (e.g. a policeman).

4 You are at an intersection and must choose the safest route. Some items that help you to understand the water depth are presents. open-ended

5  Youare in a flooded square. There are several obstacles and people seeking shelter. At the end of the square there is a raised safe areaand  open-ended
around some buildings to take refuge

Post-Test Questionnaire

Question Type of
question

Section 1: Specific knowledge Please state your level of agreement with these statements. (0 = strongly disagree and 6 = strongly agree).

1 I am confident that I am able to effectively deal with a flooding emergency close-ended
2 Thanks to my resources, I know how to manage in a flooding emergency close-ended
3 I would be able to deal with a flooding emergency even if the water level is critical and water velocity does not permit me to move easily ~ close-ended
4 I would be able to cope with a flooding emergency even if I find other people along the way close-ended
5 Iwould be able to deal with a flooding emergency even if the exit is blocked and the water level doesn’t permit me to open doors and going  close-ended
outside
6 1 would be able to cope with a flooding emergency even if I find objects that may harm me along the way close-ended
7 The consequences of a flooding emergency on my safety would be severe close-ended
8 1 would be vulnerable during a flood close-ended
Section 2: What if ... ? (why did you behaved the way you did) please describe why you behaved the way you did during the
simulation in the various scenarios (open-ended questions)
1 You are inside a room on the ground floor of a building and a flood alarm is declared. open-ended
You are walking on a flooded street and there are possible fixed and moving obstacles in your path. open-ended
3 You are walking on a flooded street and on your path, there are people in need who need help and an experienced evacuee (that is, open-ended
someone who had previous experiences with flood risk and evacuation)/a rescuer (e.g. a policeman).
4 You are at an intersection and must choose the safest route. Some items that help you to understand the water depth are presents. open-ended
5 You are in a flooded square. There are several obstacles and people seeking shelter. At the end of the square there is a raised safe areaand ~ open-ended
around some buildings to take refuge
Section3: Simulation engagement Please state your level of agreement with these statements. (0 = strongly disagree and 6 = strongly
agree).
1 The simulated situations in the virtual game are useful for my safety close-ended
The simulated situations will allow me to effectively deal with a flooding emergency close-ended
3 After the simulated situations in the virtual game, I can strongly reduce the probability of injury to myself or others during a flooding close-ended
emergency
4 I could easily face out the situation provided in the virtual game close-ended
5 I found this flooding simulation more engaging than traditional training tools (like evactuation drills, health and safety inductions, close-ended
recommendation leaflets, and seminars)
6 It was easier to remember the flooding actions provided in this simulation than those provided with traditional training tool close-ended

(continued on next page)
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(continued)
Question Type of
question
Section 1: Specific knowledge Please state your level of agreement with these statements. (0 = strongly disagree and 6 = strongly agree).
7 I prefer the flooding simulation over traditional training tools close-ended
Section 3: Simulation feedback Thinking about the flooding simulation you were just in, please state your level of agreement with the
following statements (0 = strongly disagree and 6 = strongly agree).
1 This experience makes me feel scared/fearful close-ended
2 This experience makes me feel tense/nervous close-ended
3 This experience makes me feel anxious close-ended
4 The game was engaging/fun close-ended
5 1 found it easy to play this game close-ended
6 The virtual world was adequate/realistic close-ended
7 The virtual flooding scenario was adequate/realistic close-ended
8 The interaction with other virtual people was adequate/realistic close-ended
9 1 would behave the same way in real life during the flood close-ended
10 I felt the urgency to act/do something during the flooding close-ended
11 I felt in danger while I was in the virtual building at the beginning of the simulation close-ended
12 I felt in danger while I was in the virtual street close-ended
13 I felt in danger while I was in the virtual square close-ended
14  Ithought that the flood was serious close-ended
Comments please describe how you would behave in these possible situations (open-ended questions)
1 What is the ONE thing you would do differently in a flooding emergency now that you have been through this virtual experience? open-ended
2 Are there any other comments you wish to express about your virtual experience? open-ended
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