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A B S T R A C T   

Fire safety training is crucial to increase building occupants’ chances of surviving a fire emergency. Traditional 
training methods, such as lectures using video presentations, have limitations that can hinder learning perfor
mance. This article describes the development and testing of an alternative training solution using Augmented 
Reality (AR) technology. Through a controlled between-subject experiment, the AR-based fire safety training 
method was compared against a conventional video-based one based on participants’ knowledge acquisition and 
retention, intrinsic motivation, and self-efficacy. Results suggest that the AR system was well-designed and as 
effective as the traditional method in terms of knowledge acquisition and retention and overall learning expe
rience. However, it was found to be superior in terms of intrinsic motivation gain and self-efficacy retention. 
These findings demonstrate the potential of AR-based training methods to enhance building occupants’ safety 
and provide directions for future developments and research in the field.   

1. Introduction 

Over the last decades, fire safety engineering has provided new 
design solutions to reduce the occurrence of fires and mitigate their 
impact on human lives and properties. However, the statistics highlight 
that fire emergencies remain a real threat to people and buildings [1]. 
Therefore, it is imperative to train building occupants on what to do 
during these emergencies [2]. Various methods have been adopted to 
train building occupants. These differ depending on building typology 
and the type of fire safety challenges faced in an emergency [3,4]. 
Among them, one of the commonly used methods adopted to train 
building occupants is evacuation drills [2]. 

Fire evacuation drills are mandatory in many countries. They are 
designed to test the evacuation performance of a building and the fire 
safety system in place and train building occupants and staff on what to 
do in the event of a fire [5,2]. However, there are several limitations to 
the use of traditional fire drills. For instance, holding drills repeatedly 
can have a diminishing impact on the response of building occupants as 
they might start associating notification systems with a drill rather than 

a real incident [6]. Further, traditional drills are often seen as a “tick-box 
exercise” rather than an opportunity to train people and gather safety- 
critical information [7]. However, one of their main limitations is 
pedagogical, as it is difficult to ensure they can provide effective training 
to all the trainees involved [2]. In fact, participants of drills often receive 
no feedback whatsoever to help them assess their evacuation choices 
retrospectively. 

In the last decade, digital technologies have provided alternatives to 
overcome many of the existing challenges posed by traditional methods 
for fire safety training. Among them are Extended Reality (XR) solutions. 
XR is an umbrella term encompassing Virtual Reality (VR) and 
Augmented Reality (AR) technologies. Multiple VR-based solutions have 
been proposed in the literature and tested for different building typol
ogies and fire safety guidelines [8,9,10]. Recent studies have shown that 
VR-based safety training can be more effective than traditional training 
in terms of knowledge acquisition and retention [11,4]. However, 
developing VR-based training solutions is time-consuming and labour- 
intensive. VR requires the development of an entire virtual world – it 
is not in any way grounded in the physical surroundings of the user. As 
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such, to be useful for location-based fire safety training, it requires the 
creation of a digital replica of the user’s building, as well as the miti
gation of motion sickness effects inherent to the technology [12]. 

Augmented Reality (AR) has been proposed as a method that could 
help overcome many of the limitations of VR training systems [13]. 
While VR has been utilised in the past, it falls short in providing a 
seamless integration with real-world environments. AR, on the other 
hand, offers a unique solution by overlaying digital information onto the 
physical surroundings, creating a contextually relevant training expe
rience. AR is defined as an advanced visualisation technology that in
corporates digital elements – 3D models, animated characters, sound, 
text, etc. – into views of the real world as mediated through a device’s 
camera or other data-capturing instrument such as built-in infrared 
scanners. The digital elements augment and enhance the real world by 
adding an extra layer of information [14,15], resulting in an augmented 
experience of reality. This extra information can assist the user in per
forming tasks. 

Research institutions and industry professionals have been investi
gating the advantages and challenges involved in utilising AR technol
ogy across a range of disciplines. Due to its ability to merge physical and 
virtual elements, AR technology has been primarily leveraged as a 
training or task performance aid tool. Butaslac et al. [15] note that the 
benefits of AR-based training include the fact that it also “offers the 
trainee the opportunity to do rehearsals and practice the process 
repeatedly”. However, “conventional workforce education and ups
killing do not take much advantage of applying emerging technologies 
to boost safety performance” [16]. Indeed, the use of AR technology in 
fire safety is quite rare, with only a handful of applications designed for 
fire evacuation preparedness (training) and response (assistance). 

Testing the effectiveness of new AR solutions is of utmost importance 
before encouraging users and society to invest in them. The literature 
provides some insights regarding AR technology; certain system attri
butes and user characteristics appear to play a key role in determining its 
effectiveness. Although findings are still in the early stages [17], they 
consistently suggest that AR could be leveraged to create fire safety 
training tools that are cost-effective and relatively easy to develop and 
customise. 

This study’s motivation, therefore, stems from the need identified in 
the literature to further advance fire safety training methods and assess 
their effectiveness from the user standpoint. To date, there have been 
very few reports on the effectiveness of AR-based training tools, likely 
due to the newness of the topic. Researchers have yet to determine 
whether and how AR systems can be leveraged to develop more effective 
training methods. This topic requires further exploration through user- 
centred experimental research. 

Thus, the objective of this research is to prototype an AR-based fire 
safety training system and test whether and to what extent it improves 
trainees’ learning performance compared to traditional training 
regarding knowledge acquisition and retention, intrinsic motivation 
(performing an activity for the inherent satisfaction with the activity 
itself), and self-efficacy (one’s perceived ability to learn or perform ac
tions). More specifically, the experiment aims to find out whether and 
how changes in a single independent variable (training mode) of two 
different values, namely, traditional training (instructional video on a 
laptop) and AR training (guided mission on a head-mounted display), 
induce changes in the user-related dependent variables, namely, 
knowledge, intrinsic motivation, and self-efficacy. Measures of depen
dent variables in each experimental condition at different periods are 
used to perform a direct comparison between training modes. Additional 
technology-related measures will also be collected and analysed. 

Ultimately, this research aims to contribute to the body of knowledge 
on the suitability and effectiveness of AR technology as a training tool in 
the fire safety domain and provide directions for developing and 
implementing increasingly effective systems to enhance building occu
pants’ safety. 

2. Research background 

AR technology has been demonstrated as a promising training tool in 
many fields. This section provides the theoretical background and 
rationale for the present study through an overview of recent de
velopments in the AR-assisted training and learning space. 

Since late 2014, advances in computer processing power, display and 
sensing technologies have enabled the development and spread of 
affordable off-the-shelf XR solutions. These have different setups and 
specifications but generally encompass a display, built-in infrared sen
sors or cameras, body movement and gesture tracking sensors, interac
tion and navigation devices, and software applications to stitch all these 
components together. These components can vary largely, especially 
regarding the display type [18]. In AR, the displays can be optical-see- 
through (such as the Microsoft HoloLens) or video-see-through (smart
phones and tablets), handheld or head-mounted. It should be noted that 
modern AR headsets (optical see-through AR) are equipped with built-in 
infrared sensors that can capture spatial data to construct and dynami
cally update a 3D map of an unknown environment – a technique named 
Simultaneous Localisation And Mapping (SLAM). The AR software 
application then uses this 3D map as a reference to place augmentations 
(the digital objects) in the correct location, orientation, and scale onto 
the live views of the real environment through the transparent display. 
In turn, the technique used in tablet- and smartphone-based AR systems 
(video see-through AR) to build those dynamic spatial maps is similar 
but uses the video cameras of such devices in a process technically 
known as photogrammetry. In video see-through AR, the augmentations 
are shown on the tablet/smartphone display. 

The literature suggests that AR technology may provide increased 
learning performance compared to traditional teaching methods due to 
its ability to engage learners, leading to increased knowledge acquisition 
and retention. Kamal et al. [19], for example, found that an AR app 
“could hold trainees’ attention, establish the relevance of materials, 
boost trainee confidence, and make their learning achievements more 
satisfactory”. To examine the effectiveness of AR on learning, Bork et al. 
[20] used multiplayer AR to teach anatomy and found that it stimulated 
collaborative anatomy learning. These show that there are many indices 
on which to measure learning efficacy, but studies on AR in learning 
seem to consistently find that its ability to engage plays a key role. In a 
study of the ability of AR to engage, Yang et al. [21] found that AR 
increased user curiosity and attention towards AR advertisements. While 
Chen et al. [22] found that AR captions did not improve the learning 
performance of English-speaking learners, they did observe that the use 
of AR appeared to increase learner motivation. They note that “curiosity 
and desire to know more about the AR interactions may have increased 
their achievement goal motivation”. Both studies noted that the 
increased engagement of learners was related to the novelty of the AR 
experience, which had a high probability of wearing off as users became 
more familiar with the technology. 

In terms of sheer outcomes-based learner performance, Chang et al. 
[23] used AR to teach interior design and found that the learning per
formance of students who used AR improved significantly over a control 
group. Wahyu et al. [24] found that the use of AR in STEM education 
improved scientific literacy and student learning achievement in com
parison to a control group. Chen [25] studied improvements in piano 
performance using AR. Test scores for students who used AR training 
improved 25% more than a control group who followed the traditional 
curriculum. These evaluations across different fields consistently found 
that AR-assisted learning outperformed traditional methods [15]. 

Many studies have identified the opportunity to use AR for training 
purposes, with the aim of achieving increased learning effectiveness 
while also providing cost savings. Butaslac et al. [15] note additional 
advantages: “it can provide a risk-free environment that can be 
considered to be very risky if it is performed in a real-life environment”. 
This has distinct advantages for safety training in particular. In fact, the 
use of AR for safety training has been analysed in various domains, 
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including in the built environment and construction [26]. Preliminary 
studies were limited to the development of frameworks and proofs-of- 
concept. For example, Hou et al. [16] developed and tested a frame
work of a system integrating BIM (Building Information Modelling), VR, 
and AR to support the learning of complex procedural skills and 
concluded that “it has great potential to improve the identification of 
safety hazards”. More recently, Kim et al. [27] found that students 
preferred a prototype AR tool for training because it provided a “realistic 
visual context” for real-world hazards. Kamal et al. [19] used AR for 
occupational health and safety training and found an improvement in 
participants’ test scores. Tatić and Tešić [28] created an AR system for 
industrial training that was machine-specific and intended to reduce 
accidents by enforcing the following of safe sequential instructions while 
breaking up the monotony of certain tasks. In each case, AR was pro
posed as a method for applying additional context, leading to better 
outcomes for participants. 

AR has also been tested and found useful in emergency evacuation 
performance and training. There have been a few attempts when it 
comes to AR-assisted emergency evacuation. For example, Ahn and Han 
[29] used AR to provide walking routes for indoor evacuation. Their 
RescueMe system enabled participants to escape in 75% less time than 
the control group and was found to be highly effective for evacuation in 
a crowd. Tsai and Yau [30] used AR to provide instant escape routes to 
people in the event of a radioactive accident. The tool shaved 30 s off 
participants’ escape time, compared to a previous system that pointed 
participants to the nearest shelter [31]. These early experiments showed 
the great potential of AR to assist in efficient evacuation. A more recent 
prototype application by Kanangkaew et al. [32] combines BIM and 
marker-based video see-through AR to offer interactive real-time guid
ance information to building occupants so they can find the best evac
uation route during a fire. The system displays a person’s location within 
the building, the exit location, the shortest exit route, and animations for 
evacuation guidance. Yoo and Choi [33] developed a prototype of a 
smart video see-through AR navigation and emergency evacuation sys
tem to aid building occupants in identifying the optimal escape path 
during a fire. This innovative system combines Internet of Things (IoT) 
and Machine Learning (ML) technologies, allowing it to capture sensing 
data, detect emergencies, and predict disaster area, propagation, and 
occupants’ location to derive the best evacuation path for each indi
vidual. Chen et al. [34] also developed and tested a system combining 
BIM, IoT, VR and optical see-through AR to improve building fire safety. 
They found that AR can improve firefighting and fire evacuation effi
ciency by providing users with timely and intuitive wayfinding in
structions at the fire scene. However, they suggest that further research 
is still needed to establish the effectiveness of AR tools in improving user 
situational awareness and task performance in general. 

A few other studies have proposed AR evacuation training systems. 
Iguchi et al. [35] developed an AR system that lets teachers practice 
issuing instructions to virtual children in a simulated disaster situation. 
Overall, teachers found the tool useful and acceptable. Kawai et al. [36] 
created a game-based AR evacuation system in which participants had to 
make decisions during a disaster. Results showed that participants felt 
the tool was superior to conventional evacuation training. More 
recently, Catal et al. [37] built a mobile application using video see- 
through AR to provide users with building evacuation training, teach
ing them how to locate and reach the nearest exit in the event of a fire. 
Their application includes various scenarios and features to guide and 
train users in different situations and was developed utilising 3D 
modelling and video game development software. They found their 
system to be “very effective” for evacuation drills and proposed that 
“this kind of system can be preferred instead of theoretical training 
sessions”. 

However, the effectiveness of AR training systems over traditional 
training methods requires further research. In a meta-analysis of 25 
studies that used XR tools for training enhancement, Kaplan et al. [38] 
found no significant improvement in the outcomes of AR training over 

traditional training techniques (i.e., in classrooms). Determining the 
effectiveness of AR training systems is complex, as studies use different 
means and measures of evaluation. Face validity, i.e., the degree to 
which an AR application “resembles the real working situation”, is the 
aspect most often evaluated by AR training studies [39]. “Face evalua
tion is performed to assess the degree of resemblance between training 
with the system and the educational construct with a questionnaire or a 
small interview” [15]. However, as Suresh et al. [40] point out, “face 
validity is recognised as being a poor measure due to the subjective 
nature of ‘perceived realism’ and lack of quantifiability, thus diminish
ing the overall impact of results”. Conversely, predictive evaluation 
“reflects the training effects gained from the system to the actual prac
tice itself, which proves skills acquisition” [15]. Nonetheless, predictive 
evaluations are still limited in this field due to the high cost of resources 
and the potential danger of real-life scenarios. This points to the need for 
further comparative control group-based research into the effectiveness 
of AR training systems. 

The literature provides evidence that game-based and interactive 
elements that create more realistic scenarios, such as NPCs (non-player 
characters), could improve AR training effectiveness. For example, 
Mitsuhara et al. [41] proposed an AR head-mounted evacuation training 
system that could simulate the urgency of a real disaster by showing 
computer-generated characters running to escape. In line with Schmidt’s 
[42] schema theory that proposes that the body unconsciously updates 
its learned movements in response to observing the movements of 
others, incorporating the observation of evacuees into AR training could 
be an effective means of teaching the body how to move in an 
evacuation. 

3. Research method 

The research method is based on previous studies – described in 
detail in Sections 2 and 3.3 – on developing and testing XR-based 
training tools, particularly those experiment-based ones that have 
developed their own prototypes, conducted user-centred prototype 
testing, and included a comparison between conditions (with versus 
without XR technology support). 

The method involves developing and testing an AR-based fire safety 
training system designed to instruct building occupants on how to 
respond in the event of a fire. This includes performing specific tasks 
such as identifying and isolating the fire, locating and attempting to 
activate the fire alarm, and finding and putting on a safety vest. 

Following its development, the testing involved a controlled 
between-subject experiment utilising pre- and post-training survey 
questionnaires with 50 participants split into two groups. Each group 
was exposed to different training conditions: either AR-based or video- 
based. The experiment aimed to investigate the impact of the AR- 
based training method compared to the conventional video-based one 
on participants’ knowledge, intrinsic motivation, and self-efficacy 
levels. The method framework is provided in Fig. 1 below. 

3.1. Experimental design 

This study adopts a between-subject experimental design, exposing 
participants to one of the two experimental conditions and comparing 
their responses. A between-subject design was deemed the best design 
option, as the experiment involves assessing participants’ cognitive 
gains (knowledge, intrinsic motivation, and self-efficacy levels) through 
task performance. In other words, participants are expected to learn the 
tasks in each condition. By splitting participants into separate condi
tions, the limitations of a within-subject experimental design – where all 
participants would complete the first and second conditions – are 
avoided. These include participants experiencing improved perfor
mance in the second condition because they have learned from the first 
one. Despite the smaller sample size and greater statistical power of 
within-subject designs, this limitation would have a distinctly negative 
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impact on this study’s data validity [43,44]. 
The number and values of the independent variable (training mode) 

create two different experimental treatments or conditions, namely, the 
traditional training (instructional video on a laptop) and the AR training 
(guided mission on a head-mounted display) [44]. The traditional 
training involves the stationary participant sitting in a closed room, 
watching a video on a conventional laptop. The video consists of a first- 
person view (FPV) recording of the AR training guided mission through 
the AR head-mounted display. In other words, the video shows exactly 
what a person would see and experience from their viewpoint as they go 
through the entire guided mission in the AR training. One of the re
searchers recorded the video, which combined screen and audio capture 
from the AR application running in the head-mounted display. The video 
shows the correct execution of tasks, all performed by the researcher. 
This video training approach (i.e., an FPV video recording of the appli
cation) has been adopted in previous VR training studies [45]. In 
contrast, the AR training (described in detail in Section 3.2) involves the 
participant wearing an AR head-mounted display and walking through 
the building while following on-screen instructions. Through the head
set, the participants can see both the real world in front of them and the 
digital objects and instructions on the screen. 

The dependent variables relating to the participant’s learning per
formance include a) knowledge, b) intrinsic motivation, and c) self- 
efficacy, collected in each condition. These measures are collected at 
three stages: immediately before, immediately after, and four weeks 
after the training experience. Additional training-related measures are 
collected immediately after the training session, including a) recom
mendations efficacy, b) recommendations simplicity, c) task load, d) 
perceived realism (only AR training), e) usability (only AR training), and 
f) AR preference (only AR training). Data collection makes use of mul
tiple survey questionnaires (see Section 3.3). Knowledge acquisition or 
gain is given by the difference in knowledge levels before and imme
diately after training. In turn, knowledge retention is given by the dif
ference between knowledge levels immediately after the training session 
and four weeks later. The same applies to the other two dependent 
variables (intrinsic motivation and self-efficacy). While it is possible to 
assess retention at various intervals after the training session, a four- 
week gap is the most prevalent period in similar studies, including 
Sacks et al. [46], Lovreglio et al. [11], Rahouti et al. [4], and Feng et al. 
[47]. The experimental design structure is provided below (Fig. 2). 

Fig. 1. Research method framework.  

Fig. 2. Experimental design structure.  
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3.2. AR system design 

The prototype system was developed using an AR head-mounted 
display (Microsoft HoloLens II) and the Unity 3D game engine 
(2019.3.2f1) on a Windows computer. The AR head-mounted display 
comes equipped with several features, including a transparent holo
graphic screen with 2 k 3:2 resolution, display optimization for 3D eye 
position, and unrestricted field of view. The device has a built-in com
puter powered by a Qualcomm Snapdragon 850 processor, com
plemented by a holographic processor, 4GB of memory, and 64GB of 
internal storage. Connectivity options include Wi-Fi and Bluetooth. Its 
functionality extends to advanced six-degree-of-freedom tracking ca
pabilities, head tracking facilitated by four visible light cameras, hand 
tracking, eye tracking utilising two infrared cameras, and a 1MP time-of- 
flight depth sensor, enabling spatial mapping. For visual capture, the 
device features an 8MP camera for stills and 1080p30 videos. Further 
enhancing user interaction, the AR display supports voice command and 
control (using a built-in microphone) and iris recognition. It also in
cludes speakers, an accelerometer, a gyroscope, and a magnetometer. It 
is designed to accommodate glass wearers and weighs 566 g (for addi
tional information, please visit the manufacturer’s website: 
https://www.microsoft.com/en-us/hololens/hardware#document-ex 
periences). 

The Windows computer was equipped with an Intel Core i7–8700 
3.2GHz CPU with 6 Cores, 32GB DDR4 RAM, NVIDIA GeForce GTX 1080 
GPU, and Windows 10 operational system. The user interface (UI) was 
designed according to the MRTK (Microsoft Mixed Reality Toolkit 2.7.3) 
design guidelines. The decision to use Unity 2019.3 LTS was made for its 
reputation as the most reliable long-term support version available at 
the time of prototype development. Sample templates from the MRTK 
design guidelines were used to streamline the prototyping process and 
ensure compliance with industry best practices for AR content. 

The AR system was implemented in a section of the circulation areas 
on the third floor of the Quadrangle Building A at Massey University in 
Auckland, NZ. The selected corridor is about 20 m long and 1.5 m wide, 
with several office doors. This area was chosen because it is a typical 
contemporary office building in terms of layout and construction tech
nology. Fig. 3 shows the study environment layout (circulation area), 
the route taken by participants during the experience, and the location 
of tasks performed by the participants. 

The AR application consisted of a guided mission with three 
sequential tasks prompted by a virtual assistant, represented by a tiny 
floating firefighter animation. The firefighter animation was chosen 
given the application’s theme (fire safety) to enhance user experience 
[48]. The firefighter model used in the prototype was found on the Unity 
asset store. The three tasks were 1) identify and isolate the fire by closing 

the door of the room where the fire is located, 2) locate and attempt to 
activate the fire alarm right beside the floor exit door, and 3) locate and 
put on a safety vest found on the wall opposite the floor exit door (see 
Fig. 3 for the location of tasks in the study environment). The tasks were 
generated from and reflect the learning outcomes of standard fire safety 
training, which include acquired knowledge on how to: a) contain the 
fire (by closing the room door), b) activate the fire alarm, c) call 
emergency services, d) wear the safety vest e) evacuate people (if fire 
warden), f) evacuate, and g) report to the safety manager. 

At the beginning of the experience, the participant was greeted with 
a text UI screen (see Fig. 4 (a)) and then introduced to the animated 
firefighter character, who provided further instructions on the instruc
tional method and guided them through the three tasks. The tasks were 
delivered as floating message boxes and speech instructions (as per the 
MRTK design guidelines). Before each task, the firefighter provided 
initial instructions on what to do and how to complete a task. The in
structions delivered by the firefighter were developed with consultation 
from Massey University’s fire warden. The tasks required the user to 
perform a visual search while exploring the environment to identify and 
interact with targets of interest, such as flames, fire alarms, and safety 
vests. 

Vuforia image tracking was used to create anchor points (image 
targets) across the study environment. Image targets were university 
posters and flyers printed on A4-sized paper sheets affixed to walls to 
ensure that the AR experience seamlessly blended with the physical 
environment, as these types of pictures and poster sizes are commonly 
found in corporate settings. When the user reached an anchor point, the 
current task was completed, and the system proceeded to the next task. 
For instance, when the user stopped in front of the fire alarm beside the 
floor exit door (task 2), the AR application was able to recognise the 
image target placed beside it, which served as a trigger to initiate the 
task (see Fig. 4 (d)). At that moment, the firefighter appeared and 
delivered instructions on how to use the fire alarm to complete the task. 
Similarly, when the user stopped in front of the safety vest on the wall 
opposite the floor exit door (task 3), the AR application recognised the 
image target beside it and triggered the firefighter to deliver new in
structions. Fig. 4 shows a set of screenshots of the AR environment. 

Before the experiment, calibration was carried out to ensure the vi
sual augmentations (virtual fire and smoke) and image targets were 
correctly positioned. In this study, the virtual fire was placed inside a 
printer room, and posters were placed in three different places: on the 
printer room door, beside the fire alarm next to the floor exit door, and 
on the wall opposite the floor exit door covered by a safety vest (see 
Fig. 3). It should be noted that the prototype allows for customisation 
through the calibration procedure. This configuration stage also allows 
for customisation of the user experience for each participant. The loca
tion of the virtual fire and image targets can be easily modified to fit any 
floor layout and experience requirements (duration, difficulty, etc.). 
Fig. 5 provides the AR system prototype operational framework. 

To make the application customisable, a configurable game manager 
was implemented. This manager allowed for the customisation of ele
ments, such as the list of tasks and the actions to be taken after each 
scene. The game manager handled the presentation of text boxes and the 
playback of audio clips in each scene. The initial scene served as the 
configuration stage, where the fire could be placed, parameters such as 
the flame size adjusted, and Vuforia’s status verified. Unity’s particle 
system was used to create and configure the fire and smoke effects. The 
game manager allowed for adjusting parameters dynamically, enabling 
the control of the size and intensity of flames and smoke. For audio, clips 
were recorded that corresponded to different scenes within the experi
ence (flame and smoke sound, fire alarm sound). The source code of the 
developed AR system prototype has been uploaded to the Gitea DevOps 
platform and can be made available upon request. 

Fig. 3. Study environment layout (circulation area in the office building).  
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3.3. Data collection instruments 

The data collection instruments consist of three questionnaires 
applied at different stages of the experiment, namely, pre-training, post- 
training, and retention questionnaires. Each questionnaire includes a 
different combination of clusters of items aimed at gathering partici
pants’ information and responses. These questionnaires were based on 
previous studies that have developed and used similar instruments (e.g., 
[49,50,51,4,52,53,54]). Most constructs are based on the Protection 
Motivation Theory [55] and Makransky and Petersen’s [51] learning 
model. The Protection Motivation Theory is a useful theory that 

describes how individuals are motivated to protect themselves from 
threats. This theory has been adopted in several previous studies to 
assess VR training solutions and compare them against traditional 
training methods for counterterrorism, earthquake, and fire safety 
[49,56,11]. In turn, Makransky and Petersen’s [51] learning model ex
plains the factors affecting the learning process when using VR solutions, 
and it has been adopted to assess previous VR safety training solutions 
[57,4]. This study represents the first attempt to combine these two 
theories to assess an AR-based fire safety training solution and compare 
it with a traditional method, as explained in Section 3.1. 

The clusters of items included in this work collect information 

Fig. 4. Screenshots of the AR environment: (a) a floating greeting text box; (b) virtual fire in the printer room; (c) a university poster attached to the printer room 
door and the animated firefighter; (d) a university poster beside the fire alarm and the animated firefighter. 

Fig. 5. AR system prototype operational framework.  
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regarding: 1) Demographics, 2) Previous Experience, 3) Self-Efficacy, 4) 
Intrinsic Motivation, 5) Knowledge, 6) Recommendations Efficacy, 7) 
Recommendations Simplicity, 8) Task Load, 9) Perceived Realism, 10) 
Usability, 11) AR Preference. The pre-training questionnaire (PreQ) 
encompasses clusters 1 to 5. The post-training questionnaire (PostQ) 
encompasses clusters 3 to 8 in the video training condition and 3 to 11 in 
the AR training condition. The retention questionnaire (RetQ) encom
passes clusters 3 to 5. The clusters of items are described in more detail 
as follows. 

1) the Demographics section comprises 3 items used to collect par
ticipants’ characteristics, including gender and educational level. 
This information is collected to check that the sample of the AR 
training group is comparable to the sample of the video training 
group.  

2) the Previous Experience section comprises 2 items used to collect 
participants’ previous fire safety training experience and expe
rience with video games. This data is collected to ensure that the 
two groups have similar previous experiences to avoid any 
experience bias. 

3) the Self-Efficacy section comprises 5 items used to collect partic
ipants’ self-efficacy, defined as the “belief in one’s ability to 
perform a specific action” [49,58]. This measure is a predictor of 
real-world performance [59]. It was measured using the items 
used by Rahouti et al. [4] for fire safety training. The five factors 
of self-efficacy questions include: 1) confidence in understanding 
basic concepts of fire safety, 2) confidence in understanding 
complex concepts of fire safety, 3) confidence in the ability to 
perform well on assignments and tasks in fire safety exercises, 4) 
expectations to perform well in fire safety training, and 5) con
fidence in the skills acquired from previous fire safety training 
sessions. Ratings were collected using a 7-point Likert scale (− 3 
= “strongly disagree”, +3 = “strongly agree”), and answers were 
averaged to form the final score for each participant.  

4) the Intrinsic Motivation section comprises 5 items used to collect 
participants’ intrinsic motivation, defined as the satisfaction 
derived from the learning activity itself, rather than from any of 
its subsequent consequences [60,61]. This measure has been 
found to be a significant predictor of learning outcomes through 
self-efficacy [51]. In addition, AR has been found to be a signif
icant contributor to learner motivation [62]. Intrinsic motivation 
was measured using the items proposed by Rahouti et al. [4] for 
fire safety training. The five items in this section assess the 
following aspects: 1) enjoyment of fire safety training activities, 
2) whether fire safety training activities are considered fun to 
perform, 3) the potential boredom associated with fire safety 
training activities, 4) the level of attention captured by fire safety 
training activities, and 5) how interesting participants find fire 
safety training activities. Ratings were collected using a 7-point 
Likert scale (− 3 = “strongly disagree”, +3 = “strongly agree”), 
and answers were averaged to form the final score for each 
participant.  

5) the Knowledge section encompasses 2 open-ended items used to 
assess participants’ knowledge regarding the actions to take in 
case of a fire emergency in a university building. The open-ended 
questions were preferred as they do not suggest to participants 
any reasonable answer as a multiple-choice questionnaire might 
do [49]. Participants were asked to answer the following two 
questions: 1) “What are you supposed to do if you spot a fire in a 
room of your office building?” and 2) “What are you supposed to 
do if you are the fire warden for the area where you identify a 
fire?”. Based on the number of distinct actions/tasks – tasks a to g, 
listed in Section 3.2 – mentioned in their answers to both ques
tions, participants received a score between 0 and 7. Repeated 
mentions of the same action across questions are considered as a 
single occurrence. For example, if in question 1, participants 

mention actions a and b, and in question 2, they mention actions 
b and c, this results in a total of three distinct actions mentioned 
(both answers combined). Consequently, they would receive a 
score of 3.  

6) the Recommendations Efficacy section comprises 2 items aimed at 
collecting participants’ perceptions on the usefulness and efficacy 
of recommendations taught during the training. This construct 
was measured because recommendations provided by a training 
solution must be effective by clearly communicating the best 
actions to mitigate any risks related to a threat [49]. It was 
measured using the items proposed by Lovreglio et al. [11] and 
Lovreglio et al. [57]. These items cover the following aspects: 1) 
the perceived usefulness of the recommendations for personal 
safety, and 2) the belief that the recommendations will enable 
effective action in real-life fire emergencies. Ratings were 
collected using a 7-point Likert scale (− 3 = “strongly disagree”, 
+3 = “strongly agree”), and answers were averaged to form the 
final score for each participant.  

7) the Recommendations Simplicity section includes 3 items used to 
collect participants’ perceptions on how easily they could learn, 
remember, and execute the recommendations taught during the 
training. This construct was included as recommendations pro
vided during training must be perceived as simple to understand, 
remember, and implement. In fact, the effectiveness of fear ap
peals might drop when low scores are found for this construct 
[49]. It was measured using the items proposed by Lovreglio et al. 
[11] and Lovreglio et al. [57]. Ratings were collected using a 7- 
point Likert scale (− 3 = “strongly disagree”, +3 = “strongly 
agree”), and answers were averaged to form the final score for 
each participant.  

8) the Task Load section comprises the 6 items from the NASA Task 
Load Index (TLX), a well-established and validated instrument 
used to collect participants’ perceived task load during the 
training experience. This measure has been used in a previous 
study to assess an AR safety training application [63] and an AR 
flight training application [64], and it represents a valuable 
construct to compare the two training solutions in this work. The 
results of the TLX survey conducted by Arjoni et al. [64] showed a 
clear increase in the perceived workload with the use of AR 
glasses, which is not completely unexpected and may be due to 
the limited field of view and ergonomic aspects of the headset. 
The Task Load items address the following factors: 1) the mental 
demand of the training, 2) the physical demand of the training, 3) 
the perceived pace of the training, whether rushed or slow, 4) the 
participants’ self-assessment of success in completing the 
training, 5) the level of effort required to accomplish the training, 
and 6) the extent to which participants experienced feelings of 
insecurity, discouragement, irritation, stress, and annoyance 
during the training. Ratings were collected using a 7-point Likert 
scale (− 3 = “strongly disagree”, +3 = “strongly agree”).  

9) the Perceived Realism section comprises 3 items used to collect 
participants’ perceptions on the realism of the flames, smoke, and 
sound effects in the AR training condition. This measure was 
collected to assess how well the augmentations blended with the 
real world. Butaslac et al. [15] argue that “the simulator’s quality 
of realism affects the enhancement of the learning transfer”, and 
therefore, the efficacy of AR training is often deduced using face 
and content evaluation methods. The items were adapted from Le 
et al. [65]. Ratings were collected using a 7-point Likert scale (− 3 
= “strongly disagree”, +3 = “strongly agree”), and answers were 
averaged to form the final score for each participant.  

10) the Usability section comprises 8 items that capture participants’ 
perceived capabilities to use and interact with the AR training 
application and assess if they experienced motion sickness during 
or after the training. The items were adapted from the ones used 
in multiple VR and AR studies (e.g., [37,66,65,67,68]). Ratings 
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were collected using a 7-point Likert scale (− 3 = “strongly 
disagree”, +3 = “strongly agree”), and answers were averaged to 
form the final score for each participant. 

11) the AR Preference section consists of 3 items used to collect par
ticipants’ perceptions regarding the relative advantages of AR 
training over traditional training methods, including how much 
more engaging, easier to remember, and preferable the AR 
training experience would be. These items have been previously 
used in VR research by Lovreglio et al. [11] and Lovreglio et al. 
[57] and were adapted to fit this AR study. Ratings were collected 
using a 7-point Likert scale (− 3 = “strongly disagree”, +3 =
“strongly agree”), and answers were averaged to form the final 
score for each participant. 

3.4. Participants and experiment session 

The nonprobabilistic sample comprises 50 participants and complies 
with the following qualification/inclusion criteria: over 18 years of age 
and a minimum educational level equal to or over completed high 
school. This study’s sample size aligns with the ones used in previous 
between-subject studies in the field comprising two experimental con
ditions. For instance, Sacks et al. [46] conducted two experiments in 
which the samples were 20 and 25 participants; Chen et al. [34] and Lam 
et al. [50] worked with samples comprising 30 participants; Lin et al. 
[69] recruited a sample of 40 participants; Chittaro and Sioni [49] had a 
sample size of 44; Yip et al. [54] recruited 46 individuals. The samples in 
the studies by Tarng et al. [52] and Zhang and Robb [70] were slightly 
larger, with 56 and 60 participants, respectively. 

Ethics approval (protocol: Southern A, Application 18/21) and par
ticipants’ consent (consent forms) were obtained prior to the 
commencement of the study. Participants were randomly assigned to 
one of the two conditions. Data collection took place in the experiment 
sessions. Each session took approximately 30 min, resulting in a total of 
25 h of data collection over seven weeks. Fig. 6 shows participants un
dergoing video-based and AR-based training during experiment 
sessions. 

4. Results 

The inferential data analysis aims at checking: a) whether differences 
in knowledge, intrinsic motivation, and self-efficacy responses – 
immediately before, immediately after, and four weeks after the training 
session – between experimental conditions are significant, and b) 
whether differences in training-related measures – recommendations 
efficacy, recommendations simplicity, task load – between experimental 
conditions are significant (Sections 4.2 to 4.5). 

Generalised Estimating Equation (GEE) models were employed to 
check for statistically significant differences between the training groups 
(i.e., AR and Video) at various stages of the experiment (i.e., Pre, Post, 
and Ret). These regression models are suitable for analysing longitudinal 
data from repeated measurements of the same participants over time 
[71]. For each response variable under examination, a distinct GEE 
model was adjusted with the training group, experiment period, and 
their interaction as predictors (independent variables). Exchangeable 
working correlation structures were adopted. All response variables 
exhibited well-behaved probability distributions and were adequately 
modelled by a Gaussian distribution. To check the significance of the 
difference between training groups within a given period – before the 
training (Pre), after the training (Post), or after four weeks (Ret) – and 
the difference between periods for the same training group, it was 
necessary to apply multiple comparison tests using Tukey’s correction. 
Additionally, to quantify the magnitude of these differences, Cohen’s 
d was utilised as the measure of effect size. Cohen’s d measures the 
difference between two means in terms of standard deviations, repre
senting the magnitude of the difference between the groups. It is 
important to note that there are no upper or lower limits to the value it 
can take. An effect size d >1 (or lower than − 1) indicates a very large 
effect. A negative value does not diminish the significance or the 
magnitude of the effect; instead, it provides directionality to the dif
ference [72]. For all tests, a significance level of 5% was assumed. 

In turn, the descriptive analysis provides the participants’ percep
tions of the realism and usability of the AR training solution as well as 
their preference for AR training over traditional training methods 
(Section 4.6). The number of participants remained the same through all 
three data collection stages, with no dropouts occurring throughout the 
study. This was achieved by consistently following up with participants 
throughout the study. That is, both the AR and Video training groups 
had 25 participants before the training (Pre), after the training (Post), 
and after four weeks (Ret). All participants completed the retention 
questionnaires exactly four weeks after the training session. No partic
ipants reported experiencing motion sickness or any discomfort while 
using the AR system prototype. 

4.1. Sample demographics 

Table 1 provides a breakdown of the sample characteristics. It can be 
seen that the distribution of all parameters is relatively balanced across 
the two groups. In both groups, most participants have postgraduate 
degrees. Most have undergone fire safety training either over a year ago 
or have never done so. Most participants in both groups also reported 
that they either play video games once a year or have never played them. 

Fig. 6. Participants undergoing video-based (left) and AR-based training (right).  
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4.2. Analyses of knowledge 

The knowledge scores obtained by the participants of the Video 
training and AR training groups are analysed in this section. The analysis 
is carried out considering when the knowledge assessment took place in 
the experiment: before the training (Pre), after the training (Post), and 
after four weeks (Ret). The results of the knowledge scores are presented 
in Fig. 7 using boxplots. 

The data show a significant increase in knowledge when comparing 
the scores before and after the training (Pre vs Post) for both groups. 
There is a significant decrease in knowledge when comparing the scores 
after the training and four weeks later (Post vs Ret) for both groups as 
well (see Table 2). The participants’ knowledge before the training is not 
statistically different between the AR and Video groups, showing that 
both groups started the experiment with comparable fire safety knowl
edge. The results also show no evidence of a significant difference be
tween the knowledge scores of the two groups after the training and 
after four weeks (see Table 3). 

4.3. Analyses of intrinsic motivation 

The intrinsic motivation scores obtained by the participants of the 
Video training and AR training groups are analysed in this section. The 
analysis is carried out considering that the intrinsic motivation was 
measured before the training (Pre), after the training (Post), and after 
four weeks (Ret). The results of the average intrinsic motivation scores 
are shown in Fig. 8. 

The data show a significant increase in intrinsic motivation when 
comparing the scores before and after the training (Pre vs Post) only for 
the AR group. There is no evidence of a significant increase in intrinsic 
motivation for the Video group. There is no significant decrease in 
intrinsic motivation when comparing the scores after the training and 
four weeks later (Post vs Ret) for both groups (see Table 4). The par
ticipants’ intrinsic motivation before the training is not statistically 
different between the AR and Video groups, showing that both groups 
started the experiment with a comparable level of intrinsic motivation. 
The results also show no evidence of a significant difference between the 
intrinsic motivation scores of the two groups after the training and after 
four weeks (see Table 5). 

4.4. Analyses of self-efficacy 

The self-efficacy scores obtained by the participants of the Video 
training and AR training groups are analysed in this section. The analysis 
is carried out taking into account that the self-efficacy was measured 

Table 1 
Sample demographics.  

Parameter Sample (n = 50) 

AR training group (n =
25) 

Video training group (n 
= 25) 

# % # % 

Gender 
Woman 13 52% 12 48% 
Man 12 48% 13 52% 
Others/Prefer not to disclose 0 0% 0 0% 
Educational level 
No university degree 0 0% 2 8% 
Undergraduate degree 3 12% 3 12% 
Diploma degree 0 0% 0 0% 
Postgraduate degree 22 88% 20 80% 
Previous fire safety training experience 
Over a week ago 0 0% 0 0% 
Over a month ago 1 4% 3 12% 
Over 3 months ago 2 8% 4 16% 
Over 6 months ago 4 16% 2 8% 
Over a year ago 8 32% 6 24% 
Never 10 40% 10 40% 
Experience with video games 
More than once a day 1 4% 1 4% 
Once a day 0 0% 2 8% 
Once a week 2 8% 3 12% 
Once a month 8 32% 4 16% 
Once a year 7 28% 6 24% 
Never 7 28% 9 36%  

Fig. 7. Participants’ knowledge scores before the training (Pre), after the training (Post), and after four weeks (Ret) in the AR and Video training conditions.  

Table 2 
Comparison of the knowledge scores before the training (Pre), after the training 
(Post), and after four weeks (Ret) for the AR and Video training conditions.   

Pre vs Post Post vs Ret 

Video AR Video AR 

Z − 7.44 − 7.28 3.66 2.54 
P-value <0.001 <0.001 0.001 0.030 
d − 1.77 − 1.42 0.83 0.56  

Table 3 
Comparison between knowledge scores of AR and Video training conditions for 
the knowledge assessment done before the training (Pre), after the training 
(Post), and after four weeks (Ret).  

AR vs Video Pre Post Ret 

Z − 0.88 − 1.60 − 0.79 
P-value 0.377 0.110 0.431 
d − 0.17 − 0.52 − 0.24  
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before the training (Pre), after the training (Post), and after four weeks 
(Ret). The results are the average self-efficacy scores shown in Fig. 9. 

The data show a significant increase in self-efficacy when comparing 
the scores before and after the training (Pre vs Post) for both groups. 

There is a significant decrease in self-efficacy when comparing the scores 
after the training and four weeks later (Post vs Ret) only for the Video 
group. There is no evidence of a significant decrease in self-efficacy for 
the AR group (see Table 6). The participants’ self-efficacy before the 
training is not statistically different between the AR and Video groups, 
showing that both groups started the experiment with a comparable 
level of self-efficacy. The results also show no evidence of a significant 
difference between the self-efficacy scores of the two groups after the 
training and after four weeks (see Table 7). 

4.5. Analyses of recommendations efficacy, simplicity, and task load 

The analyses of the efficacy and simplicity of recommendations and 
task load are carried out in this section. The analyses are conducted 
considering that these constructs and related clusters of items were 

Fig. 8. Participants’ intrinsic motivation scores before the training (Pre), after the training (Post), and after four weeks (Ret) in the AR and Video training conditions.  

Table 4 
Comparison of the intrinsic motivation scores before the training (Pre), after the 
training (Post), and after four weeks (Ret) for the AR and Video training 
conditions.   

Pre vs Post Post vs Ret 

Video AR Video AR 

Z − 1.62 − 5.92 0.39 1.64 
P-value 0.239 <0.001 0.918 0.227 
d − 0.51 − 1.06 0.10 0.24  

Table 5 
Comparison between the intrinsic motivation scores of AR and Video training 
conditions for the intrinsic motivation assessment done before the training (Pre), 
after the training (Post), and after four weeks (Ret).  

AR vs Video Pre Post Ret 

Z − 0.94 0.97 0.48 
P-value 0.346 0.332 0.633 
d − 0.27 0.28 0.13  

Fig. 9. Participants’ self-efficacy scores before the training (Pre), after the training (Post), and after four weeks (Ret) in the AR and Video training conditions.  

Table 6 
Comparison of the self-efficacy scores before the training (Pre), after the training 
(Post), and after four weeks (Ret) for the AR and Video training conditions.   

Pre vs Post Post vs Ret 

Video AR Video AR 

Z − 4.18 − 3.38 2.36 1.05 
P-value <0.001 0.002 0.048 0.547 
d − 1.11 − 0.99 0.46 0.30  
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measured only after the training (Post). The scores for the efficacy and 
simplicity of recommendations for both groups are shown in Fig. 10, 
while the scores for the different items of the task load test are provided 
in Fig. 11. The results of the statistical tests show no significant differ
ences in recommendations efficacy, simplicity, and task load between 
training groups. 

4.6. Analyses of perceived realism, usability, and AR preference 

This section provides the analyses of participants’ views about the 
realism and usability of the AR training system as well as their prefer
ence for AR training over traditional methods. This data was collected 
from the participants of the AR training group. Fig. 12 shows the scores 
for the three constructs. On the one hand, the results indicate that the 
realism of visual augmentations (flame and smoke “holograms”) and 
sound effects of the AR system prototype can still be improved, as over 
25% of the sample provided a score below zero. On the other hand, the 
majority of the sample (over 75%) were either satisfied or very satisfied 
with the usability of the prototype. Finally, the data show that most 
participants would prefer using an AR-based fire safety training tool 
over traditional training methods in the future. 

5. Discussion 

This paper demonstrates the effectiveness of AR in delivering fire 
safety knowledge. Results align with prior research that identified a 
moderate positive effect of AR on learning gains [73]. The acquired fire 
safety knowledge following training was found to be equivalent between 
the AR group and the video group. This finding also aligns with existing 
literature in that XR technologies may not necessarily surpass traditional 
methods in terms of knowledge acquisition [38]. For example, findings 
by Thees et al. [74] indicated that the AR-assisted approach did not 
surpass the traditional method in effectively conveying conceptual 
labwork knowledge. Similarly, Feng et al. [47] compared immersive VR 
against safety manuals for excavation safety training and found that 
both methods had comparable performance regarding knowledge 

acquisition. 
The results of the current study diverge from earlier research that 

identified AR as more effective than traditional methods for training 
more complex tasks. Wolf et al. [75] and Zhang and Robb [70] found 
significantly fewer errors in AR conditions for complex tasks, while for 
simpler tasks, AR performed comparably to flat screen- or video-based 
methods. It seems that the positive effect of AR is amplified the more 
challenging the training tasks are. One possible explanation is that AR 
might help reduce cognitive load compared to other instructional ap
proaches [76] through enhanced information clarity, knowledge 
acquisition speed, and stimulation [75]. Butaslac et al. [15] note that 
cognitive load can be reduced by presenting the user with adequate cues 
and instructions. In this regard, the present study detected no significant 
differences in recommendations efficacy, simplicity, and task load be
tween training conditions, which suggests an effective AR application 
design. Scores of recommendations efficacy and simplicity were notably 
high in both conditions, demonstrating that participants found the 
“guided mission” approach in both video and AR formats to be highly 
efficient and useful, regardless of whether it was experienced passively 
(i.e., watching a video) or actively (i.e., performed through AR). The 
results from the task load survey indicate that neither training method 
was physically or mentally demanding, and both training sessions were 
similarly easy to complete. Participants experienced no difficulties and 
did not become stressed or annoyed during training in either condition. 
These results suggest that the training tasks were easy to complete and, 
therefore, not complex. This could explain why participants performed 
similarly in knowledge acquisition across the two training methods. 
According to findings from Wolf et al. [75] and Zhang and Robb [70], 
AR may not make a significant difference in training less complex or 
cognitively demanding tasks. 

In line with the above, key lessons learned from the development of 
the AR system prototype include the importance of ensuring system 
adaptability and robust bandwidth, given the diversity of fire safety 
training scenarios within buildings. Since each scenario is unique, the 
possibility of adapting the system to varying protocols seamlessly is 
crucial. Eventual necessary adaptations – such as changing from text-to- 
speech to a voice actor – should be easily implementable. Secondly, this 
study demonstrated a need for a user-centred system design ensuring 
that all visual and auditory stimuli are clear, concise, and understand
able. This approach should account for individuals with poor eyesight or 
impaired hearing. Lastly, there is a need to provide comprehensive 
documentation and operational instructions accompanying the device, 
making it accessible and user-friendly. This is important because even 
seemingly simple tasks may pose challenges to some users without 
proper guidance. 

Interestingly, unlike the video group, the AR group exhibited a sig
nificant increase in intrinsic motivation when comparing the scores 
before and after the training and did not exhibit a significant decline in 
self-efficacy four weeks after training. Furthermore, it should be noted 
that the statistically significant decline in knowledge for the AR group 
four weeks after training was marginal, and the effect size of such a 
decline was much smaller than that of the video group. This means 
people may be less prone to forgetting after undergoing AR training 
compared to traditional video training and implies that AR training may 
hold an advantage in terms of knowledge retention. This finding is in 
line with evidence from previous research. Gargrish et al. [77] investi
gated the effectiveness of AR in geometry learning and found that 
trainees who learned using AR retained more knowledge after 2–4 weeks 
than those who learned with a desktop application. The participants of 
their study exhibited higher excitement and motivation while engaging 
with AR than with the desktop application. The researchers argued that 
the more engaging and immersive learning experience offered by AR 
facilitated memory retention. Similarly, Lam et al. [50] found that AR 
surpassed paper-based manuals in terms of knowledge retention (after 
48 h) about product parts and disassembly processes. The study par
ticipants preferred AR’s usefulness and user-friendliness over paper- 

Table 7 
Comparison between the self-efficacy scores of AR and Video training conditions 
for the self-efficacy assessment done before the training (Pre), after the training 
(Post), and after four weeks (Ret).  

AR vs Video Pre Post Ret 

Z 0.29 − 0.15 0.44 
P-value 0.775 0.882 0.659 
d 0.08 − 0.04 0.12  

Fig. 10. Recommendations efficacy and simplicity scores in the AR and Video 
training conditions. 

D. Paes et al.                                                                                                                                                                                                                                     



Automation in Construction 162 (2024) 105371

12

based manuals. 
In the present study, the perceived realism, usability and AR pref

erence scores suggest that participants are highly motivated and inter
ested in exploring this technology for training. Therefore, in summary, 
factors such as motivation, engagement, and immersion may contribute 
to the superior learning experience observed with AR training. The 
literature corroborates this potential link to cognition and memory 
[78,79,80]. In addition, it seems that memory recall can be improved 
through AR’s feature of intuitive visualisation and interaction with real- 

world objects from a first-person perspective [81]. 

6. Conclusions 

The assumption that AR-based training is more effective than tradi
tional methods has been fueled despite the absence of empirical evi
dence to support it. Many studies demonstrating AR training 
effectiveness in built environment disciplines often deliver an anecdotal 
report of users’ experiences with AR systems, disregarding the more 

Fig. 11. Task load scores in the AR and Video training conditions.  

Fig. 12. Perceived realism, usability, and AR preference scores.  
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obvious learning gains eventually enabled by such technology. These 
studies provided the foundations of research in the field and revealed the 
need for further comparative experiment-based research into the effec
tiveness of AR training systems. After all, experimental research appears 
to be the only approach that enables researchers to judge beliefs and 
assumptions with systematically measured confidence and reliability 
[44]. 

Traditional fire safety training approaches are designed to save lives, 
and any improvements made on their limitations (as discussed in Section 
1) are beneficial in the ultimate protection of human life during emer
gencies. This research aimed to address some of these limitations by 
comparing the effectiveness of traditional approaches to novel XR- 
assisted methods using an optical see-through AR-based fire safety 
training system. The aim was to determine whether there are grounds 
for adopting or further exploring AR as a tool for fire safety training. If 
there is no empirical evidence of the superior effectiveness of a novel 
method over conventional ones, then there is no purpose in adopting or 
further exploring it. While there are many traditional training methods, 
this study focused on video-based training as a modern, widely-used one 
that could provide a comparable experience to AR. For the video-based 
training condition, the AR experience was recorded and shown to par
ticipants, thus replicating the training and only changing the delivery 
mechanism. This made video training the right control treatment for this 
study, as experimenting with all possible traditional training methods 
would be impractical. It should be noted that other XR solutions (such as 
VR) may also enhance safety training (as discussed in Section 1). Each 
technology presents drawbacks and opportunities. Ultimately, VR and 
AR may not be seen as competitors but as allies in providing alternative 
methods to enhance training experiences and learning. 

Thus, a fundamental step for AR to be considered a more effective 
fire safety training technique is to understand whether and to what 
extent it improves trainees’ learning experience and outcomes compared 
to conventional training approaches. In the current study – the first 
academic attempt to demonstrate AR-based safety training effectiveness 
in built environment discipline – this was achieved through a compar
ative experiment-based assessment of technology-related and user- 
related factors that underlie fire safety training effectiveness, 
including trainees’ knowledge acquisition and retention, intrinsic 
motivation, and self-efficacy. This study hypothesised that the eventual 
superior effectiveness of AR reported in the literature would be associ
ated with enhanced learning performance (given by the dependent 
variables mentioned above). Results suggest that the AR system was 
well-designed and as effective as the traditional method in terms of 
knowledge acquisition and retention and overall learning experience. 
However, it outperformed the video-based training in terms of intrinsic 
motivation gain and self-efficacy retention. By providing evidence that 
AR may facilitate better learning experiences and enable greater 
learning gains over conventional training approaches, this research 
corroborates the need to further advance AR as a tool for fire safety 
training. 

It should be noted that non-significant differences detected in this 
study still provide valuable insights (as in any scientific investigation). 
For instance, Paes et al. [82] have recently published a similar study 
where they found no associations between dependent variables. As more 
similar studies are published, it will eventually be possible to combine 
their data into a meta-analysis and identify further trends. In line with 
current literature, the significant differences observed in both intrinsic 
motivation gain and self-efficacy retention are noteworthy effects of XR- 
based safety training methods (see, for instance, [11]). Thus, this study’s 
preliminary findings are promising in the sense that any method capable 
of enhancing intrinsic motivation and self-efficacy levels represents a 
valuable alternative for improving safety training. 

Nonetheless, unlike VR solutions, AR technology has received little 
attention in the fire safety field, with only a handful of applications 
designed for fire evacuation preparedness (training) and response 
(assistance). As discussed in Section 2, there are only a few AR-assisted 

emergency evacuation applications, such as the ones developed by Ahn 
and Han [29], Kanangkaew et al. [32], Yoo and Choi [33], and Chen 
et al. [34]. It should be noted that those are not for training purposes but 
for assistance during a fire. The only existing AR evacuation training 
application, which could eventually be adapted for fire evacuation 
training, is the one by Catal et al. [37], which uses a video see-through 
AR system (tablet-based). Their study, however, did not conduct a 
comparative effectiveness evaluation of the system. Moreover, to date, 
most studies assessing the effectiveness of XR-based safety training so
lutions have focused on evaluating knowledge acquisition only imme
diately after the training. However, it is also fundamental to evaluate 
what individuals will remember weeks or even years after the training in 
order to determine the effectiveness of a method. 

Given the above, this study provides three major contributions: first, 
it represents the first formal attempt in the published academic litera
ture to develop a prototype of an optical see-through AR-based fire 
safety training solution (using a transparent-visor head-mounted display 
instead of a tablet/smartphone) and test its effectiveness through a user- 
centred comparative assessment. It should be noted that the AR system 
proposed has been designed to offer customisation flexibility. As shown 
in Fig. 5, interaction with real-world objects was achieved through 
image targets attached next to them. This method offers the flexibility 
for the system to be adapted to different space layouts. During the 
calibration stage, the location of markers 1, 2, and 3 can be adjusted to 
the floor layout of the building where the training will take place. This 
enables the delivery of effective training using the developed AR system 
in any indoor environment. Second, this study represents the first 
attempt to combine the Protection Motivation Theory [55] and Mak
ransk and Petersen’s [51] learning model – which have been used before 
to assess VR safety training solutions – to assess an AR-based fire safety 
training solution and compare it with a traditional method. Lastly, this is 
the first time that knowledge, intrinsic motivation, and self-efficacy are 
assessed together in three stages: before, immediately after, and four 
weeks after training. Thus, this study contributes to the body of 
knowledge by expanding our understanding of the suitability and 
effectiveness of AR-based fire safety training methods from the user 
standpoint and providing directions for developing and implementing 
more effective systems to enhance building occupants’ safety. Ulti
mately, user-centred research on AR-based fire safety training systems 
could lead to the development of increasingly efficient tools tailored to 
specific users and topics, improving trainees’ knowledge and under
standing of fire safety measures and their chances of surviving a fire 
emergency. 

This study’s findings are generalisable across the study population 
using the developed AR-based fire safety training system. It provides 
empirical evidence that if a similar AR system were to be developed to 
train a similar population on similar topics/tasks (for example, building 
evacuation in disaster events such as earthquakes, tsunamis and terrorist 
attacks), similar results could be expected. Naturally, as in most HCI 
studies, this study’s findings are limited to the hardware and software 
combination used and the AR system design so that results could change, 
for example, when altering the display type, animations, interactions 
and user interface properties. Similarly, results may vary when using the 
AR system prototype to train a population with different characteristics, 
such as individuals who may not be as highly educated as the partici
pants in this study. 

Furthermore, the research results may be restricted to the nature of 
the training topic and tasks. Results could differ if different topics with 
different learning objectives are delivered in different locations. None
theless, it should be noted that the developed prototype offers custom
isation flexibility, allowing for easy adjustment of the location of image 
targets (see Fig. 5) to suit different floor layouts and experience pref
erences, such as the number and sequence of tasks, duration, and diffi
culty levels. In the future, the prototype AR application can be expanded 
to include additional tasks, augmentations and interactions, covering a 
wider range of learning outcomes of fire safety training in various 
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contexts. 
These limitations are not particular to this study but to any investi

gation in the HCI field – as its name suggests, it deals with how a specific 
group of people interact with certain technologies and what human and 
technological factors affect the quality of such interaction. Although this 
study could have elicited different results if conducted with different 
equipment, user-centred research should prioritise understanding the 
user experience rather than focusing on the systems, devices, or equip
ment used. Another study limitation related to equipment lies in the 
absence of an evaluation regarding the potential time and cost con
straints associated with the development and implementation of the AR 
method, an aspect that is worth considering in understanding the 
practical implications and feasibility of adopting such technology for 
fire safety training. However, technology is advancing rapidly, and 
systems may quickly become outdated or be replaced by more cost- 
efficient solutions. As such, it is recommended that studies on the vali
dation of digital technology focus on user experiences. 

In this study, the process of selecting questions from existing ques
tionnaires involved a qualitative assessment by the research team of the 
suitability of each of those questions in light of the study objectives and 
experimental conditions while ensuring that the final set of questions 
covered the main aspects of each construct measured. Adapting and 
combining questions from multiple existing instruments creates non- 
validated custom-designed surveys that fit this study’s purposes. As 
discussed by Paes et al. [82], this practice is not uncommon in the XR 
research community. Similar intrinsic motivation and self-efficacy 
questions were used by Rahouti et al. [4]. Recommendations efficacy, 
recommendations simplicity, and AR preference items were proposed 
and used by Lovreglio et al. [11] and Lovreglio et al. [57]. Perceived 
realism questions were adapted from the ones used by Le et al. [65], 
while usability items were adapted from those used in multiple XR 
studies (e.g., [37,66,65,67,68]). Nonetheless, although the question
naires used in this study were derived from published instruments, they 
would still benefit from systematic validation. This validation was not 
conducted in this study and should be addressed in the future through an 
in-depth examination of three types of validity: construct, criterion, and 
content validity [83]. 

This study aimed to present preliminary retention findings within a 
commonly employed retention timeframe (as discussed in Section 3.1). 
Naturally, longer intervals would likely yield different results from the 
ones found in this study. While assessing retention at multiple intervals 
over longer periods – as observed in longitudinal studies – could provide 
more insights into the effectiveness of training methods, this approach 
poses numerous challenges, including maintaining participant engage
ment over extended data collection periods [84]. Consequently, con
ducting longer retention studies requires a larger initial sample size to 
ensure sufficient statistical power, as participant numbers are expected 
to decrease over time. Moreover, given that the time between training 
and when the knowledge is needed, such as during a fire event, can be 
quite lengthy (more than four weeks), future studies may explore the 
impact of training methods on the retention of knowledge, intrinsic 
motivation, and self-efficacy over longer periods. 

Several other potential avenues are worth further investigation in 
future studies. First, the effectiveness of AR training may vary based on 
the nature of the learning outcomes, knowledge delivered (i.e., proce
dural or declarative), and types of training tasks. Second, the complexity 
of knowledge and training tasks may also impact AR effectiveness 
compared to other training methods. Third, yet unexplored latent fac
tors may influence knowledge acquisition and retention, intrinsic 
motivation, and self-efficacy in AR training, such as sense of immersion, 
degree of realism (and its multiple dimensions such as pictorial, spatial, 
and auditory realism), engagement, motivation, and personality traits. It 
is worth noting that spatial perception capabilities were intrinsic to the 
training objectives in Gargrish et al. [77] and Lam et al. [50] studies, 
who found AR training to provide superior knowledge retention. Studies 
on the relationship between spatial perception and performance have 

been extensively conducted in the VR community (see, for instance, 
[85,86]). Thus, future research may also delve into human-computer 
interaction aspects (e.g., visual perception, interactions, user interface, 
human factors) to enhance trainees’ learning experience and outcomes 
and maximise the effectiveness of AR-based fire safety training tools. 
Lastly, future comparative studies may evaluate the performance of AR 
against other traditional training modes (such as lecture-based training) 
and XR solutions (such as VR training systems) to identify their advan
tages and disadvantages in comparison to each other. 
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