'.)

Check for
Updates

Enhancing the Audience Experience for VR and AR Theatre with
Al-generated Subtitles

Irene Viola
Centrum Wiskunde & Informatica
Amsterdam, Netherlands
irene@cwi.nl

Atanas Yonkov
Centrum Wiskunde & Informatica
Amsterdam, Netherlands
atanas.yonkov@cwi.nl

PawetMaka

Maastricht University
Maastricht, Netherlands

Audience

Lot

Figure 1: AR Greek Theatre Play Setup: (Left) Audience view from third-person perspective (R

headset
Abstract

Recent technological developments on Al and immersive media are
transforming the artistic landscape, providing novel mechanisms
for artists and audiences. Following a human-centric approach,
together with a theatre company in Greece, this paper investigates
how subtitle placement affects user experience and cognitive load
in a live theatre performance enhanced by AR glasses. To do so,
we design and develop a system for displaying subtitles in VR and
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AR. We evaluated the system in two conditions (N = 19;N =
12), both in a controlled environment (VR) and an actual theatre
(AR). In the latter, we integrate Al solutions to provide automatic
captioning and translation in real time, and VFX to further augment
the experience. Our quantitative and qualitative results showed no
difference between subtitle placements in terms of cognitive load
and user experience, with users equally liking the two proposed
approaches. Results also highlighted the perceived usefulness of AR
to enhance theatre performances, indicating new paths for wider
accessibility and further immersion.

CCS Concepts

+ Human-centered computing — Mixed / augmented reality;
Virtual reality; User studies.
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1 Introduction

The evolution in media accessibility has enhanced features like
subtitles [12]. Subtitles are critical in furthering comprehension
and inclusivity across audiovisual media, bridging linguistic, audi-
tory, and cognitive barriers for diverse audiences. Subtitles have
evolved throughout history, with studies showing their positive
impact and sometimes even necessity on viewer comprehension
of the media [17]. Research indicates that bilingual subtitles, com-
bining intra-lingual and interlingual elements, provide linguistic
support, making videos easier to comprehend and aiding learning
[4]. Additionally, broadcasts with subtitled original versions have
been linked to improved English proficiency worldwide, especially
in listening comprehension skills [39]. Subtitles play an important
role in making video content accessible [25] to diverse populations
of viewers, such as non-native language speakers, the hard of hear-
ing, and people with learning disabilities. They enable such viewers
to understand the video content.

The advent of eXtended Reality (XR) opens new avenues for
subtitling beyond traditional video content. Similar to subtitles in
two-dimensional spaces, subtitles in XR provide a means for un-
derstanding audiovisual content in a three-dimensional space. One
such example is attending a theatrical play in a foreign language
[43], [31]. However, there is a lack of guidelines on implementing
subtitles or live captioning in XR and how it differs from traditional
television captioning [7]. Studies have been conducted to under-
stand user preferences for different Virtual Reality (VR) captioning
styles [6]. Generally, these studies tested different caption move-
ment behaviours, such as head locked, lag, and appear captions,
while participants watched live-captioned presentations in VR [6],
[30]. However, such studies were only conducted in VR settings,
and the impact of subtitle placement on Augmented Reality (AR)
scenarios, where the performance is happening live in front of the
audience, has never been tested before.

In this paper, we aim to study how subtitle placement affects
user experience in a live XR theatre scenario. Based on the require-
ments collected by Lee et al. [23], we design an application that
can support different subtitle placements: 2D, that is, tethered to
the user’s view, and 3D, that is, anchored to the world view. To
ensure that our approach is human-centred and rooted in the actual
needs of theatre companies, we designed our application together
with a theatre company based in Greece. To allow for rigorous
evaluation of the subtitle placements, we first perform a simulation
of the live theatre scenario in a VR environment, with virtual actors
and props. We conducted an initial study with 19 participants to
assess which subtitle placement is optimal, using mixed methods.

Viola et al.

Based on the findings of the initial study, when then performed
a study with a live theatre performance, augmented through the
use of AR glasses with subtitles. To aid in the task, we designed
and deployed two Machine Learning (ML) solutions for automated
captioning and translation. Whereas the use of ML algorithms for
live performance has been considered before [20], their evaluation
has only been based on objective metrics. Conversely, we aim to
evaluate our approach by performing live capturing and translation
in front of an audience. Unlike traditional subtitling methods that
require significant manual effort, our system automates the process,
making it more efficient and scalable. Moreover, as AR allows the
superimposition of virtual elements with real-world scenes, new
avenues arise in augmenting the play with computer-generated
Visual Effects (VFX) [37]. Thus, in our study, we also explored how
VFX can enhance the user experience.
The contributions of the paper can be summarised as follows:

e We design and evaluate an application for AR theatre that allows
for overlaying subtitles and VFX on top of a live performance.
We base our design on user-centric requirements to ensure the
application meets the needs of audiences and theatre organizers.

e We integrate ML solutions to perform automatic captioning and
translation in real time, allowing for minimal human intervention
and wider accessibility to the play in languages not serviced by
official translations.

e We evaluate which subtitle placement style (2D or 3D) leads to
better user experience and lower cognitive load. To do so, we
perform two experiments: the first (N = 19) in a simulated VR
theatre, which allows us to control and reproduce all conditions;
the second (N = 12) during a live performance enhanced with AR
glasses. We use mixed methods to assess the experience, drawing
insights from questionnaires and interviews. No differences were
observed between the two placements, in terms of cognitive load
and user experience, as confirmed by user interviews. Moreover,
our results highlight the potential of AR for making theatre
performances more accessible, while remarking on the technical
limitations that still hinder their widespread adoption.

2 Related work
2.1 VR and AR for theatre

The use of immersive technologies for enhancing theatre experi-
ences has long been discussed in the literature [15, 29], and has
further exploded in popularity after the COVID-19 pandemic pre-
vented traditional access to live venues [2]. Pike explores the possi-
bilities for XR technologies for theatre, noting that “live performing
arts combine different media elements and support interaction and
connection between the audience and the stage. In an historical
sense, artists have always used impressive immersion tricks, such
as physical surroundings with fake perspective [...] to immerse the
viewer in illusory reality” [21], placing the audience as the main
body that would decree the success or failure of the technology [32].
Ferreira et al. consider the challenges related to create effective AR
experiences for theatre, and propose an authoring application to
support AR performances, for example by adding visual effects [13].
Other studies focus on using immersive technologies to improve
accessibility for the hearing impaired [19, 28] and the elderly [27],
and considering integrating Al tools for facilitating the captioning
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and translation [20]. In our work, we use AR to augment the theatre
experience with live captioning and translation, considering the
further possibilities that AR can offer through the addition of VFX.

2.2 Subtitles in XR

Studies on subtitle placement for 2D screens indicated that modes
of presentation that follow the speaker, as opposed to being placed
at the bottom of the screen, can lead to lower cognitive load and
better comprehension [9, 22]. How such results translate to XR
settings has been preliminary studied for omnidirectional content,
which offers 3 degrees of freedom. Rothe et al. [38] compared two
main subtitle variants using HMDs: static (tethered to the head’s
movement, or 2D), and dynamic (anchored on the virtual world,
or 3D, and close to the speaking person). Results indicated a pref-
erence for dynamic due to higher presence scores, fewer sickness
symptoms, and lower workload. Given the prevalence of virtual
reality sickness among viewers, the behaviour of subtitles should
not exacerbate this issue, further complicating their design and
placement. Subtitles must be situated intuitively for viewers, ensur-
ing they don’t require excessive conscious effort to locate. Brown
et al. evaluated the user experience of four types of subtitle place-
ments: evenly spaced in the sphere, following the head immediately,
follow with lag, and appear in front, then fixed (2D [1]). To perform
the evaluation, they adapted the UX framework for subtitles [10].
They found that the general preference towards following the head
immediately is better than other behaviours regarding ease of lo-
cating subtitles. However, the study is limited to focusing only on
subtitle behaviour and did not extensively explore other design
aspects that could impact user experiences, like font size or colour.
Brescia-Zapata et al.[6] explored creative subtitle production in im-
mersive environments, particularly focusing on eye-tracking to test
subtitle placement in VR. The collected eye movement data results
indicate that the focus group supports the preference for subtitles
fixed relative to the speaker or overhead-locked subtitles (dynamic,
or 3D, subtitles). Rzayev et al. [41] investigated the impact of text
position and reading mode on comprehension and workload in
AR while walking and sitting. Participants reported that reading
from the centre or bottom-centre position resembled reading from
a computer screen or book. In contrast, continuous reading from
the top-right position led to eye strain. Further studies indicated
that displaying translations in different positions on AR glasses
could also impact comprehension and task load [40].

All the previous work has either focused on 360-degree videos [1,
38], or focused on studying how word placement in AR for tasks
as language learning could impact the user experience and task
load [40, 41]. However, no study has been conducted to evaluate
which subtitle placement would be optimal in the case of a live
theatre performance enhanced by AR glasses. In our study, we first
test the subtitle placement by mimicking the AR scenario in a VR
environment; then, we further assess it in an actual AR theatre
scenario.

3 Testing VR subtitle placement

3.1 Experiment design and technical setup

To effectively test which subtitle placement would be optimal for
a VR theatre scenario, we recreated a theatre play in Unity. In
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Figure 2: VR Application interface with 2D and 3D caption
particular, an excerpt from the Hippolytus tragedy by Euripides
was chosen to be displayed in the original Ancient Greek language.
The excerpt was four minutes and thirty second long, and consisted
of a monologue. The scene was recreated in Unity using low fidelity
polygons, and consisted of a main character ("messenger") standing
on stage delivering the monologue, a secondary character ("king")
sitting on a throne, alongside several visual effects (VFX) that would
follow the monologue as it unfolded (e.g., horses would appear as
they would be mentioned by the messenger). An official translation
to English made by a translator was used for the subtitles. English
was the only language offered.

Two caption positioning modes were selected for evaluation:
one called 2D (fig. 2 right), where the caption frame was tethered
to the HMD and followed its movements without delay, and one
called 3D (fig. 2 left), where the caption frame was tethered to the
physical theatrical stage, following common placements in the lit-
erature in terms of VR and AR subtitling [6, 38]. Users were given
extensive customization options in both modes to adapt the display
to their needs for improved readability. The customization options
in both modes were identical. In absence of accessibility standard
for immersive environments, web-based accessibility standards in-
fluenced (Web Content Accessibility Guidelines (WCAG) 2.0) the
design of the customization options, which included: font size (in
increments of 1 point), text position on the vertical axis (in incre-
ments of 10% of the view frame’s height in pixels), text background
contrast (as a slider with values 0-1 which set the opacity of a black
frame), overall brightness of the screen (as a slider of 0-1) and most
importantly, viewing distance (as a slider with a minimum value of
0.70cm and a maximum of 350cm). The entire user interface panel
could be toggled on/off using a button on the XR device’s controller.

The application was developed in Unity v2022.3.22f. A Windows
10 computer with an Intel i7-8700K processor, NVIDIA GeForce
GTX1080 graphics card,and 32 GB of RAM was used to run the VR
experience. Using a QuestLink wireless connection, the output was
displayed on an untethered Meta Quest Pro device.

3.2 Experiment methodology and planning

3.2.1 Experiment methodology. For the study, a mixed-method
methodology was chosen, comprised of quantitative questionnaires
and semi-structured interviews. For the quantitative part, several
factors were selected to study how subtitle placement influences the
user experience. In particular, we tested for Cognitive load using the
NASA TLX questionnaire [16], Usability using the System Usability
Scale (SUS) [8], User Experience (UX) adapting questions from the
UX for Subtitles framework [1], Behavioural Intention [45], and
Quality of Experience (QoE). Additionally, we tested for typical
VR-related factors, such as Immersion [18] and Presence [26]. To
account for cybersickness, we administered the Simulator Sickness
Questionnaire (SSQ) before and after the experiment, following
guidelines from the literature. The full questionnaires administered
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to the users are made available as supplemental material. For the
qualitative part, we based our questions on Brown’s white-paper
regarding dynamic subtitles in 360-degree environments[1].

3.2.2  Participants. We conducted a power analysis with the soft-
ware program G*Power [11], with the goal of obtaining 80% power
to detect a large effect size of 0.8 at the standard 0.05 alpha error
probability using a Wilcoxon two-tailed test, leading to a minimum
participant pool of 15 subjects. The experiment included 19 par-
ticipants (7 female, 12 male, mean age: 35 [min 22, max 71]). On a
scale from one to five (best), the mean self-rated experience with
immersive technologies was 2.8 (SD=1.22, median=3). Preferentially,
participants were theatre-goers, but the only strict criterion was
to be a non-native Greek speaker. The mean self-rated attendance
in performances where string values were converted to numbers
1 (less than once a year) to 4 (more than 3 times a year) was 2.29
(SD=1.19, median=2). Recruitment aimed to ensure diversity in
age, gender, and XR familiarity to remove potential sampling bias.
Post-hoc achieved power for the required effect size was 89%.

3.2.3 Procedure. The study followed a within-subject methodol-
ogy; thus, all subjects experienced both the 2D and 3D variants
of the subtitles, in randomized order. The same excerpt was used
in all the sessions. At the start of the experiment, the researchers
explained the purpose of the study, after which the participants
had to sign a consent form. Demographic data was also collected,
and the SSQ was given. Then, the study proceeded as follows:

e Step 0: tutorial and intro. The participants were instructed
to sit on a swivel chair and wear the Meta Quest Pro. They
entered the VR environment and were given a few minutes to
explore the environment to cultivate familiarity and mitigate
potential discomfort during subsequent steps in the study. They
were recommended to look around freely for a few minutes until
they got accustomed to the VR environment and controllers; the
duration varied between participants.

o Step 1: first theatre session. Participants experienced the the-
atre play with either 2D or 3D subtitle placement. The starting
placement was randomized to avoid confounding factors. Their
task was simply to watch the play and adjust the subtitles if they
felt the need. After the experience, they were asked to fill the
SSQ, NASA-TLX, SUS, UX, iPQ, Immersion, Behavioural Inten-
tion, and QoE questionnaires. A break of 10 minutes was then
enforced to avoid fatigue.

e Step 2: second theatre session. Before the session, the SSQ
was administered again to see whether the break led to lowering
in cybersickness symptoms. Participants experienced the the-
atre play with either 3D or 2D subtitle placement, depending
on which placement they had experienced in the previous step.
After the experience, they were asked to fill the SSQ, NASA-
TLX, SUS, UX, iPQ, Immersion, Behavioural Intention, and QoE
questionnaires. Following an optional short break (0-15 min-
utes), participants engaged in a semi-structured interview. The
interview was audio-recorded. Upon conclusion, participants
received debriefing information and were granted a voucher for
their participation.

3.24 Data analysis. For each questionnaire and subscale, the mean
4, standard deviation o, median M and interquartile range IQR are
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shown separately for the 2D and 3D case. The quantitative data
was tested for normality using the Shapiro-Wilk test (p values
for each item are in supplemental material). If data was normally
distributed, the Welch’s t-test was administered. If normal, Welch’s
t-test with unequal variances is applied on the data, reported in
terms of p-value, t statistic, Cohen’s d, and degrees of freedom;
otherwise, the results of the Wilcoxon signed-rank test are shown
in terms of p-value, z-value, and effect size r. All questionnaires
were grouped into the corresponding items based on the original
papers. The interviews conducted for this study were analyzed
using the thematic analysis approach as outlined by Braun and
Clarke [5]. Two coders were used to condense the results into
themes. Individual participants are labeled P1-P19. The number of
participants who agreed with the given statement is indicated in
parentheses. Please note that in the quotes, “2D” and “static” are
used interchangeably; same for “3D” and “dynamic”.

3.3 Results

3.3.1 Quantitative results. Table 1 showcases the results of the

questionnaires administered to the participants. Results show favourable

results in terms of usability for both subtitle placements (SUS:
41 = 83.42 vs u = 83.82 for the 2D and 3D case, respectively, on a
scale from 0 to 100), corresponding to the second quartile in both
cases [3]. Results also indicate that the subtitle placement, either in
2D or 3D, led to low cognitive load, as all the items in the NASA-TLX
scale have low to medium values. In terms of UX, results showed
a favourable performance for both 2D and 3D subtitle placements
(u = 5.14 vs u = 4.97 for the 2D and 3D case, respectively, in a
7-item Likert scale). Similarly, behavioural intention indicated very
favourable results for both cases (¢ = 4.65 vs p = 4.74 for the
2D and 3D case, respectively, in a 5-point Likert scale). The QoE
questions in term of interface and general experience also indicated
favourable perception (¢ = 3.90 and y = 3.84 vs y = 4.05 and
1 = 3.84 for the 2D and 3D case, respectively, in a 5-point Likert
scale). No statistical differences were observed for any of the items.
In terms of immersion, both subtitle placements scored high on
Person-VE interaction (u = 4.67 vs p = 4.18 for the 2D and 3D
case, respectively, in a 7-item Likert scale), and on the Immersion
subscale, albeit slightly lower ((z = 3.79 vs p = 3.76 for the 2D
and 3D case, respectively). In terms of presence, high values were
observed for subscales presence, spatial presence, and involvement
(W =474, p = 423 and g = 446 vs p = 4.26, ¢ = 4.19 and
u = 4.30 for the 2D and 3D case, respectively, in a 7-item Likert
scale), whereas lower scores were given to the subscale related to
realism (¢ = 2.99 vs p = 2.92 for the 2D and 3D case, respectively).
This is easily explained considering that our environment consisted
of low-fidelity, low-polygon-count objects, as realism was not one
of the objectives of our experiment. In terms of statistical analysis,
we observed statistical differences only for the subscale Presence of
the IPQ, with a medium effect size (p = 0.02,z = 2.26,r = 0.37).
The SSQ results showed a no significant increase of symptoms
after the sessions, indicating that the play did not induce cybersick-
ness. Complete results can be seen in the supplemental material.

3.3.2  Qualitative results. Overall, opinion was good (15) - (P12:
"...The theatre experience was quite interesting. I felt like I was in the
film or the scene. It was extremely good...") Regarding the interface,
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Table 1: Results of the questionnaires administered for the VR theatre experiment, for 2D and 3D subtitle placement, along
with results of the Welch’s t-test (upper part) or Wilcoxon signed-rank test (lower part) comparing the two, depending on the
results of the normality test. In bold we indicate statistically significant differences.

2D 3D Comparison
p o M IQR n c M IQR p t d df
SUS 83.42 10.15 85 14.38 83.82 8.22 85 1250 090 -0.13 0.04 34.52
UX for subtitles 514 123 3.14 050 497 118 3 043 0.68 042 0.13 3592
Immersion Person-VE interaction 4.67 1.7 5 2.5 4.18 1.6 4 2.17 037 092 0.29 35.86
Presence Involvement 446 1.82 45 312 430 189 45 344 0380 0.26 0.08 3595
Realism 2.99 1.23 3 2.25 2.92 1.25 2.75 2.12  0.87 0.16 0.05 35.99
n c M IQR [ c M IQR p z r -
Mental demand 27.89 24.51 20 22,50 30.79 26.26 25 3750 0.75 -0.32 0.05
Physical demand 15.00 17.87 5 5 1658 19.15 5 25 0.63 048 0.08
NASA TLX Temporal demand 30.26 29.03 20 51.25 29.47 2748 25 45 0.96 0.04 0.01
Performance 20.26 19.89 10 25 26.84 26.78 20 3250 0.57 0.57 0.09
Effort 26.58 20.95 15 37.50 22.11 17.74 20 30 0.57 058 0.09
Frustration 12.89 16.69 5 5 17.11 19.74 5 1875 045 0.76  0.12
Behavioural intention 4.65 0.72 5 058 474 0.64 5 033 024 119 0.19
QoE Interface 3.90 0.88 4 1.75 3.84 0.83 4 1 1.00 0.00 0.00
Experience 4.05 0.85 4 1 3.84 0.83 4 1 0.16 -1.41 0.23
Immersion Immersion 3.79 1.93 4 3.88 3.76 1.93 4.5 3.5 093 0.09 0.01
Presence Presence 4.74 1.91 6 275 4.26 1.88 4 3 0.02 2.26 0.37
Spatial presence 4.23 1.33 4.5 2.62 4.19 1.32 5 244 086 -0.18 0.03

participants (13) stated they liked and enjoyed the subtitle display
interface: (P13: "..So I found the interface easy to use, and I found the
subtitles interface also easy to use and clear..."), ("P3: "...The interface,
like the settings, was really intuitive and very straightforward. You see
it, and you see exactly what’s happening directly..."). However, some
participants (6) did not show the same acceptance: (P12: "...So the
subtitle interface, I did not like neither of them nor the 2D nor the 3D...").
Some participants (15) were aware of the environment, expecting a
low-poly version of the environment: (P9: "...I felt immersive even
in the in the prototype environment..."), while others (4) were not
aware and experienced a negative moment: (P4: "..it’s not consistent
with the real world...").

In terms of subtitle placement, 8 participants preferred 3D (P9:
"...I prefer the dynamic subtitles because I can enjoy more the theatre
so I can see the whole scene..."), while 10 preferred 2D (P8: "..because
with the static, it was moving along with where I was looking, whereas
in the dynamic, I had to look at the character speaking..."). In the hy-
pothetical scenario of a longer play, some participants (7) changed
their opinion to the 2D subtitles (P9: "...in this case, I would prefer
static because it follows my head movement and after a long time, I
will start to, to move my head and change my position ... I think the
static position, it will be better. Especially if I use this on my home to
lay down, I can see it..."), while others (11) kept their opinion (P2:
"...still dynamic, I would still prefer it, especially if there were multiple
actors and speakers...").

4 Testing subtitle placement in AR theatre

4.1 Design requirements

Results from the VR theatre testing showed no significant differ-
ence between the 2D and 3D subtitle placement, both considering
quantitative results and qualitative insights. Thus, we sought out
to evaluate how the subtitle placement would affect user experi-
ence in a real theatre environment, where subtitles and VFX would
be experienced using AR glasses. Whereas the VR environment
offered controlled, easily reproducible conditions, the live theatre
offered different challenges to ensure a good experience: (a) Subtitle
synchronization: The synchronization of the subtitles required live
captioning of the actors’ speech, to ensure correct timing of the sub-
titles appearing on-screen; (b) Subtitle translation: Subtitles should
be made available in more languages other than English, to ensure
wider accessibility; (c) Subtitle placement: The 3D subtitle place-
ment required spatial analysis of the real environment, to be able
to track the actors and follow their position accordingly. Similarly,
the VFX placement also needed spatial analysis to be triggered in
the correct positions.
To address the challenges, the following steps were taken:

o Automated Speech Recognition (ASR). While common tech-
niques to achieve synchronization in captions rely on manual
controls and human expertise, in this study, the captions were
synced to the actor’s speech by using speech transcription Al
models and cross-referencing the resulting transcription against
a set of pre-formatted captions. Post inference, additional quality
assurance checks were implemented, for example by comparing
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the inferred caption index to the previously delivered one, and by
producing a visual notification for a human moderator to check
the accuracy of the result if required.

o Neural Machine Translation (NMT). Translations of theatrical
plays are typically undertaken by dedicated literary experts. Not
only do they require high levels of experience and expertise, but
they are also literary works of art in their own right. This is
especially prevalent in Ancient Greek theatre plays. Given this,
an Al approach for the translation of theatrical plays is only
applicable in cases where no human translation of the play exists
for the language in question. In the study, viewers were provided
with clear demarcation of which languages were serviced by Al
and which not. The AT ones were recommended if the viewers
deemed that the benefit of having an Al translation in their
own language was higher than having a human translation in a
popular, foreign language such as English. In all cases though, the
viewers were free to choose the language they preferred. To that
end, the study created and provided Al translations of the play
in four (4) languages (Dutch, Spanish, Italian and German) and
provided the literary translation for the English and the (modern)
Greek language. The Al generated translations were based of
the English translation, rather than the Greek one, because of
the improved performance of the translation model in languages
with a larger available corpus. The fact that both the Greek and
the English versions are translation of the Ancient Greek text
(as opposed to translations of each other) further validates this
approach. In this study, the translations were inferred in real-
time by translating the pre-formatted, English caption using
the previous two (2) captions as context for disambiguation and
syntactical coherence.

o Spatial Mapping. 3D subtitles (and eventual VFX) need to be
positioned in a specific location in the actual physical space and
that position needs to be identical across all client applications,
regardless of the viewer’s position. To enable it, we selected to
use a device (Magic Leap 2) and relative SDK that supports spatial
mapping and object anchoring logic.

4.2 Experiment design and technical setup

The system architecture was set up with a server-client connection
streaming messages in real time to AR glasses distributed to the
audience. In the following section, we explain the main components
that were added to the technical setup, namely, the ML models, and
the adjustments made to the design and the equipment.

4.2.1 Machine learning (ML) Capabilities. The most critical com-
ponent of the system is the machine learning model, running con-
tainerized using Docker technology. We perform caption provision
in a cascaded fashion, where we start by transcribing the speech,
then perform line matching of the transcripts to the captions. For
the ASR component, we use Whisper [34] as a SOTA multilingual
ASR model. Although Whisper supports up to 100 languages, its per-
formance on low- to medium-resource languages such as Greek can
be improved. To improve its performance on Greek language with-
out affecting the other languages, we opt for adapter fine-tuning
[36]. Adapter fine-tuning keeps the original model representations
intact, but inserts small neural networks that are fine-tuned to spe-
cialize the model representations for the task, domain, or, in our
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case, the language. During inference, if the input language is Greek,
we activate the adapters; if not, we ignore them. After fine-tuning
the adapters, the Word Error Rate (WER) results went from 41.93%
to 31.92% on Greek (lower is better). The caption matching accu-
racy was measured over the course of 12 theatrical performances
by comparing the results of the Al inference with the performed
script excerpt. Given clear signal and low noise levels, the system
delivered an average of 86.46% accuracy over 2,474 samples.

Since ASR systems, especially in streaming settings, might not
be reliable and faithful to the literary nature of theatre plays, we
prepare subtitles of the play beforehand; then, during the play, we
pick the most similar subtitle to the ASR transcription. To this end,
we calculate the character n-gram F-score (chrF) [33] between the
transcribed speech and all the lines in the subtitles in the input
language. We select the entry with the highest score and return
the line in the input language, the selected target language, and
the score itself. The score can be used to disregard the provided
translation if the score is below a predefined threshold. This ensures
that we maintain high-quality subtitles while delivering low-latency
transcription and translation.

The translations are prepared beforehand and are verified by
a human expert to ensure accuracy. Given that most pre-trained
translation models are trained on sentence-level translation, and
thus, do not incorporate context, which is important in the literary
scenario, we fine-tune NLLB-200 600M [42] for the task of Context-
aware Machine Translation. We use the Huggingface Transformers
library [44] for training. Specifically, we concatenate a single pre-
vious sentence (context) with the current sentence on the source
language side, separated by the [SEP] token, and train the model to
output only the current sentence on the target language side. This
configuration prevents the compounding error caused by the im-
perfect translation of the source context as observed by Zhuocheng
et al. [46]. To preserve the multi-lingual nature of the model, we
selected six languages (English, Greek, German, Dutch, Italian, and
Spanish), and trained the model for many-to-many translation be-
tween each of the six languages. The performance of the system was
evaluated quantitatively by data logging from the server and the
XR client applications during the AR Pilot. We used OpenSubtitles
2018 [24] dataset and randomly selected 100,000 examples for each
language pair from the training subset. After fine-tuning, the model
achieves higher scores for all language pairs on the majority of lan-
guage pairs when context is utilized. Detailed results can be found
in the supplemental materials. The overall latency included the
sample duration, the transcription inference, translation inference
(if requested by the user) and all the intermediate communication
intervals. For a sample duration of 2s, transcription inference time
displayed an average of 0.492s and a median of 0.491s, while overall
latency (without translation) displayed an average of 2.498s and a
median of 2.497s.

4.2.2  Application Design Interface. The user interface and the core
application components were identical in the AR and VR versions
(see Fig. 1). Their main difference is that the VR version included
more visual elements to substitute for the lack of a physical scene
and actors. The server application was running on a GPU-enabled
laptop (Alienware X15 R2, Windows OS), positioned in the theatre

!https://huggingface.co/facebook/nllb-200-distilled-600M
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hall. The NMT/ASR model was also running on the same laptop.
The client application was running on two Magic Leap 2 devices.
All devices were connected to the same WiFi network through a
dedicated router (TP-Link TL- MR6400) set up in the same space.
Both devices were connected with USB-C cables to laptops (one
of which was the edge-server laptop). The laptops had the Magic
Leap Hub application installed and the Device Stream enabled. The
Device Stream module displayed the XR application contents to
the laptop’s monitor to allow observations by the research team
and timely consultation or guidance to the users if necessary. Dis-
infection materials were provided with each XR device to the users
along with instructions on disinfecting and wearing. For record-
ing, a wireless microphone (RODE Wireless ME) was used, whose
transmitter was provided and attached to the actor, and whose
receiver was connected via USB-C to the laptop running the server.
The recording duration in the server was set to 2 seconds, and si-
lence filtering was on with a threshold value of 0.05. The produced
csv backlogs of the ASR transcription were stored locally in the
edge-server laptop.

4.3 Experiment methodology and planning

4.3.1  Experiment methodology. Similarly to the previous exper-
iment, a mixed-method methodology was chosen, comprised of
quantitative questionnaires and semi-structured interviews. For
the quantitative part, we tested for Cognitive load using the NASA
TLX questionnaire [16], Usability using the SUS [8], Behavioural
Intention, and QoE. We intentionally reduced the number of ques-
tionnaires to be answered by the users to reduce fatigue, excluding
factors, such as Presence and Immersion, that have been designed
specifically for VR environments. The Behavioural Intention ques-
tionnaire was expanded to include questions about machine transla-
tion. To account for cybersickness, we administered the SSQ before
and after the experiment, following guidelines from the literature.
The full questionnaires administered to the users are made available
as supplemental material. For the qualitative part, the questions
from the first part were modified to account for the complexity of
the new setup, for example by inquiring about accuracy of caption-
ing and of synchronization.

4.3.2  Participants. 12 participants (8 female, 4 male) from the gen-
eral population participated in the AR experiment (3 participants
in in the 18-24 age range, 3 participants in 25-34 age range, 5 partic-
ipants in the 35-44 age range, 1 in 45-54 age range). On a scale from
1 (least) to 5 (most), the mean self-rated experience with immersive
technologies was 2.2 (SD=1.1, median=2). The mean self-rated at-
tendance in performances where string values were converted to
numbers 1 (very rarely) to 5 (very often) was 3.7 (SD=1.1, median=4).
Participants also self-assessed their familiarity with subtitles from
1 to 5, the mean was 2.6 (SD=1, median=3), showing medium use of
subtitles. Preferentially, participants were non-native Greek speak-
ers. Recruitment aimed to ensure diversity in age, gender, and XR
familiarity to remove potential sampling bias. The majority of the
participants choose English as the subtitle language; only two par-
ticipants choose a different language. Post-hoc achieved power for
the required effect size was 69%.
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4.3.3  Procedure. Similarly with the VR experiment, a within-subject
methodology was selected, in which all subjects experienced both

the 2D and 3D variants of the subtitles, in randomized order. To ef-
fectively evaluate the impact of VFX, they were disabled in the first

two steps, and a third step was added in which participants could

freely choose between 2D and 3D subtitles, switching at will be-
tween the two within the experience. This allowed us to separately

study the effect of VFX on the user experience, and simultaneously

to record implicit preferences from the users regarding the subtitle

placement, based on their choice.

At the start of the experiment, the researchers explained the
purpose of the study, after which the participants had to sign a
consent form to proceed with the test. Demographic data was also
collected in this stage, and the SSQ was given to form a baseline of
cybersickness. Then, the study proceeded as follows:

e Step 0: tutorial and intro. The participants (two per session)
were welcomed in the theatre Alkmini in Athens, Greece. They
were invited to sit on predefined spots in the second row and
wear Magic Leap 2 glasses to enter the AR experience. They then
experienced a tutorial on how to operate the glasses and the
controllers.

Step 1: first theatre session. Participants experienced the the-
atre play with either 2D or 3D subtitle placement and no VFX.
The starting placement was randomized to avoid confounding
factors. After the experience, they were asked to fill the NASA-
TLX, and SUS. A break of 10 minutes was enforced to avoid
fatigue.

e Step 2: second theatre session. Participants experienced the
theatre play with either 3D or 2D subtitle placement, depending
on which placement they had experienced in the previous step,
and no VFX. After the experience, they were asked to fill the
NASA-TLX and SUS. A break of 10 minutes was enforced to avoid
fatigue.

Step 3: third theatre session. Participants experienced the the-
atre play with 2D subtitles and VFX. At the beginning of the
session, they were informed that they could change the sub-
title placement at their will during the experience. After the
experience, they were asked to fill the SSQ, NASA-TLX, SUS,
Behavioural Intention, and QoE questionnaires. Following an
optional short break (0-15 minutes), participants engaged in a
semi-structured interview. The interview was audio-recorded.
Upon conclusion, participants received debriefing information
and were granted a voucher for their participation.

4.3.4 Data analysis. All questionnaires were grouped into the cor-
responding items based on the original papers. The quantitative
data was tested for normality using the Shapiro-Wilk test (p values
in supplemental material). Normally distributed data was checked
for homogeneity of variance using Bartlett’s test and for sphericity
using Mauchly’s test, and then analysed using repeated measures
ANOVA. For non-normally distributed data, Friedman test was
used. For qualitative results, the same procedure as in Sec. 3.2 was
applied.

4.4 Results

4.4.1 Quantitative results. It can be observed in Table 2 that signif-
icantly lower SUS scores are obtained by the AR theatre application
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with respect to the VR counterpart, for all cases. This indicates a
drop to the third quartile, from the second quartile observed in
VR [3]. This can be explained considering two factors: a) the AR
application effectively merged reality and virtuality, thus posing
more challenges in terms of usability - for example, due to errors
of the spatial mapping of the application, or failures of the ML sys-
tem; b) the audience of the AR experiment skewed more towards
theatre-goers, and the experiment was conducted in a theatre, thus
maybe raising expectations on the quality of the prototype. Shapiro-
Wilk test indicated a normal distribution of the SUS scores, with
no violation of homogeneity of variances and sphericity. Repeated
measures ANOVA indicated no significant effect of runs on ratings,
F(2,22) = 0.59, p = 0.56, partial 5% = 0.05.

Results indicate that the subtitle placement, either in 2D or 3D,
led to low cognitive load. Shapiro-Wilk test indicated a normal
distribution of factors Mental demand and Physical demand, with
no violation of homogeneity of variances nor sphericity, whereas
the other factors were non-normally distributed. Repeated measures
ANOVA indicated no significant effect of runs on Mental demand,
F(2,22) = 0.32,p = 0.73, partial n? = 0.03, or on Physical demand,
F(2,22) = 0.87,p = 0.43, partial 172 = 0.07. Similarly, Friedman
test showed no significant effect of runs on Temporal demand,
)(2 = 0.19,p = 0.91, Performance, XZ = 1.72,p = 0.42, Effort,
x? = 1.17, p = 0.56, and Frustration, y* = 0.73,p = 0.70.

In terms of behavioural intention, results indicated very favourable
intention for the usage of machine translation (u = 4.46, 0 = 0.59,
max=>5) and for AR theatre (u = 4.42, 0 = 0.87, max=>5). Similarly,
the overall QoE was rated positively (¢ = 4.25, 0 = 0.45, max=5).
When prompted about which subtitle placement they preferred,
users were divided: one person strongly preferred 3D to 2D subti-
tles, while the rest did not have a marked preference. This is also
evidenced by the selected subtitle presentation in the third step: an
equal number of users selected 2D and 3D subtitles when they had
VFXs on (6 and 6), independently of the placement with which they
started.

4.4.2  Qualitative results. Most of the participants expressed posi-
tive feelings regarding their participation in the AR theatre experi-
ence during their interviews (11). The general patterns observed
in the interviews demonstrated that the idea of AR theatre was
original (P11: T follow XR technology, mostly VR, so seeing it in the-
atre was something new and exciting”) and immersive (P11: “Tt was
very immersive, it was visually impressive”). Regarding the subtitle
placement, an equal number of users expressed positive aspects of
the 2D subtitle placement (7) (P05: “it was less constrictive, I could
move. I like to move my head a bit at the theater, and it gave me
freedom™), and of the 3D placement (7) (P08: ‘T think the 3D, would
help to understand who is speaking especially as I cannot hear [under-
stand] the performance”). Moreover, the majority of the participants
expressed a positive reaction to the inclusion of visual and audio
effects in the AR Theatre performance (10). Specifically, for the VFX,
participants expressed clearly favourable opinions (7) and stated
that they are interested in the potential for VFX in AR Theatre with
more elaborate graphic design (3). A few participants characterized
the inclusion of VFX as the most interesting part of the perfor-
mance (P11: “What stood out to me the most was the visual effects,
especially the running horses. I loved that element!”; P09: ‘I really
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enjoyed the VFX. I was super excited when I saw the VFX coming out.
And I think that they can really step up the entire experience and
create a very, very immersive virtual environment around the actor
and accentuate whatever they say and feel at that point”). One of the
participants specifically remarked on the inclusion of audio effects
(P12: "There were even sounds when something was happening! It was
very interesting”). They also highlighted the potential of AR Theatre
specifically for ancient Greek plays, where the action always occurs
off stage and is narrated through characters on stage (P10: “For the
first time we don’t only imagine the narrative of Greek plays. With
VEX, you could bring these scenes to life and the viewer can see it.
liked that a lot. You can have a powerful performance”).

5 Discussion
5.1 2D and 3D subtitle placement

Our results showed no significant effect of subtitle placement on the
user experience; in fact, we only saw a moderate effect of subtitle
placement on the sense of presence in the VR case. In contrast with
what was reported in previous studies [9, 22, 38], we saw no clear
preference for either displaying mode, and its effect on workload or
sickness was not significant. To limit the length of our experiment
and reduce fatigue, we intentionally chose a short excerpt; longer
plays might indicate a clearer preference for one modality versus the
other. Moreover, as our environment was naturally focused on the
stage, with fixed lighting conditions, the difference between the two
modalities might have been less pronounced with respect to scenes
with multiple points of focus, as is the case with omnidirectional
video. Further studies are needed to better ascertain which subtitle
placement might be optimal.

5.2 Technical limitations in AR theatre

The vast majority of the pain points identified by the participants
of the AR experiment were related to technical aspects, issues, or
failures. Some were related to the equipment used, like the AR
glasses’ restricted field of vision (5) (P06: ‘T also felt like my field of
vision was restricted, I had to move around to see everything, it was
narrower than the human field of vision”), or that the AR equipment
was uncomfortable to use (4). However, the biggest limitations as
experienced by the participants were related to the ML modules.
Synchronization issues were experienced by all 12 participants, due
to the latency incurred in the ASL module. Although the inference
and communication values were fairly low on average, the required
sample duration (2s) to achieve that performance is long enough
to negatively affect the user experience, as reported by the users.
For some of the participants the delay was significant enough to
impact their enjoyment of the performance (5) (P07: ‘T think I lost
some things. It was distracting me a lot”). Some participants also
reported a change of pace in the delivery of the captions (4) (P04:
‘Tt was like the subtitle was stuck for a few seconds and then the next
subtitles run faster”), or observed caption delivery issues, along the
lines of displays of random/missing lines (4) (P05: “Sometimes it
displayed lines, but no one said them”). Another issue lay in the
automatic translation. The majority of the participants experienced
the literary English translation; however, the two participants who
experienced the NMT encountered severe issues both in terms of
accuracy and caption delivery failure (error message displayed)
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Table 2: Results of the questionnaires administered for the AR theatre experiment, for 2D, 3D, and VFX run.

2D 3D VEFX
n c M IQR n c M IQR n c M IQR
SUS 69.79 19.38 725 26.25 67.71 18.72 68.75 2875 65.63 22.64 63.75 33.75
Mental demand 31.67 21.25 22.5 27.5 3375 19.90 30 20 36.67 25.08 37.5 35
Physical demand 22.92 14.99 20 27.5 1875 17.60 12.5 20 25.00 18.95 25 27.5
NASA-TLX Temporal demand 24.58 20.39 15 37.5 2583 19.87 20 30 2458 16.16 25 27.5
Performance 25.00 18.95 20 37.5 3292 25.80 32.5 425 27.50 2751 12.5 45
Effort 19.17 14.28 175 15 25.42 18.88 27.5 27.5 2833 24.89 25 40
Frustration 22.08 18.64 15 30 2583 2295 175 425 2750 24.45 15 425
and both also experienced all three of the general caption issues 5.4 Challenges and possibilities for AR Theatre

described in the previous paragraph (P06: ‘T was not understanding
what was happening in the monologue. Sometimes there were 500
errors instead of translation. Sometimes they went really fast too, line
after line”). Both participants switched language to English after
the completion of the first run of their session. The limitations are
due to the strain of running accurate ML models while keeping
latency low for real-time consumption, and point to a large issue
that needs to be overcome in order to enable deployment of AR
subtitling at scale, where latency issues might be exacerbated [35].
NMT models can be an important tool to democratize access to plays
in a foreign language, especially one in which no official translation
is present. However, such languages would incur into the problem
of not having large corpora on which to be trained [14], which
might negatively impact the translation quality and, in turn, further
alienate the audience instead of bringing it closer. Compromising
accuracy to reduce latency might not be possible in these scenarios.

5.3 Accessibility potential

Subtitles allow for broader accessibility of video content to diverse
populations of viewers, such as non-native language speakers, the
hard of hearing, and people with learning disabilities [25]. Person-
alized AR subtitles have the potential for enhanced accessibility, as
they can offer multiple translations simultaneously while remaining
unobtrusive. Such potential was recognized by our subject pool: par-
ticipants (8) pointed out the potential of AR captions in increasing
accessibility to theatre performances, in terms of watching foreign
performances (P10: “It makes it a big deal. The ability to be able to
follow the performance or not”). Most comments on the usefulness
of the captions naturally came from non - native/ non- fluent Greek
speakers, however the potential of the captions was recognized by
Greek speakers. P02 noted that the captions themselves may serve
people learning the language of the performance (P02: ‘I can go and
see a Greek performance while not understanding fully Greek. Then
first, I'm learning and second, I'm understanding what I'm seeing”).
Two participants remarked on the advantages of AR subtitles over
the standard practice of delivering captions through screens during
a performance, either in terms of comfort/immersion or accessibil-
ity to audiences with learning disabilities (P02: T am very dyslexic
also, so it was fine for me to follow”). Moreover, some participants
highlighted the potential for the spread of AR captions technology
(P12: “This has the potential to be a game changer for the theatre
experience. The subtitles are the most promising feature, in the future
I could see them get adopted by many theatres™).

While AR theatre primarily enhances the audience experience, it
also significantly impacts actors, directors, and other theatre prac-
titioners who are neither the direct users of AR technology nor its
core developers , positioned between traditional theatrical practice
and emerging digital tools. Our discussion with our theatre partners
uncovered several challenges and opportunities for their craft:

e For Actors Performing in an Augmented Space. Actors must adapt
to a performance space where audience perception is no longer
uniform. Some viewers will experience added VFX, subtitles,
or translated audio, while others will engage with the play in
its raw, traditional form. This creates dual-performance chal-
lenges: (a) Maintaining consistent emotional and physical ex-
pression despite varying audience interpretations; (b) Reacting
naturally to unseen digital elements (e.g., a VFX-enhanced mo-
ment or AR-generated cues); (c) Spatial awareness adjustments,
ensuring movements align with both the live audience and the
AR-enhanced experience. Additionally, blocking and stage move-
ment may be affected if AR overlays require actors to stay within
specific "AR-friendly" zones to avoid visual occlusion.

e For Directors: Balancing Classic Theatrical Expression and Innova-
tion. Directors could rethink narrative structure and staging to
accommodate AR’s presence while preserving theatrical authen-
ticity. Key considerations include (a) Choreographing AR effects
so they support rather than distract from the performance; (b)
deciding the level of audience agency—how much control should
viewers have over subtitles, translations, or visual elements? (c)
Synchronizing live performance with digital effects, ensuring
timing between actors and AR-generated content is seamless; (d)
Rehearsal adaptations, requiring actors and stage managers to in-
corporate AR elements into practice sessions, even if they are not
visible during rehearsals. This new medium forces directors to
think beyond a single visual plane, embracing multi-perspective
storytelling.

o For Set Designers and Technical Teams Integrating AR into Physical
Space. Unlike traditional theatre, where set pieces and lighting de-
fine the visual world, AR introduces a new digital layer that must
blend seamlessly with the physical environment. This affects (a)
Stage design, ensuring AR visuals don’t clash with physical set
pieces; (b) Lighting design, as AR elements need proper visibility
without washing out the projections; (c) Costume considera-
tions—how actors’ attire interacts with AR overlays, especially
if colour tracking or marker-based interactions are used. AR
theatre is not merely a technological upgrade—it reframes the
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creative process. The challenge is to retain the soul of live per-
formance while embracing the expanded possibilities AR offers.
Theatres have historically adapted to electric lighting, micro-
phones, and projections — AR may simply be the next step in
this evolution. However, its adoption must be artist-driven, not
technology-imposed, ensuring that storytelling remains at the
heart of the experience.

Conclusion

We presented two studies aimed at uncovering how subtitle place-
ment affects user experience in a VR/AR Theatre setting. In partic-
ular, we first tested two modes of subtitle placement in a virtual
play, which allowed us to evaluate the user experience in a con-
trolled environment, and then we tested the same conditions in
an AR setting, where we integrated automated captioning and ma-

ch
pa

ine translation. Our study provided valuable insights into how
rticipants react to VR and AR Theatre experiences.
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