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Abstract
In modern high-rise buildings, complex layouts and frequent structural changes often hinder emergency evacuation. Traditional
evacuation plans, usually 2D diagrams, do not provide real-time guidance and are difficult for occupants to interpret. We
propose a Mixed Reality (MR) application to address these challenges in real-time evacuation in multi-floor buildings. This
application was developed on Meta Quest 3, chosen for its status as one of the best low-cost eXtended Reality (XR) headsets and
a popular standalone Head-Mounted Display (HMD). Our system allows users to rapidly rescan and update building models,
ensuring that evacuation guidance is always up-to-date. The proposed approach overcomes the Meta Quest 3 API’s limitation of
scanning only 15 rooms. It extends its capability by saving room data externally and using spatial anchors to maintain accurate
alignment with the physical environment. Additionally, the application integrates Dijkstra’s algorithm to dynamically calculate
optimal escape routes based on the user’s real-time location. A preliminary evaluation study demonstrates the application’s
effectiveness in enhancing situational awareness and enabling users to stay mentally sharp, highlighting its potential to improve
decision-making and emergency response in dynamic building environments significantly.

CCS Concepts
• Human-centered computing → Mixed / augmented reality; • Software and its engineering → Virtual worlds training
simulations;

1. Introduction

In recent decades, how people interact with built environments has
significantly evolved. Today, individuals spend 80–90% of their
time inside large and complex modern buildings [JCCS20]. As
more people occupy these spaces, navigating them, particularly in
high-rise structures, has become increasingly challenging [HLJ12].
The rapid increase in high-rise buildings has also escalated the po-
tential risks associated with indoor emergencies, such as fires and
gas leaks, posing significant threats to life and property.

Evacuation drills play a crucial role in preparing building oc-
cupants for emergencies. However, these drills often rely on tra-
ditional evacuation plans, typically presented as two-dimensional
(2D) diagrams that aim to indicate unsafe areas and suggest evacu-
ation routes. However, many building occupants struggle to quickly
interpret these drawings, locate themselves within the building,
or identify the most efficient evacuation path during an emer-
gency [KJT23].

To address these limitations, recent advancements in Virtual
Reality (VR) [DZC∗24] and Augmented Reality (AR) [KJT23,
WRK22] technologies have been explored for evacuation drills.
These technologies use pose estimation techniques to simulate
emergency scenarios, allowing users to practice evacuations in a
virtual environment. However, these VR and AR methods are usu-

ally based on pre-loaded 3D models of the building, which quickly
become outdated due to frequent changes in room layouts from ren-
ovations or repurposing. This static nature limits the effectiveness
of VR and AR drills in preparing occupants for real-life emergen-
cies.

Although AR and MR are often used in applications based
on outdoor geolocation [CAE16, CLK∗24, Ker22], it is essential
to note that Indoor localization systems offer various approaches
for providing indoor positioning. These systems rely on fiducial
markers, near-field communication, Bluetooth Low Energy, and
WiFi [KCU∗22]. However, they require substantial infrastructure
and can be limited by signal interference, maintenance needs, and
the necessity for pre-installed markers or access points.

We propose an MR application to overcome these challenges
in real-time indoor emergency evacuation drills. Our system uti-
lizes the Meta Quest 3, which is recognized as the top-budget XR
headset. Our system brings inside-out tracking beyond traditional
room-scale limitations, allowing users to generate a 3D model of
an entire building encompassing multiple rooms and floors. This
feature enables users to quickly re-scan rooms and refresh the 3D
model, ensuring evacuation drills reflect the most up-to-date lay-
out. Consequently, our method addresses the limitation of the Meta
Quest 3 API, which can only scan 15 rooms, by enhancing its
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capabilities to externally store room data and utilizing spatial an-
chors to ensure precise alignment with the physical environment.
Furthermore, our system uses the Visual-Inertial Simultaneous Lo-
calization and Mapping (SLAM) capabilities of the Meta Quest 3
to track the user’s position in real-time without needing external
systems like WiFi, markers, or Bluetooth. This approach enables
the creation of dynamic 3D models and provides accurate posi-
tional tracking even in environments where traditional localization
methods may fail. In addition, MR technologies, when combined
with our dynamic 3D modeling approach, can significantly enhance
evacuation drills by overlaying digital information directly onto the
physical environment. This may improve situational awareness and
navigation capabilities.

Our application uses Dijkstra’s algorithm [Dij22] to calculate
the shortest evacuation routes, considering critical features such as
door positions to ensure precise and efficient real-time pathfinding.
This approach may significantly enhance decision-making during
drills, helping building occupants evacuate swiftly and safely and
reducing the potential for injuries or fatalities.

To evaluate the usability and effectiveness of our proposed ap-
plication, we conducted an evaluation study with a diverse group
of participants engaged in a simulated emergency scenario. The
study offered valuable insights into the system’s usability and sen-
timent, demonstrating the potential of MR-based guidance to en-
hance emergency preparedness in real-world settings.

The contributions of this research are:

• development of an MR-based evacuation tool that integrates
an algorithm for real-time computation of shortest evacuation
routes;

• integration of features for dynamic 3D modeling of multi-floor
buildings;

• conduction of a preliminary evaluation study on the usability and
sentiment of the application.

The remainder of this paper is structured as follows: Section 2
provides an overview of related work; Section 3 describes the tech-
nologies used and provides details on the design and architecture of
the proposed MR application, including the dynamic 3D modeling
and the evacuation guidance tools; Section 4 presents the results
from our experimental evaluations; and Section 5 discusses the po-
tential impact, the limitations, and future directions of this research.

2. Related Work

XR systems have already investigated serious games for emergency
evacuation drills [AYA24, FGM∗23, KMS16]. However, most are
mainly focused on VR applications, indeed in the last years, a
plethora of systematic reviews were presented [FGA∗18, ZL21,
GBQ∗23]. Some of them consider the simulation of emergen-
cies, also trying to examine the skills training of involved peo-
ple [ACJ∗23], while others focus on safety training studies, eval-
uating the effectiveness of such approaches [SMH23]. As reported
in this section, although practical applications of AR and VR have
been proposed, our work specifically focused on using MR for
evacuation drills. Additionally, the proposed approach aims to sur-
pass existing commercial MR applications, such as those based on

Meta Quest 3, by overcoming hardware limitations to effectively
track large, complex buildings with multiple rooms and expansive,
intricate environments.

2.1. Virtual Reality Approaches

VR-based approaches like the one proposed by Liu et al. [LCY∗22]
introduce a Markov Chain Monte Carlo-based method to automate
VR fire evacuation drills, exploring the participants’ remote col-
laboration behavior. A user study shows that varying drill diffi-
culty levels enhance teamwork, helping users prepare for real-life
scenarios. In addition, in [LZLBG20], the key concept is collabo-
ration behavior. Indeed, the authors examine how crowd flow af-
fects behavior during fire evacuation using VR simulations in ma-
jor cities’ metro stations. The proposed results indicate that par-
ticipants tended to follow the majority under stress, with simi-
lar behavior across cultures. The study underscores the role of
crowd flow in evacuation decisions and the value of VR in study-
ing emergency responses. Lu et al. [LYXX20] developed a sim-
ulation framework for indoor post-earthquake fire rescue, com-
bining the Building Information Model (BIM) and VR to model
the complex environment caused by seismic damage, fire spread,
and fallen debris, creating an immersive training scene for fire-
fighters. The earthquake emergency training scenarios inspired sev-
eral studies [LLQ∗17, ZXY∗21]. In a couple of papers, Feng et
al. [FGA∗20,FGM∗20] explored the application of Immersive Vir-
tual Reality (IVR) and serious games for earthquake emergency
training. The first one investigates the effectiveness of IVR seri-
ous game designed to improve earthquake behavioral responses and
post-earthquake evacuation preparation. The second paper explores
how IVR serious games can be customized to meet different learn-
ing goals. It introduces a framework that allows for adjustments to
virtual environments, storylines, and teaching methods, making the
training more relevant and effective for different users.

2.2. Augmented and Mixed Reality Approaches

The effectiveness and usefulness of AR for emergency evacua-
tion training have already been explored by Paes et al. [PFK∗24].
They evaluate an AR-based training system for fire safety, com-
paring it to traditional video-based methods. Through a controlled
experiment, the AR system matched traditional methods in knowl-
edge retention while significantly increasing motivation and self-
efficacy, making it a promising tool for enhancing fire safety train-
ing. Gan et al. [GLLC22] presents an indoor evacuation guidance
system that employs an AR virtual agent on smartphones to provide
real-time, voice-guided directions to the nearest exits during emer-
gencies in large, complex buildings. Tested in a museum, the sys-
tem demonstrated good usability, effectively helping users in safe
and efficient evacuations even in unfamiliar environments. Simi-
larly, Catal et al. [CAT∗20] introduces an AR-based evacuation
training game designed for academic people, utilizing architectural
plans and 3D models to simulate realistic emergency scenarios. The
system guides users to the nearest exits and includes educational
animations on various emergencies. A user study demonstrated
high satisfaction and effectiveness in enhancing evacuation prepa-
ration, suggesting AR as a viable alternative to traditional training
methods.
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MR Zhen et al. [XYZF23] focused on a method for conduct-
ing indoor earthquake safety drills, specifically addressing the risks
posed by nonstructural components such as furniture and ceil-
ings. Utilizing the HoloLens, the approach reconstructs detailed 3D
models of indoor environments and simulates seismic damage us-
ing a physics engine. The study highlights the effectiveness of this
mixed reality drill in improving participants’ ability to navigate to
safe zones during an earthquake.

3. Methodology

3.1. Technologies Used

This study utilizes several advanced technologies to develop an
MR application for real-time emergency evacuation in multi-floor
buildings. Key components include the Meta Quest 3 headset, the
Unity game engine, and the Meta All-In-One SDK. The Meta Quest
3 is one of the best low-cost next-generation XR headset featuring
high-resolution visuals, powerful processing, and advanced inside-
out tracking, enabling environment mapping without needing ex-
ternal sensors. Its standalone design eliminates the need for addi-
tional hardware, making it a convenient off-the-shelf solution for
deploying an MR application that needs to operate in multi-floor
buildings. Meta Quest 3 capabilities are essential for our applica-
tion thanks to the feature that enables rapid scanning and updating
of 3D models of buildings and allows users to ensure accurate and
current evacuation guidance in dynamic environments. Our system
was developed through Unity [Uni], a cross-platform game engine
that provides robust tools for creating immersive experiences. We
used Unity to build the 3D environments, interactive elements, and
user interface, integrating virtual and physical worlds to enhance
emergency evacuation strategies.

Essentially, the use of the Meta Quest 3 and Unity is almost a
necessary choice, as the Meta All-In-One SDK [Meta] is specif-
ically designed for Unity. It consists of several Unity-compatible
packages that provide essential tools for developing applications
on the Meta Quest 3 headset, including three main components: (i)
Meta XR Core SDK [Metb], which provides essential functionality
for VR and MR applications, such as camera rigs, hand tracking,
compositor layers, passthrough capabilities, spatial anchors, and
scene management; (ii) Meta XR Interaction SDK [Metc], which
adds modular interaction capabilities, including ray, poke, locomo-
tion, and grab for controllers and hands, as well as hand-specific
interactions like gesture detection. These features support intuitive
and natural user interactions in the virtual environment; (iii) Meta
XR Mixed Reality Utility Kit [Metd], which offers tools for build-
ing spatially-aware applications, aiding in tasks like aligning vir-
tual content with the physical world and managing spatial anchors.
This kit simplifies the development of dynamic, context-aware MR
experiences.

3.2. System Architecture

The proposed MR application is designed to operate in two distinct
modalities: scanning and updating the layout of the building and
the other for guiding real-time indoor evacuation. Figure 1 shows
the framework of the proposed system.

Save room data as
JSON file

Scan the room

Choose the floor

Create spatial anchors

Scanning and Updating
Building Layout

Real-Time Indoor
Evacuation Guidance

3D Model Generation

Handle room adjacency
(graph-based connections)

Combine room data
to generate a multi-floor

3D model

yes

no

Shortest path caculation
via Dijkstra’s Algorithm

User’s current position
detected via SLAM

Evacuation route
displayed in

MR environment

+

end
scanning

?

MR
Escape Drill

Figure 1: Proposed system framework. The flowchart shows the
two modalities of the proposed application (MR Escape Drill): the
scanning and updating building layout modality and the real-time
indoor evacuation guidance modality.

3.3. Scanning and Updating Building Layout Modality

The first modality of the application focuses on scanning and up-
dating the 3D model of the multi-floor building. This process al-
lows the system to capture the rooms’ current layout and structural
features, such as walls, floors, and doors, ensuring that evacuation
guidance is based on the most up-to-date building information.

The Meta Quest 3 offers built-in functionality to scan and save
3D models of rooms and their structural features directly into the
device’s storage space. However, it can only store a maximum of 15
rooms, which limits its ability to handle larger buildings. To over-
come this limitation, we utilized the capabilities of the Mixed Re-
ality Utility Kit (see Section 3.1) to store the room data externally.
The scanning information, including room geometry and structural
features, is saved in a JSON format. This allows the application to
store and manage unlimited rooms by loading them from their re-
spective JSON files, bypassing the Quest 3’s memory constraint.
One challenge of saving room data externally is the misalignment
when reloading these rooms, as they are not stored in the device’s
internal memory. To address this issue, we leveraged the spatial an-
chors [Mete] provided by the Meta XR Core SDK (see Section 3.1).
A spatial anchor is a world-locked frame of reference in the real
world that provides position and orientation to a virtual object. It
enables the object’s position to be saved and located across differ-
ent sessions, and it can be shared with other users in real-time or
later. A spatial anchor is created for each scanned room, ensuring
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(a) Floor selection

(b) Scanned rooms (c) Room’s spatial anchor

Figure 2: Floor scanning process

that when a room’s 3D model is reloaded, it is accurately aligned
with the real-world environment.

3.3.1. First Scanning Pipeline

The user begins by selecting the floor to be scanned (see Figure 2a),
with floors labeled numerically (e.g., “0” for the ground floor, “1”
for the first floor, etc.). This step ensures that data for each floor
is organized and distinguishes between different building levels in
the final 3D model. After selecting a floor, the user scans the first
room using the Meta Quest 3 headset, capturing its structural fea-
tures such as walls, doors, and floors (see Figure 2b). Each scan is
saved as a JSON file, and a spatial anchor (see Figure 2c) is created
for future alignment between the virtual model and the physical
room. The user then moves through doors to adjacent rooms, scan-
ning each one in turn. As each room is scanned, its structural data is
stored in a separate JSON file, with a spatial anchor ensuring accu-
rate positioning within the building. This process is repeated for all
rooms on the current floor, and the user then proceeds to scan addi-
tional floors following the same process, systematically capturing
the layout of each room on every level of the building. Follow-
ing the principles of structured modeling [IYF15], after scanning
all rooms across each floor, the system generates a comprehensive
adjacency graph that represents the layout of the entire building.
In this graph, each node corresponds to a room, while edges be-
tween nodes represent connections between adjacent rooms. The
weight of each edge is calculated based on the distance between
the doors of connected rooms. Rooms adjacent to staircases are
also connected to corresponding rooms on other floors, allowing
the graph to span multiple levels of the building. The resulting ad-
jacency graph serves as the foundation for the dynamic 3D model
of the building, with nodes representing rooms and edges repre-

Figure 3: A 3D model of a multi-floor building created using the
scanning and updating building layout feature of the proposed ap-
plication.

senting connections between them. This model, shown in Figure 3,
will be used during real-time evacuation guidance to ensure accu-
rate and up-to-date routing based on the building’s current layout.

3.3.2. Room Updating Pipeline

After selecting the room that requires updating from the building’s
existing 3D model, the user initiates the rescan process using the
Meta Quest 3 headset. The previous room scan, JSON file, and spa-
tial anchor are replaced with the new data, reflecting the room’s cur-
rent structure. The application updates the graph’s adjacency list to
reflect any changes in room connections. If the room’s doors or con-
nections to adjacent rooms have changed, the corresponding edges
in the graph are modified. The distances between adjacent rooms
are recalculated to reflect the updated layout.

3.4. Real-Time Indoor Evacuation Guidance

Once the building has been fully scanned and the adjacency graph
generated, the second modality of the system – real-time indoor
evacuation guidance – can be activated. This feature leverages the
Meta Quest 3’s real-time tracking capabilities and the pre-scanned
3D model to guide users to safety during evacuation drills.

The application starts by detecting the user’s current location
within the building using the Meta Quest 3’s SLAM technology.
This allows the application to accurately track the user’s position
without relying on external systems like WiFi, Bluetooth, or mark-
ers. Furthermore, the Meta Quest 3 uses a combination of other
technologies, such as depth and IMU sensors, machine learning
techniques, and boundary detection, to minimize the impact of
incorrect initial placement. The Meta Quest 3 orientation system
continually updates the user’s position in real-time as they move
through the building, ensuring precise location tracking. Once the
user’s location is established, the system dynamically calculates the
shortest evacuation route to the nearest exit using Dijkstra’s algo-
rithm [Dij22] on the adjacency graph created during the scanning
phase. As the user moves through the building, the system con-
tinuously recalculates the optimal route, ensuring that guidance is
always based on the user’s current location and real-time conditions
within the building. The evacuation guidance is displayed through
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Figure 4: Evacuation guidance with digital evacuation cues: a
green arrow that shows the direction to follow and a minimap that
shows the best route and the user’s current position

the Meta Quest 3’s MR interface, combining digital navigation cues
with the user’s real-world environment. These cues include digital
arrows and a minimap (see Figure 4). The digital arrows are com-
bined with the physical environment, guiding the user step-by-step
toward the nearest exit. These arrows are updated in real-time as
the user progresses along the calculated path, clearly indicating the
direction they need to move. The system presents a minimap which
represents the current floor. The rooms along the shortest evacua-
tion path are highlighted in green, while the user’s current position
is marked as a white box. This provides users with an overview
of their route and location, enhancing their situational awareness
and helping them understand how to navigate the building quickly.
In buildings with multiple floors, the system seamlessly integrates
staircases into the evacuation routes. When a room adjacent to a
staircase is reached, the system directs the user to proceed through
the staircase to the floor above or below, as appropriate. The min-
imap updates accordingly, showing the new floor and continuing to
highlight the evacuation route in green.

4. Pilot evaluation Study

To assess the usability and effectiveness of the proposed application
for indoor evacuation, we conducted a preliminary evaluation study
that gathered essential user feedback and focused on how well par-
ticipants could learn, feel, and use the system to achieve their tasks.
Given that usability and feeling are critical yet challenging parame-
ters in determining the efficacy of MR applications, our evaluation
aimed to go beyond mere data collection. Instead, it emphasized
a comprehensive understanding of user satisfaction and sentiment
and the extent to which the MR experience could mirror real-world
conditions [BC20, RCE∗19].

SUS Score Learnability Usability

Figure 5: SUS questionnaire results for evacuation drills using the
proposed MR Application.

The study evaluated the system’s usability and satisfaction
through user feedback. The evaluation involved 10 participants
representing diverse age groups and backgrounds [HRW00]. Each
participant was asked to follow the real-time evacuation guidance
provided by the MR system, which included directional arrows
and the minimap described above. After completing the evacuation
drill, participants were asked to fill out the System Usability Scale
(SUS) [B∗96] questionnaire to evaluate the usability of the MR ap-
plication. The SUS is a widely used, standardized tool consisting of
10 items, each rated on a 5-point Likert scale (from “Strongly Dis-
agree” to “Strongly Agree”). The results of the SUS questionnaire,
shown in Figure 5, are divided into three categories: overall SUS
score, usability, and learnability. Regarding the overall SUS score,
40% of the participants rated the MR system as “Excellent”, while
30% rated it as “Good” and “OK”. Only 30% rated it as “Poor”.
In terms of usability, most participants found the application highly
usable, with 70% rating it as either “Good” or “Excellent.” About
learnability, 40% of the participants found it easy to learn, with
scores falling in the “Excellent” category, while 60% of partici-
pants found the application difficult to learn. The results suggest
that the MR application is highly usable but less easy to learn.

In addition to the System Usability Scale (SUS), the Self As-
sessment Manikin (SAM) [BL94] questionnaire was used to gauge
the emotional responses of participants in terms of valence (plea-
sure), arousal (excitement), dominance (control), and liking during
the evacuation process. Each participant rated the MR application
on a scale from 1 to 5 for each dimension. The SAM questionnaire
results shown in Figure 6 indicated that the majority of participants
had a pleasant emotional experience, with 80% of valence ratings
being either 1 or 2 on a scale from 1 (Pleasant) to 5 (Unpleasant).
This suggests that, despite the context of an emergency drill, most
users found the experience emotionally positive or at least tolera-
ble. Only a small portion found it unpleasant. The arousal ratings
show that most users experienced a neutral to moderate level of ex-
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Figure 6: SAM questionnaire results for evacuation drills using the
proposed MR Application.

citement, with a few participants feeling either significantly calm or
highly stimulated by the application. Regarding dominance, most
participants felt moderate in control, revealing that the app allowed
for sufficient interaction but could still improve in making users feel
more empowered in the experience. Furthermore, the users found
the app highly enjoyable, with the majority giving very high liking
ratings, confirming strong user satisfaction.

The evaluation study demonstrated the advantages of using an
MR application for real-time evacuation drills. The combination of
visual arrows, a minimap, and real-time location tracking allowed
fast and accurate navigation. The high SUS scores and positive
feedback suggest that the MR application is both usable and ef-
fective, even for users with minimal experience in MR. The SAM
results indicated that the system provided a pleasant and engaging
experience while maintaining a balanced level of arousal and con-
trol, suggesting that the cognitive load was well-managed during
the evacuation drill. Based on our study, we noted that this appli-
cation could enable users to maintain clear-headedness during the
evacuation, enhancing their decision-making abilities under stress
and further demonstrating the system’s effectiveness.

5. Conclusions

In this work, we developed an MR application for evacuation drills
in multi-floor buildings, leveraging the Meta Quest 3 headset. Our
system aims to overcome the limitations of traditional 2D evac-
uation plans by offering an immersive, real-time experience that
enhances the effectiveness of evacuation practices. Through MR
technology, building occupants can practice navigating complex
environments during simulated emergencies, improving their readi-
ness for real-world scenarios. The application integrates several ad-
vanced features, including rapid 3D scanning of building layouts,
spatial anchors for precise alignment of virtual models to real-

world, and Dijkstra’s algorithm to calculate the most efficient es-
cape routes. Visual cues, such as directional arrows and a minimap
highlighting the shortest path, guide users throughout the drills, en-
suring real-time adaptation to the current building layout and the
user’s location. This dynamic and intuitive approach may provide
more effective training than traditional static evacuation plans. Our
evaluation study demonstrated that the application achieved high
levels of usability, leading to strong user engagement and satis-
faction. However, the system has some limitations. One significant
challenge is that when the Meta Quest 3 headset overheats or has
a low battery, it tends to misalign or forget the previously scanned
boundaries, which results in a misalignment of the entire 3D model.
This issue can affect the accuracy of evacuation guidance and the
overall effectiveness of the training drill. Additionally, the built-in
scanning procedure for rooms sometimes fails, forcing users to re-
scan the room, which can be time-consuming. One potential area
for future work could involve integrating dynamic hazards such as
smoke, fire, or obstacles into the simulation to make the drills more
realistic and better prepare users for navigating complex emergen-
cies.This would require the development of adaptive algorithms
that integrate real-time context-sensing mechanisms to dynamically
adjust the graph and reroute paths accordingly when parts of the
environment become inaccessible. This enhancement will improve
the robustness of the path computation process in unpredictable
scenarios. Another area for development could be expanding the
application to support multi-user environments, allowing for coor-
dinated evacuation drills where multiple users navigate the build-
ing together and simulate real-world group dynamics during emer-
gencies. Additionally, it will be important to conduct large-scale
testing in diverse building environments, such as schools, hospi-
tals, and commercial centers, to gain valuable insights into how the
system performs in more complex and varied real-world scenar-
ios. In the short term, we aim to expand our user study on a larger
scale by engaging non-expert participants and simulating an evac-
uation emergency scenario to assess our approach’s effectiveness
thoroughly. We propose adding time-bound tasks to simulate pres-
sure and enhancing the questionnaire to evaluate cognitive load,
stress levels, and their influence on task performance. These addi-
tions will provide a deeper understanding of the interface’s usabil-
ity in high-stress scenarios.
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