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ARTICLE INFO ABSTRACT

Keywords: Immersive Virtual Reality technology has recently gained significant attention and is expanding
Virtual Reality its applications to various fields. It also has many advantages in education, as it allows to
Media in Education both simplify the explanation of complex topics through their visualization, and explore lost
Adult Learning or unreachable environments. To evaluate the impact of immersive experiences on learning
Human-Computer Interaction outcomes we developed an educational experience that lets users visit an ancient Roman Domus

and provides information about daily life in Roman times. We designed a between-subjects
data collection to investigate learning ratio, user experience, and cybersickness of participants
through anonymous questionnaires. We collected 76 responses of participants (18-35 y.o.)
divided into three conditions: a Immersive Virtual Reality experience, a slide-based lecture and
a 2D desktop-based experience. Our results show that the virtual reality experience is considered
more engaging and as effective as more traditional 2D and slide-based experiences in terms of
learning.

1. Introduction

Virtual Reality (VR), defined as "the sum of hardware and software systems that seek to perfect an all-inclusive,
sensory illusion of being present in another environment" (Biocca and Delaney, 1995), started widely spreading over
the last few years, thanks to technological improvements and the reduction of VR devices’ prices. The diffusion of VR
devices has brought new enthusiasm to several research fields. One is the potential educational value this technology
can bring to different users. VR applications can be adopted as an educative tool for several learning fields (Bell and
Fogler, 1995; Gonzalez Izard et al., 2017). The interactivity and multisensorial immersion this technology provides
help the users better understand the topic and learn by doing or living the specific situation. Moreover, VR is suitable
for explaining complex and abstract concepts and visualizing remote environments (in space or time) (Mortara et al.,
2014). One educational field in which VR can bring several benefits is cultural heritage, with the development of virtual
museums and virtual tours (Paino Ambrosio and Rodriguez Fidalgo, 2020).

Even if the educational value of VR is generally acknowledged in the literature, it remains to be seen the relationship
between the level of immersion and the learning outcome (Wu et al., 2020; Pellas et al., 2021). In this paper, we present
a VR experience that we developed to teach people about the structure of an Ancient Roman Domus and how Ancient
Romans lived in it and collect data regarding learning, user experience, and cybersickness. We also designed two
experiences we used as control conditions: a desktop application that lets users navigate the same VR experience
through the first-person view used in many video games and a set of PowerPoint slides that could be used in typical
lecture scenarios. We compared the educational effectiveness of the three experiences using human subjects and an
online questionnaire. Our aim was to determine if the VR experience could be as effective as traditional learning tools
(i.e., PowerPoint slides) in conveying basic historical knowledge and to investigate any potential relationship between
the level of immersion and learning outcomes. Our results suggest that VR could be as effective as conventional learning
strategies, while also greatly enhancing the user experience, engagement, and motivation. Additionally, participants
who experienced the VR application reported a higher level of presence than the desktop version while maintaining
comparable learning outcomes.
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The paper is organized as follows. In Section 2, we brie y overview the current state of the art of educational VR,
focusing then on its use in the cultural heritage eld and introducing the concept of Sense of Presence. In Section 3
we present our experience, starting from the requirements we identi ed, its overall structure, its main components,
and the control conditions. In Section 4, we discuss the questionnaire we designed to evaluate our experience, its ma
modules, how we carried out the experimentation, and the feedback we received. In Section 5, we discuss the resul
of our experiments. In Section 6, we draw some conclusions and outline future research directions.

2. Related Works and Research Hypotheses

This section provides an overview of the theoretical approaches and relevant applications of VR in education tha
inform our study. We rst introduce the main theories we employed to design our educational experiment and then
highlight signi cant VR applications in education. For further in-depth information on this topic, we refer interested
readers to recent reviews (Liu et al., 2017; Greenwald et al., 2017; Bekele et al., 2018; Kami«ska et al., 2019; Radian
etal., 2020; Pellas et al., 2021; Villena-Taranilla et al., 2022). Additionally, we discuss the concept of Sense of Presenc
and its relevance to our work. Lastly, we outline the research questions and hypotheses guiding our study.

2.1. Learning Paradigms

There are several theoretical approaches we can follow in developing educational VR applications. We cite two of
them: theConstructivist TheoryLiu et al., 2017) and thEmbodied Cognition Theor§shapiro, 2007).

Following the rst one, we construct knowledge learning by doing and interacting with the environment through
our senses. We build a world model based on the sensory inputs we receive due to the outcomes of our actions; w
then update it by acting on the world and verifying the outcome of those actions through our senses. Experience play
a crucial role in learning. To explain complex or abstract concepts, the instructors often use metaphors and analogie
bringing those concepts to commonly observable reality (Christou, 2010).

The Embodied Cognition Theory is similar to but di erent from the previous one. It bases on two main concepts:
cognition is not abstract and amodal and is not just about thinking but also involves perceiving and acting in the real
world (lonescu and Vasc, 2014). The critical point of this theory is the role of the body: learning does not involve only
the mind, but there is a substantial contribution from our physical being. For instance, some studies demonstrate th:
hand movements play a role in solving or learning to solve di erent problems (lonescu and Vasc, 2014).

Constructivism points attention to the sensory feedback we receive, while Embodied Cognition Theory focuses
more on the body. However, they both agree that a practical interaction with the world can improve knowledge. For
this reason, VR can strongly support learning activities, thanks to the interactivity it can bring. In this work, we based
mainly on the Constructivist Theory: we strongly relied on the sensory feedback the user received from our experienc
(namely, the visual feedback of the reconstructed environment and the auditory feedback from the ambient sounds ar
the lecture contents).

2.2. VR in Education: What is Known so far

Several educational VR applications have been developed in the last few years. They can provide learning
experiences in several elds, such as physics (Kumar et al., 2021; Dede et al., 1996), history and cultural heritage
(Villena Taranilla et al., 2019; Liu et al., 2021; De Paolis et al., 2009; Hakkila et al., 2019), math (Roussou, 2009),
biology (Ou et al., 2021), and language learning (Pinto et al., 2019). They can also be used to increase people'
awareness regarding speci c topics, like climate changes (Fauville et al., 2020) or the space debris threat (Colomb:
et al., 2020).

Various studies have acknowledged the contribution of VR technology in increasing student engagement, moti-
vation, and personal satisfaction compared to traditional learning tools (Allcoat and von Muhlenen, 2018; Mahmoud
et al., 2020; Ip et al., 2019). However, the literature provides mixed feedback when comparing educational VR with
other learning techniques. In one study, the authors of (Akbulut et al., 2018) developed a VR system to teach sortin
algorithms to Computer Science bachelor students. They compared the results obtained by the students who used tl
tool with those who employed common PowerPoint presentations, noticing better results in the former group. On the
other hand, Parong and Mayer (Parong and Mayer, 2018) found the opposite: they prepared a biology lecture in bot
VR and PowerPoint, with a higher learning outcome from the latter learning strategy. Even so, the students perceive
the VR version as more engaging and motivating. Makransky and colleagues achieved similar results (Makransk
et al., 2019): they investigated the e ects of increased immersion in a virtual laboratory by comparing its VR and
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the 2D-desktop versions. Results showed a lower learning outcome in the VR experience but with a higher sense ¢
presence. Generally speaking, there is still a lack of knowledge regarding the e ectiveness of VR as an educationa
instrument with respect to other learning strategies (Wu et al., 2020), and further studies are needed in this directior
However, it is acknowledged its motivational and engaging value. For this reason, an educational VR experience ca
be considered e ective in transmitting knowledge if it is at least as e ective as traditional learning strategies (Pellas
et al., 2021). We hypothesized that our application could reach this achievement, resulting as e ective as other tools
particularly a 2D desktop-based experience and a PowerPoint presentation (H.1).

In our study, we have focused on the educational use of VR to teach historical content, speci cally the reconstruction
of an ancient Roman Domus. Our decision to concentrate on this topic was driven by the scarcity of works exploring the
use of VR for educational purposes in teaching history (Villena-Taranilla et al., 2022; Taranilla et al., 2022). While a
few studies have investigated VR's potential in cultural heritage reconstruction (Deggim et al., 2017; Richards-Rissettc
et al., 2013), there has been relatively little research on using VR for historical education. Moreover, the majority of
the research in this eld is focused on STEM subijects, leaving unknown the possible contribution of VR in historical
teaching (Kavanagh et al., 2017). While there have been some works that tried to exploit this potential by, for instance
explaining concepts related to archaeology and heritage (Fabola and Miller, 2016) or teaching the Spanish life in the
16" century (Perez-Valle and Sagasti, 2012), they o ered no proofs of this hypothesis through validated experimental
design and data collections (Taranilla et al., 2022). Some VR experiences allow users to explore ancient Romal
buildings (Fleury and Madeleine, 2012; Flyover Zone, 2018), while others are focused on ancient Roman Domus
reconstruction (Gregl, 2020). However, these experiences have primarily been designed to o er visually stunning
experiences rather than to assess their educational e cacy compared to traditional teaching methods rigorously. Ir
opposition to them, we decided to focus our e orts on exploring the contribution that immersive VR can provide in
explaining such a topic. We hypothesized that being immersed inside an ancient Roman Domus could elicit the users
interest, leading to a higher level of motivation with respect to other tools, such as PowerPoint presentations (H.2)
Moreover, thanks to the motivational features of our application and the careful attention we paid to the design phas
(refer to Section 3 for more details), we anticipate that the increased immersion of our VR experience will have no
adverse e ects on learning outcomes (H.4), in contrast to previously mentioned works. The authors of (Kyrlitsias et al.,
2020) developed animmersive VR experience in the archaeological site of Choirokoitia. They compared the simulatior
with a desktop experience to collect data regarding Presence and learning ratio. However, their work focused on
speci ¢ location (the archaeological site of Choirokoitia) rather than a general topic like our study. As educational
VR is commonly utilized for simple, speci ¢ applications, and not for general explanations (Pellas et al., 2021), we
decided to focus our e orts in this direction. Moreover, they tested the user experience and sense of presence on velr
few items, and they did not include an evaluation of the level of cybersickness in their nal questionnaire.

This last point, in particular, is very important: one of the main limitations of VR is the occurrence of simulator
sickness, which manifests itself with symptoms like eye fatigue, disorientation, and nausea (LaViola, 2000). These
uncomfortable feelings can signi cantly a ect the user experience during the VR simulation (Saredakis et al., 2020;
Chang et al., 2020). Despite the improvement in the quality of VR devices has reduced the occurrence of thes
unwanted e ects (Lee et al., 2017; Kourtesis et al., 2019), users still report experiencing them (Du»ma«ska et al.
2018; Guna et al., 2019). Hence, it is important to consider the issue of cybersickness when designing and developin
VR applications. Our work took into consideration certain precautions to minimize the occurrence of cybersickness
(following mainly the ndings of Saredakis et al., 2020 and Chang et al., 2020; refer to Section 3.5 for more details),
and we hypothesized that users would only experience at most mild symptoms during the execution of our experienc
(H.3).

2.3. Immersion and Sense of Presence: De nitions and Measurements

As one of the aims of this work was to investigate whether the increased immersion of a VR experience can a ect
its learning outcome, we rst need to clarify what we refer to by this term and the relationship between immersion
and Sense of Presence. In this subsection, we will provide two main de nitions of these concepts, one by Witmer anc
Singer (WS) and the other by Slater. Furthermore, we will present some of the most common methods used to measu
the Sense of Presence in VR experiences.

For WS, Presence is "a psychological state of 'being there' mediated by an environment that engages our sense
captures our attention, and fosters our active involvement" (Witmer et al. (2005), p. 298). Hence, a Virtual Environment
(VE) that provides a coherent set of sensory stimuli is linked to the user's Presence. WS associate Presence with the le\
of immersion, which they describe as a psychological state in which the user perceives themselves as fully include
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and interacting within the VE (Witmer and Singer, 1998). According to WS, a higher level of immersion leads to a
higher level of Presence.

On the other hand, Slater de nes Presence as encompassing three aspects: the sense of "being there" within t
VE, the dominance of the VE as the user's environment, and the perception of the VE as having visited a place rathe
than just viewing computer-generated images (Slater, 1999). Slater also explains that Immersion refers to the objectiv
technological properties of a system, while Presence is the subjective human experience of these properties (Slate
2003). He notes that, given the same immersive system, di erent people may have varying levels of Presence.

The main di erence between these two perspectives lies in their de nitions of Immersion and its relationship to
Presence. According to WS, the two concepts are closely related and cannot be easily di erentiated. Slater, howeve
clearly separates the two and de nes them as distinct yet related concepts.

The variety of de nitions of Sense of Presence has led to several methods of measurement, which can be divide
into three categories (Insko, 2003):

Subjective Measureself-reported measurements obtained through post-immersion questionnaires, including:

Witmer & Singer Presence Questionnafi®itmer and Singer, 1998; Witmer et al., 2005)
Slater-Usoh-Steed (SUS) Questionngiseoh et al., 2000)
ITC-Sense of Presence Inventdbessiter et al., 2001)

" Behavioural Measuresneasurements of user behavior through techniques such as direct observation and self-
monitoring. The greater the participant's feeling of presence in the VE, the more their responses will resemble
those in the real world.

~ Physiological Measure®bjective body reactions, including heart rate, skin conductance, or temperature.

(Grassiniand Laumann, 2020) analysed several literature works to compare the di erent techniques used to measul
the Sense of Presence. Even if there seems to be no standard method for measuring Presence, the most used techn
involves post-immersion questionnaires. Among them, the most popular is the WS one (Witmer and Singer, 1998
Witmer et al., 2005). We also chose to use the WS questionnaire, as it had more technical factors, useful for ou
multidisciplinary team.

2.4. Research Hypotheses
During our literature analysis, we stated some hypotheses regarding the possible results of our work. In this
subsection, we list all of them:

H.1 In terms of learning outcomes, we expect our VR application to be at least as e ective as the two control
conditions, if not more e ective, due to its immersive nature and the users being guided along a specic
path; in particular, this last attention should limit potential distractions. Additionally, we anticipate that our
VR application will be particularly e ective in conveying spatial information about the Domus, thanks to the
high level of immersion provided by the VR environment. These advantages should limit potential distractions
and enhance learning outcomes.

H.2 We anticipate that users will be more engaged and motivated when using our VR application compared to the
control conditions, as our application has been designed to be highly engaging. Additionally, we expect users tc
report a high level of satisfaction and acceptance of our application when compared to the two control conditions.

H.3 We expect the occurrence of Cybersickness to be infrequent or absent during the VR experience, and an
symptoms experienced to be mild at most, due to the careful consideration given to its prevention during the
application's design.

H.4 We anticipate a positive level of presence in the VR application, evidenced by higher scores compared to the
control condition. Furthermore, we do not expect the sense of presence to impact the learning outcome negativel
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3. The Domus Romana VR Application

Our goal was to assess the e ectiveness of VR as an educational tool in conveying basic historical concepts, suc
as the structure of an ancient Roman Domus, and to check the potential in uence of the level of immersion on the
learning outcome. For this reason, we developed an educational VR experience and compared it with two contro
conditions, a 2D desktop-based application and a slide-based lecture, in terms of learning outcome, user experienc
and cybersickness.

Our research team, involving both VR engineers, cognitive neuroscientists, and psychologists, initially identi ed
a list of requirements for this project. The rst and foremost requirement was that the application should have two
counterparts to compare the results the users achieve with the VR application with the ones of the control experience
The VR experience and the control ones must then completely overlap in terms of informational content (but not in
terms of interaction) so that the obtained results could be comparable. Still, there should be an essential distinctio
between the slide-based control condition and the "digital” ones: inside the applications (both the VR and the deskto
version), there must be only three-dimensional elements, while only two-dimensional pictures should be displayec
inside the standard lectures. The applications (both the VR and the desktop one) must implement two ways of use: or
lecture-driven (called Lecture Mode), in which the user could follow only a pre-determined path with xed explanation
points, and another fully exploratory (called Exploration Mode), with the user who can freely explore the environment
with no limitations. Finally, the user should be completely autonomous while using the applications; therefore, a tutorial
has been developed for both the Lecture and the Exploration Mode.

Initially, the applications were structured with the main constraint that the user had to pass through all the Lecture
Mode before enabling the Exploration Mode. Later on, we decided to split the two ways of use entirely, resulting in
two di erent applications: this allowed us to avoid any problem regarding the Exploration Mode because we found no
way to obtain an equivalent experience through a slide-based lecture. Moreover, we adapted the testing phase too: t
central part of the experiment was the comparison between only the Lecture Mode (both in VR and with the desktor
application) and the slides-based lecture. In addition, we wanted to test the Exploration Mode with a small numbet
of users to collect some preliminary data (even if this was not our primary aim); however, we chose to focus only
on the Lecture Mode testing and the comparison between them and the standard lecture, leaving other tests to futu
developments.

All the historical contents of the experience have been taken from Marco Vitruvio Pollione, 15 B.C.; Angela, 2007;
Paoli, 1982; Flocchini et al., 2017, and reworked with the support of an expert in this eld: a former history teacher
that helped us also in designing the lecture structure. We kept the whole experience, as well as the questionnaire,
our language in order to reduce the cognitive load associated with the need to process a foreign language (di erentl
from other works in literature, like Makransky et al., 2019) and not to add any linguistic bias to the results.

3.1. The Virtual Reality Experience

The Virtual Reality Experience (VRE) is designed as a guided tour of a 3D reconstruction of a Domus, with a xed
path that users must follow. To proceed, they must complete the current lecture section, and the experience is sequenti
meaning users cannot skip any part to complete the journey. We expect these two features will help achieve our goal «
preventing the potentially higher level of Sense of Presence from negatively impacting the learning outcome (H.4). The
user is spawned before an introductory arc, with a starting menu showing that he/she is starting the guided tour. Afte
a brief tutorial explaining how to move inside the environment and trigger the lecture audio, the experience begins.
Movement is performed through teleportation, a common way to avoid motion sickness (Clifton and Palmisano, 2020):
by pressing the trigger button of the controller, a teleporting ray will be shown, red if it is pointing to somewhere the
user cannot teleport, green otherwise. Furthermore, to make the possibility of teleporting more intuitive, the controller
will give haptic feedback to the user through a light vibration once the ray points to a valid area.

There were eight lecture points inside the application (see Figure 2 for their placement inside the VE), each of then
treating a di erent aspect of the Domus:

1. Introduction a preliminary description of the Domus structure and spaces
2. Atrium: rst main space of the Domus, with access to Cubicula and Tablinum
3. Cubicula bedrooms of the Domus' inhabitants

4. Impluvium pool in the middle of the Atrium that collects the rainwater
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(a) Atrium

(b) Peristylium

Figure 1: The two main areas of the Domus: above there is the Atrium, seen from the entrance of the Domus itself, while
below there is the Peristylium. The signboards that indicate the lecture points are visible

5. Cartibulum table inside the Atrium, for fast businesses and meetings
6. Tablinum Domus' o ce, for important businesses and meetings
7. Peristylium second main space of the Domus, garden surrounded by columns

8. Triclinium: the banquet hall

Except for the Introduction, every lecture point is shown through green particles starting from the oor and a
signboard, with the room's name that the audio will explain and one or two Latin sentences linked to it. The users
can teleport themselves on the particles, making them disappear; then, they will be able to make the audio play usin
the primary button of the controlleA(on the right andX on the left). During the execution of the lecture part, the
users will not be allowed to move to remain focused on the lecture contents. Moreover, there is no way to stop the
audio to avoid the loss of any information o ered by the experience. After the end of the audio, the following lecture
point will be shown. When the users teleport to the next lecture point, the previous signboard will disappear to keer
the environment as immersive as possible. The Introduction had no lecture signboard; however, it had an additione
feature: a three-dimensional map of the Domus, completely inspectable by the users from the height. Additionally,
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Figure 2: Map of the Domus, with the lecture points' placements

Figure 3: Two examples of lecture points: the Introduction (on the left) and the Impluvium (on the right)

users can rotate the map using the controller sticks, allowing for a more comprehensive examination of the interna
environment during the explanatory phase.

3.2. The First Person Experience

The First Person Experience (FPE), developed for desktop PCs, re ects the VRE entirely. The main di erences are
how the user observes the virtual world (not through an Head-Mounted Display (HMD) but a 2D screen) and moves
inside it (through mouse and keyboard). The tutorial is slightly changed (see Figure 5) to adequately explain the nev
input system.

3.3. The Multi-media Presentation Experience

The Multi-media Presentation Experience (MPE) is built using Microsoft PowerPoint. Its slides contain images
taken from the VRE, brief textual descriptions, and audio tracks. The structure of the slides is made to re ect the
design of the digital lectures thoroughly: the contents and the explanation audios are the same. Moreover, we ke
the number and contents of written elements as limited as possible to not distract the users during the lecture audic
execution and not add more information concerning the other two experiences.

Each lecture point presented in the digital experiences corresponds precisely to one slide of the standard lectur
except for the Introduction, Atrium, and Cartibulum ones. The rst one was split into four slides (shown in Figure 4),
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Figure 4: Introduction slides of the MPE, corresponding to the single introduction point of the VRE and FPE

each showing di erent aspects of the general structure of the Domus. In contrast, the other two were joined togethe
in a single slide because of the brief content of the explanation.

3.4. Tutorial

To guarantee the complete autonomy of the users during the experience, we prepared two tutorials for both th
VRE and the FPE.

To keep the environment as immersive as possible, the tutorial stages have been represented as signboards (sim
to the ones for the lectures), with a heading word in Latin and images and sentences to describe how to act inside tf
environment. We placed the tutorial signboards on the road that connects the introductory arc to the Domus to let thi
users become familiar with the application controls while proceeding toward the central area of the experience. Ther:
were three tutorial signboards:

" Motus explains how to move inside the environment and the meaning of the color of the teleport rays

" Lectia explains where to teleport to hear the lectures and how to start the execution of the audio

Rotatione explains how to rotate the 3D map of the Domus

3.5. Avoiding Cybersickness: The Adopted Strategies

As discussed in Section 2.2, preventing Cybersickness is essential for providing a positive VR experience. In oul
application, this was a key consideration, given that studies have suggested a correlation between the realism of tt
simulation and the severity of sickness experienced by users (Chang et al., 2020). Realistic environments can crea
higher immersion, leading to an expectation of vestibular feedback closer to real-world ones. As we aimed to have :
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Figure 5: Comparison between one of the tutorial signboards in the VRE (on the left) and in the FPE (on the right)

representation of the environment near to reality as much as possible, we were mindful of this issue throughout th
development of our VR application and incorporated well-known strategies to minimize this unwanted e ect. Firstly,
we limited movement to teleportation, a commonly used technique to prevent mismatches between the visual feedbac
of the VR experience and the steady vestibular feedback of the user's body (Clifton and Palmisano, 2020; Chang et al
2020).

Another important consideration during the development of our VR application was the need for frame-rate
stability. We aimed to create a realistic and stable simulation without frame drops (Lee et al., 2017). One of the main
challenges in achieving this goal was the lights: the level of delity of a 3D reconstruction depends not only on the
models that compose the environment but also on the lights (Yu et al., 2012). Moreover, lightning plays a crucial role
in building the atmosphere of the virtual environment (Edensor, 2015) and may be a critical factor in increasing the
users' immersion (Wang, 2022). However, rendering realistic lighting can be computationally intensive, impacting
performance. To address this issue, we decided to pre-compute the majority of the lights and bake their respectiv
lightmaps at compile-time. This allowed us to achieve higher levels of realism without sacri cing performance.

Finally, the potential impact of extended VR exposure on users is worth considering. Research has showr
that experiences lasting more than 10 minutes can increase cybersickness and negative outcomes (Saredakis et
2020; Chang et al., 2020). Therefore, we deliberately decided to limit the overall duration of our VR experience to
approximately 10 minutes to minimize the risk of negative e ects on users. By taking these precautions, we aim to
reduce as much as possible the level of cybersickness and achieve our goal as stated in hypothesis H.3.

4. Questionnaire, Experimental Design, and Results

4.1. Questionnaire Outline

To perform the experimental phase of this work, we needed a questionnaire to collect data and evaluate user:
learning ratio, user experience, and cybersickness level. For this reason, we created a questionnaire, relying on validat
and customized sets of items during the development. ToReistonal Innovativenes§echnology Acceptance
User Experience (UX)Presenceand Cybersicknesswe relied upon validated measures provided by the literature
(see Table A.3) while regarding familiarity with the technology, learning ratio and the overall experience we used
prototypical items. To select and structure the variables of our questionnaire, we primarily followed two similar case
studies: (Kyrlitsias et al., 2020) test@desenceUX and learning performances on a VR reproduction of a hardly
accessible archaeological site, while (Sagnier et al., 2020) téstdthology Acceptance X, Cybersicknes$resence
andPersonal Innovativeness a VE for aeronautical training.

We came up with eight main blocks (outlined in Figure 6). Each of them has been taken from a di erent source,
and, in some cases, we selected only a portion of the total number of items (see Table A.3 for more details). The mai
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Figure 6: Questionnaire outline; some blocks of the questionnaire have been used only for the VRE and the FPE

structure of the questionnaire was the same for both the VRE and the FPE. However, for the MPE, we proposed
modi ed version without thé’resenceandCybersicknesblocks; moreover, some of the questions of the other blocks
have been adapted to t the new condition.

The questionnaire started with introductory questions regarding Demographics, Personal Innovativeness, an
Technology Familiarity. It followed a series akarning questions, aimed at testing the overall learning ratio of the
users, divided in:

" Factual Knowledgemultiple-choice and true/false questions about the topics introduced during the experience

Graphical Knowledgemultiple-choice questions related to a focused observation of the environment

~ Spatial Reconstructiotasks:

Room Nameassign the correct room name to each area of the experience
Object Locationlocate a pool of selected objects in their proper location inside the VE

The Overall Opinion block was a set of multiple-choice, open, and semantic di erential items aimed at measuring
the overall experience from a qualitative point of view. After that, we had#uanology Acceptance Model (TAM)
block, a set of items to measure the level of acceptance of VR as a learning tool and divideatdeived Ease of Use
Perceived UsefulnesAttitude Toward UseandBehavioural IntentionHowever, we decided to exclude the analyses
coming from the TAM section of our questionnaire. This is due to two reasons. Firstly, it exceeds the intended scope
of this paper. Secondly, the limited sample size falls short of meeting the requirements for thoroughly analysing those
variables.

Another major block conceivedX, further divided into two groups of semantic di erentiaRragmatic Qualities
(PQ)andHedonic Qualities (HQ)

To measure the presence the user experienced, we addBdedenceblock, divided intolnvolvementSensory
Fidelity, Adaptation/Immersiorandinterface Quality

Finally, we dedicated the last block of the questionnai@ybersicknesswith a set of symptoms that participants
were required to notify. We decided to test two main groups of sympt@ual¢motorandDisorientatior), with an
additional external item for nausea.

4.2. Materials and Methods
To test our application's e ciency, we went for a three-conditions between-subject design. Participants have been
randomly assigned to one of the three previously-described conditions: VRE, FPE, or MPE. The participants shoulc
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(a) General Learningesults (b) Maps Learningesults

(c) Rooms Learningesults (d) Objects Learning results

Figure 7: Learning results for the participants of the three conditions

rst take part the respective experience and thencomplete our survey, realized on Qudltiesomplete duration

of the experiment was between 30 and 45 minutes. Initially, we intended to conduct the entire experiment and collec

data in our laboratory. However, due to COVID-19 pandemic regulations, we needed to nd an alternative solution

that would allow us to gather a su cient number of participants without putting them in danger. As a result, we opted

for a hybrid approach, where participants assigned to the VRE condition were asked to visit our laboratory. In contrast

the FPE application and MPE presentation were distributed remotely to participants assigned to these conditions.
We implemented the VRE and the FPE on Unity3D 2019, using the Unity XR Interaction Toolkit v. 0.1. The

application has been designed for VR HMDs connected to a computer, and in particular for the OcalasdriRift

S® headsets. Participants used these headsets (and relative controllers) connected to a PC (du&l SeFia&

RTX 2080 Ti, InteP CoreTM i X-series Processors) with a Full HD monitor (24 B4Hz refresh rate).

4.3. Results
The experimentation involved 76 participants, 36 males and 40 females, aged between 18 and 35 (see Table A
for more details). In the following, we report the main results; all the numerical data are listed in Appendix A.

Learning Ratio

To understand the e cacy of the three experiences in transmitting basic historical knowledge, we computed the
Learningvariable as the sum of all the correct answers given by each subjectin the learning section of our questionnaire
According to our sample, no di erences occurred in the three conditieris 47/ = 0:453 p = 0:638), re ecting what
we expected. To make a further analysis, we computed in the same wagesoal LearningFactual and Spatial

Ihttps:/iwww.qualtrics.com/it/
2https://www.oculus.com/rift
Shttps://www.oculus.com/rift-s
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(a) Pragmatic Qualitiegesults (b) Hedonic Qualitiegesults

Figure 8: User Experience results for the participants of the three conditions

Knowledge) andSpatial Taskmap reconstruction tasks, calléthps Learning. No di erence were found also for
General Learninghowever, we had a signi cant di erence in ttgpatial TaskF.2;47/ = 3:457, p = 0:04) between

the VRE and the MPEM = 1:701, t.51/ = 2:564, p = 0:035. As this went against our preliminary hypothesis
H.1, we considered two sub-componeeom NamandObject LocationIn particular, the former one highlighted

a signi cant di erence §.2;46/ = 5:555 p = 0:007) between the two mentioned groups, with a better performance
recorded in the MPEM = 1:617,1.48/ = 3:156, p = 0:008) (check Figure 7 for more details).

User Experience

We measured UX through an adaptation by Sagnier et al., 2020 étttaéDi 2 semantic di erential, composed
of couples of adjectives to be evaluated through a 7-point Likert scale. Moreover, we grouped the items into two
main component?Q andHQ. We found signi cant di erences regarding the PG .; 49/ = 3:68, p = 0:033). On
average, participants of the VRE condition evaluated more positively the Pragmatic characteristics of the experienc
in respect of the FPEM = 0:409, t.42/ = 2:62, p = 0:0232. In contrast, no di erence has been recorded with the
MPE. Regarding the HQ, we found signi cant di erences tde.2;48/ = 10:34, p < :001): on average, participants
evaluated more positively the VRE condition than the other two (FWE: 0:527, .43/ = 2:62, p = 0:032 MPE:
M =1:057,1.50/ = 4:47, p < :001) (check Figure 8 for more details).

Sense of Presence
Through a shortened version of the Presence Questionnaire (Witmer et al., 2005), we evaluated tirresenak
Score (PSand four related constructsiyolvementSensory Fidelitmmersioninterface Quality, on a 7-point Likert
scale. We found a signi cant di erence in PS between the two conditibd8( = 2:57, p = 0:014); furthermore, the
VRE reached higher scordel (= 88:8, SD = 10:1) with respect to the FPEM = 80:3, SD = 12:1) (check Figure 9a
for more details). Regarding the other components, we found signi cant di erences between the VRE and the FPE
only concerning Involvement.@7/ = 4:06, p < :001) and Immersiont(42/ = 2:05, p = 0:047). In contrast, the other
two did not di er in the two conditions.

Cybersickness

Cybersickness scores were registered through a 4-point Likert scale, with the following labels: 0 (no symptoms), 1
(light symptoms), 2 (moderate symptoms), and 3 (severe symptoms). We proposed a list of symptoms to be evaluate
following the indications of Kim et al., 2018 (more details on symptoms and how to compute the values in Table A.1).
We computed then a main variable callgglbersicknesand two sub-component®culomotorandDisorientation
During our analysis, we found out that a relevant portion of our participants scored 0: the mode of Cybersickness
and its relative factors was 0; therefore, our distribution was strongly unbalanced. For this reason, we decided ftc
transform Cybersickness into a categorical variable: we assigned thentalsgmptomso participants who scored
0 andyes symptomt® those who scored greater than 0. After that, we computed a Chi-Square Test of Independence
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(a) Presence Questionnaire Score

(b) No Symptomanswers (c) Yes Symptorrenswers

Figure 9: Presence Questionnaire Score (above) and Cybersickness results (below) for the participants of the VRE and
FPE conditions

( 2=0:036 p = 0:848), which con rmed that there seem to be no relationships between the experimental condition
and Cybersickness (Figures 9b and 9c).

5. Discussion and Limitations

5.1. Discussion on the Obtained Results

Our research focused on developing and assessing Human Factors and educative implications involved in a Vi
application reproducing an ancient Roman Domus. Our results show no di erences in the three groups regarding the
General Learningzariable (a nding consistent with H.1), suggesting that VRE can e ectively transmit basic historical
knowledge like the familiar FPE and MPE tools. Virtual and desktop experiences show a learning performance
comparable to traditional PowerPoint presentations (probably the most widely used educational tool), and this catr
be considered a relevant outcome (Pellas et al., 2021). Surprisingly, in contrast with our initial hypothesis, MPE
participants outperformed VRE participants in the Spatial Reconstruction task when participants were asked to nam
each room on a map. At the same time, we note that in MPE, each room was introduced with a slide specifying the
room name; however, this was infeasible in the VRE and FPE experiences due to the limitations of the rst-person
view perspective. Indeed, we introduced signs with the room names nearby each lecture point; however, the solutio
could not solve the issue. Furthermore, 2D maps are more familiar tools to navigate environments; accordingly, we
believe that a more familiar interaction favored participants in MPE compared to VRE and MPE participants who only
interacted with 3D models and environments. Even so, thanks to the overall results, we argue that our experience seel
e cient as widely credited types of complementary educational tools, particularly in teaching basic knowledge about
ancient roman houses.

Bo, Clerici, Gallace and Lanzi: Preprint submitted to Elsevier Page 13 of 24






