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Resumen

El desarrollo del hardware y software que hacen posible las tecnologias de Realidad Extendida (XR,
del inglés eXtended Reality), también llamada Realidad Mixta (MR, del inglés MiXed Reality),
es constante, mejorando las experiencias ofrecidas a las personas usuarias. Uno de los grandes
avances en XR fue la introduccion de informacién visual real en el entorno virtual, consiguiendo
que la interaccién con la escena fuera méas natural y haciendo que aumentara la aceptacion de
estas tecnologias XR. Posteriormente, aparecieron los videos de 360 grados u omnidireccionales que
cubren toda la escena. Estos videos son grabados con cdmaras con lentes omnidireccionales que
cubren los 360 grados de la escena para ser visualizados, mayoritariamente, con gafas de realidad
virtual (HMD, del inglés Head-Mounted Display). Los HMD permiten que inicamente se vea una

parte de la escena que cambia sincronamente con los movimientos de la cabeza.

Esta tesis va un paso maés alld y considera una comunicaciéon en la que el video de 360 grados se
captura y transmite en tiempo real. Prevemos que este tipo de comunicacién serd una realidad en la
sociedad en las proximas dos décadas. Nuestro objetivo es investigar la tecnologia que podria hacer
esto posible y disenar una metodologia de evaluacién que sea escalable. Para hacer efectivas las
experiencias inmersivas, es necesario garantizar una Calidad de Experiencia (QoE, del inglés Quality
of Experience) aceptable, definida como el nivel de agrado o molestia de la persona usuaria con
una aplicacién o servicio. En base a este contexto, esta tesis presenta una investigacion transversal
que busca evaluar aspectos técnicos y socioemocionales en el paradigma de las comunicaciones

inmersivas, en concreto, con videos de 360 grados.

La investigacion sigue un recorrido incremental. Partiendo de una configuracion de referencia, se va
modificando y evaluando para comprender los desafios de las tecnologias XR en términos de evalu-
acion de QoE. Asimismo, teniendo la informacién visual y, por tanto, la calidad del video como uno
de los factores mas influyentes sobre la QoE, validamos una de las métrica objetivas més robus-
tas desarrollada y utilizada sobre contenidos 2D, Video Multimethod Assessment Fusion (VMAF),
en videos de 360 grados. Para evaluar la calidad de video en pruebas de evaluacién subjetivas,
validamos una metodologia, Stimulus Discrete Quality Evaluation (SSDQE), con el objetivo de
aumentar la validez ecoldgica de los experimentos ya que permite su aplicacién con contenidos de
larga duracién que dan cabida a una narrativa y contexto. Gracias a la posibilidad de que haya una
narrativa y un contexto, validamos que no unicamente permite la evaluacién de aspectos técnicos,

sino que también permite la evaluacién de aspectos socioemocionales que afectan a la QoE.

El sistema de comunicacién inmersivo se explora principalmente desde la perspectiva de la persona
que estéd en remoto, con conclusiones de bajo nivel como por ejemplo, la capacidad de visualizar las
manos o la naturalidad de utilizar el tactil del HMD o los mandos para interactuar con el entorno
virtual durante la experiencia. De la misma manera, presentamos conclusiones de mas alto nivel,
como por ejemplo, en relacion a la perspectiva de adquisicién del contenido. Mediante el diseno
y realizacién de pruebas subjetivas en las que se simula la comunicacién hasta en pruebas con
comunicacién interactiva, evaluamos diferentes factores que influyen sobre la QoE, mejorando su
comprension. Comprender el paradigma de la evaluacion de QoE nos permite presentar una guia

de buenas pricticas para diseio de experimentos. Lo presentamos desde un marco comun para



iii

los dos puntos de vista principales de la evaluacion de QoE, las telecomunicaciones y el area de
interaccién hombre-maquina (HCI, del inglés Human Computer Interaction), de manera que sea

una herramienta 1til para personas con distinto perfil y experiencia.

Como caso de uso de aplicacién, se analiza el caso de tele-educacién. Al prototipo de referencia le
anadimos un médulo de anélisis de video para detectar eventos de interés en la escena de 360 grados
para que sean notificados a los/as estudiantes que siguen la clase en remoto y guiar asi su atencion.
Segun el analisis realizado, las notificaciones y el sistema como solucion para tele-educacién tienen
una gran aceptacién por parte de los/as estudiantes. Ademds, se ha hecho piblica una base de datos
de videos de 360 grados que hemos generado y anotado a partir de clases reales para que pueda
utilizarse en el entrenamiento de algoritmos de aprendizaje maquina y en pruebas de evaluacion

subjetiva.

Esta tesis es una contribucién para entender el paradigma de las comunicaciones inmersivas para

que gracias a su continuo desarrollo y evaluacién lleguen a ser una realidad en la sociedad.
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Abstract

eXtended Reality (XR) technology, also called Mixed Reality (MR), is in constant development and
improvement in terms of hardware and software to offer relevant experiences to users. One of the
advances in XR has been the introduction of real visual information in the virtual environment,
offering a more natural interaction with the scene and a greater acceptance of technology. Another
advance has been achieved with the representation of the scene through a video that covers the entire
environment, called 360-degree or omnidirectional video. These videos are acquired by cameras with
omnidirectional lenses that cover the 360-degrees of the scene and are generally viewed by users
through a head-tracked Head Mounted Display (HMD). Users only visualize a subset of the 360-
degree scene, called viewport, which changes with the variations of the viewing direction of the

users, determined by the movements of the head.

This thesis goes one step further and considers a real-time 360-degree video communication for
teleconferencing purposes. We envision that this kind of communication will become mainstream
within the next couple of decades. Our target is to research the technology that could make this
possible and design a proper assessment methodology that scales for massive usage. Therefore, it is
necessary to guarantee an acceptable Quality of Experience (QoE), defined as the degree of delight
or annoyance of the user with an application or service, to increase the use of immersive communi-
cations. Based on this, this thesis presents a cross-sectional research to include the assessment of

technical and socioemotional aspects in the 360-degree video communications paradigm.

The research follows an evolutionary approach, modifying different conditions of the reference con-
figuration of a 360-degree video communication prototype to understand the challenges of XR
technologies in terms of QoE assessment. Starting from video quality, as a significant factor im-
pacting QoE, we validate the Video Multimethod Assessment Fusion (VMAF) objective metric on
360-degree video, designed and developed for 2D content by Netflix, saving time and resources. To
evaluate video quality in subjective assessments, we validate the Stimulus Discrete Quality Evalua-
tion (SSDQE) methodology, which can be used with contents of long duration, allowing narrative.
Then, we validate the fact that SSDQE allows the simultaneous evaluation of socioemotional and

technical aspects, increasing the ecological validity of the experiments.

The immersive communication system is mainly explored from the perspective of the remote user,
with conclusions drawn on low-level (e.g., possibility of visualizing the hands or using the touchpad
or the handheld controller to interact with the virtual environment) and high-level of the scenario
(e.g., acquisition perspective). By conducting assessemnts based on both simulated and interactive
communications, valuable insights have been concluded. Furthermore, what we have learned about
design of experiments is summarized as a best practices guide for developers and researchers. Due
to the transversal research, the guidelines are proposed from a common framework for two of the

main viewpoints in QoE assessment, telecommunications and human computer interaction areas.

The use case of tele-education is analyzed, including a video analysis module added to detect
events of interest around the 360-degree scene and notify them to the remote students, helping to
guide their attention. The notifications and the system as solution for tele-education are highly

accepted by students. Additionally, we provide a database of 360-degree videos of real lessons with



annotated events of interest, which is publicly available for training machine learning algorithms

and subjective assessments.

This thesis is a contribution to understand the paradigm of immersive communications to continue

developing and evaluating them until they become a reality in society.
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Chapter 1

Motivation

1.1 Introduction

EXtended Reality (XR) technology, also called Mixed Reality (MR), is an umbrella term refer-
ring to technologies that offer an alternate view of reality [3]. It can be understood as a continuous
scale from the real world to a fully synthetic world, as presented in Figure 1.1 [1]. Following the
figure, XR can be a combination of Augmented Reality (AR), Augmented Virtuality (AV), and/or
Virtual Reality (VR). AR allows the integration of virtual objects in reality. AV allows the inte-
gration of real objects into the virtual environment. VR creates an immersive environment around

users, allowing the interaction with the objects in it.

Mixed Reality (MR)

Real Augmented Augmented Virtual
environment Reality (AR) Virtuality (AV) environment

FIGURE 1.1: Reality—Virtuality Continuum [1].

Initially, XR generated great interest in the entertainment sector. However, it has evolved a lot
since then, offering better visualization conditions and more affordable consumer devices. From
there, use cases have been explored towards other areas, such as education [4-6], health [7, §],
industry [9-12], or tourism [13], whose impact on day-to-day life can be even greater. In fact,
XR is expected to change the way people communicate remotely [14], replacing or complementing
video conferencing as it is today. The basic idea is to convey a more realistic experience, making
the interaction more similar to face-to-face. The potential lies in supporting broader nonverbal
communication, defined as the behavior that goes beyond linguistic language, such as the gaze,

body language, and spatial distance [15, 16].

This work follows one of the advances of XR technologies, the representation of the scene through
a video acquired by omnidirectional cameras that cover the 360 degrees of the scene, called om-
nidirectional, 360VR, or 360-degree video. It is acquired and transmitted in real-time, allowing a

real-time 360-degree video communication [17, 18].
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In this work, we consider a communication scenario, such as the one presented in Figure 1.2, where
unidirectional real-time 360-degree video is sent from the local participants (onsite) to the remote
participant, who attends the conversation with a Head Mounted Display (HMD). Also, bidirectional
audio is sent between them. The peculiarity here, compared to other XR communication solutions
such as social VR [18], is that the remote attendant visualizes through a head-tracked HMD a

realistic virtual environment.

Source (360-degree video & audio)

o) @ ®

LOCAL PARTICIPANTS REMOTE USER

FIGURE 1.2: Example of a real-time 360-degree video communication environment. Three local participants
share the same physical space while there is one remote user who is attending the meeting through an HMD.

The HMD allows the visualization of a subset of the 360-degree scene, called wviewport, and this
viewport varies with the viewing direction of the remote user [19]. As presented in Figure 1.3, if the
HMD has three Degrees of Freedom (DoF), the viewport changes with the rotational movements
of the user’s head, interpreted as the Euler angles, yaw, pitch, and roll. Although not used in
360-degree video, the HMD can have six DoF's. In this case, the viewport changes with the three
rotational movements and the three movements in X-axis (left/right), Y-axis (up/down), and Z-axis

(forward/backward).

Y
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Z e pitch

roll
|
1}
|
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FIGURE 1.3: The degrees of freedom that an HMD can have in the virtual environment, corresponding to
movements in X, Y, and Z and rotational movements in pitch, yaw, and roll.

The 360-degree cameras used to capture the scene are composed of at least two lenses. The lenses
cover the 360-degree scene with enough overlap to provide an acceptable stitching, which is in charge

of converting synchronized streams from the lenses into a panoramic video. Then, the 360-degree
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scene is mapped into a planar format. The most common mapping and used in this research is
the equirectangular projection [20]. Figure 1.4 presents an example of a frame in equirectangular
projection. Once the content is in this projection, it is encoded and prepared to be transmitted. The
standardized encoders: ITU-T Rec. H.265/High Efficiency Video Coding (HEVC) [21] and ITU-T
Rec. H.264/MPEG-4 Part 10 Advanced Video Coding (AVC) [22] are used to encode 360-degree
videos. The encoding can be controlled with the Quantization Parameter (QP) or the bitrate.
Although it is explained in detail later, the relationship between them is that a higher QP implies

a lower bitrate and a lower quality while a lower QP implies a higher bitrate and a higher quality.

FIGURE 1.4: Equirectangular projection example. In this figure the peculiarity of this projection in which
the sphere of radius r is stretched to fit the XY plane can be observed.

Relevant technical limitations found in this scenario are associated with the encoding and transmis-
sion of high-quality 360-degree video [23]. The pixels are distributed in a 360-degree scene, which
implies higher bitrates than 2D video to offer an acceptable quality [19]. Despite the great effort
of the research community to offer the best quality to remote users, it is still a limitation if we

compare it with the quality perceived on a screen.

Since video quality is a crucial sensory feedback to create the impression of a realistic virtual
environment, and therefore a crucial aspect and a fundamental pillar of this work, measuring it
is the first goal tackled. As with 2D content, the evaluation of video quality can be divided into
two main groups: video quality objective metrics and subjective quality assessments. Objective
quality metrics provide video quality scores that should estimate the quality perceived by users.
The success of this estimation is achieved if the scores obtained from one content with an objective
metric correlate with the ratings provided by users for the same content. For the implementation
of objective metrics, psychophysical, engineering designs, or a combination of both can be used.
Psychophysical design models components of the Human Visual System (HVS) and engineering
design take into account the measurable distortions on the content and the impact on the per-
ception by users [24]. On the other hand, subjective video quality assessments are based on test
sessions in which participants visualize videos and rate the perceived quality [25]. The International
Telecommunication Union (ITU) provides recommendations to standardize objective and subjec-

tive assessments. These recommendations define detailed procedures to execute the assessments,
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including characterization of the source contents and the impairments, structure of the test sessions,

rating scales, and statistical analysis methods for the results, among others.

The ITU recommendations evolve hand in hand with technology and research, and this has two
main implications. In terms of technology, recommendations continually adapt to new challenges:
ITU-R Rec. BT.500-14 (television) [25] or ITU-T Recs. P.800 (voice) [26], P.913 (2D video) [27],
and P.919 (360 degree video) [28]. In terms of research, although they began by evaluating video
quality or other aspects related to Quality of Service (QoS) in isolation, several works demon-
strated the influence on the results of other aspects that should be characterized, such as subjects
or environments [29, 30]. To address these aspects, ITU-T Rec. P.10/G.100 [31] defined the term
Quality of Experience (QoE), the degree of delight or annoyance of the user with an applica-
tion or service [32]. The aspects that influence QoE in the XR environment can be divided into
three categories: human (vision and hearing, simulator sickness, immersion, and expectations and
expertise), system (content, network conditions, and encoding parameters), and context (physical,
temporal, social, and task context) [33]. Despite the constant evolution of the recommendations,
each individual one is tailored to specific test conditions, and generalization outside them is not
simple. Even though ITU-T is now introducing these aspects in its schedule (e.g., in the ITU-T
Rec. P.1320 “QoE assessment of eXtended Reality (XR) meetings” [34]), this work is far from

being complete.

QoE is the second fundamental pillar of this work. This context and the evolution of QoE assess-
ment guide the research line of this work. In fact, some results from this work are contributions to
ITU through Video Quality Experts Group (VQEG) [35], in charge of defining methods and tools
that address new technologies and result in ITU recommendations. Experiment designs are based
on the knowledge acquired with traditional contents [25, 27, 36] and recently adapted to omnidi-
rectional video [37]. Therefore, the inheritance of the ITU origin remains latent when evaluating
the perceived effect of the impairments caused along the signal processing chain (acquisition, com-
pression, transmission, display, etc.) as the main target. For example, to evaluate video quality,
short-duration videos (10 s-20 s) encoded with different qualities are displayed in random order to
be evaluated (on a five-level scale) by participants [38]. However, short duration contents are not
suitable for assessments that consider narrative or context. Therefore, these methodologies are not
applicable to environments in which communication exists and requires a narrative, losing informa-
tion on the effects that impairments can have on the experience. To go a step beyond technology
when evaluating XR communications, socioemotional aspects are defined as that features re-
lated to human and context categories in QoE, mainly determined by psychological effects induced
in the users [39]. For example, presence, “the sense of being there” [40], empathy, “the ability

to view the world from another person’s perspective combined with an emotional reaction to that
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perspective, including feelings of concern for others” [41], or attitude, “an individual’s evaluative

judgment of the target behavior on some dimension” [42].

A great variety of works can be found in the literature that demonstrate the effectiveness of XR
technology for achieving a higher enjoyment and involvement of users than traditional technolo-
gies [43, 44] and even the benefits on memory and attention assessments [45, 46]. Hence, it is
possible to find questionnaires, environments, and applications developed considering the needs
of each use case and experiment, usually in controlled environments and without considering the

influence of technical aspects.

There are here two main limitations: reproducibility and ecological validity, understood as how
well the experiment replicates the reality of the research [47]. First, some works in the literature
are focused on methodologies and experiments on specific use cases and with participants that
fit those use cases (e.g., VR music therapy for the elderly). This fact makes the replication of
the experiments difficult and, therefore, can limit the validation and generalization of the results.
Second, the controlled environment limits the generalization of the findings in experiments to the
real world outside the laboratory [48, 49]. This is aggravated in interactive experiments, since the

behavior of the participants is not totally natural [16].

Following the Unified Theory of Acceptance and Usage of Technology (UTAUT) [42], the accep-
tance of a technology by population is influenced by the performance expectancy and the effort
expectancy. Based on the gaps in the literature regarding the assessment of this technology, con-
sistent methodologies, more realistic scenarios, and a greater diversity of samples are needed to

ensure that this technology is accepted in society.

Based on this analysis, it is assumed that XR communications can be a solution for teleconferencing,
remote collaboration, or teleoperation purposes, but the reliability of the assessments should be

increased with:

e methodologies that consider technical and socioemotional aspects and the influences

between them

¢ methodologies that consider different conditions (e.g., type of conversation, the pos-

sibility to see your hands while using the HMD)

e the validation of these methodologies in real scenarios

The main objective of this work is to understand immersive communications from the user-centered

point of view. Given the diversity of options offered by XR technologies, we focus the research on
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a real-time 360-degree video communication, analyze it considering technical and socioemotional

aspects, and validate the methodology and findings in a reference use case.

1.2 Research objectives and contributions

To evaluate and understand interactive immersive communications in real scenarios, we propose
the design of suitable methods that scale for massive use. It means that the findings should
be applicable to different communication environments and test conditions, considering technical
and socioemotional aspects. As the final step of the research, the validation of the work in real

communications, understood as those tests that allow participants to speak naturally, is proposed.

The use case of reference selected for this research is tele-education. One of the main motivations
is that in education it is key to socialize with classmates since it is at an early age when we
learn about relationships. Therefore, immersive communications can be an alternative for those
students who cannot attend lessons in person, alleviating the isolation. Also, tele-education is a
known environment for us and we have access to carry out experiments and create material (e.g.,

databases) at the university.

So, the main challenges tackled in this thesis are:

e How can we jointly evaluate technical and socioemotional aspects?

What conditions influence on the socioemotional aspects in immersive communications?

What tools can be added to improve the experience in immersive communications?

How to design a methodology that can be applied in real-time 360-degree video communica-

tions? How could it be validated?

How can the methodologies and findings be validated in real uses cases, such as tele-education?

To face these challenges, the system presented in Figure 1.2 is the reference configuration on which
we work. However, in each chapter, different conditions are evaluated, giving rise to the phases of
this research and the structure of this document. Furthermore, this work is an easily adaptable

contribution to other immersive communication technologies.

Chapter 2 focuses on the objective video quality assessment of 360-degree videos. At a
time when Video Multimethod Assessment Fusion (VMAF) [50], a full reference objective metric
developed by Netflix, is being widely used with 2D video, we propose its application on 360-

degree content [51]. Additionally, we perform an exhaustive analysis of the traditional objective
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metrics and the adaptations of them for omnidirectional contents. We conclude that VMAF works
correctly with 360-degree videos homogeneously encoded, without specific adaptations of the VMAF
implementation for this type of video. This result is an important contribution since providing an
acceptable video quality is necessary to offer users a good QoE. This also means that video quality
assessment procedures, based on traditional methodologies, are suitable for this type of content.
Additionally, this work is a very useful tool for the research community focused on the development
of techniques and encoding schemes to save bitrate by offering the best possible quality. This work

has given rise to the contribution [52].

Chapter 3 is a first approximation of the subjective assessment of technical and socioemotional as-
pects, focused on subjective video quality and presence assessment. The conclusions of this
study are a relevant input for the decisions made in the next steps. Based on methodologies highly
tested on 2D content, we carry out a subjective assessment where video quality (technical aspect)
and presence (socioemotional aspect) are evaluated in two of the most popular HMDs at that mo-
ment. The visualization of repeated short-duration clips decreases the sense of presence motivated
by what we called fatigue effect. This is a relevant motivation to explore in depth methodologies
that cover the evaluation of video quality and socioemotional aspects and the interaction between
them. Additionally, thanks to the informal inputs about the influence of the 360-degree video on
the sense of presence, we decide to explore higher-level aspects in the following experiments. Also,
we find that a handheld controller is a suitable interaction device for subjective evaluation tests
asked in the virtual environment. As member of VQEG, the conclusions of this pilot study have
been an instrumental contribution to create ITU-T Recommendation P.919 for the quality evalua-
tion of VR, a new standard for subjective test methodologies for 360-degree video on HMDs [37].

This work has given rise to the contribution [53].

Chapter 4 addresses the subjective video quality and socioemotional aspects assessment
from low level aspects, such as acquisition and encoding of the videos or test conditions, to high
level aspects, such as the context and the type of conversation. We propose a methodology to assess
video quality, spatial and social presence, empathy, attitude, and attention in 360-degree videos for
immersive communications. We validate it in an experiment where the immersive communication is
simulated. Then, participants visualize three contents, designed and acquired for the experiment,
considering conversations of different genre (everyday conversation, educational, and discussion)
and actor and observer acquisition perspectives. Videos are encoded with quality fluctuations,
simulating a streaming session with unstable network conditions. The conversations are placed in
the context of international experiences to have a diverse sample of participants with experiences
working or studying in a foreign country. We consider three experimental conditions: (A) visualizing

and rating the perceptual quality of contents in an HMD, (B) visualizing the contents in an HMD,
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and (C) visualizing the contents in an HMD where participants can see their hands and take notes.
As a contribution, we highlight the proposal of a methodology to assess socioemotional aspects
with the additional task of evaluating the video quality. Also, the fact that the evaluation of the
video quality and the socioemotional aspects influence the results motivates the validation of the

methodology in realistic scenarios. This work has given rise to the contribution [54].

Chapter 5 presents an interactive communication assessment that considers in-person or
hybrid meetings with one remote participant attending the meeting with the HMD and two partic-
ipants sharing the same physical space. We propose a methodology to assess socioemotional and
technical aspects. The test session is based on a decision-making technique in the context of educa-
tion, which allows a natural flow of the conversation between the participants. We assess aggregate
quality, spatial and social presence, and socioemotional aspects evaluated with questionnaires based
on previous experiments. This design and the results can be a framework easily extended to other
XR technologies used for hybrid meetings, allowing comparisons between them and generalization

of the results. This work has given rise to the contribution [55].

Chapter 6 seeks the validation of the technology and the proposed methodologies in a tele-
education use case. We propose a system for tele-education streams in real time a class using a
360-degree camera, allowing remote students to explore the whole scene and improving the feeling
of being in the classroom with their colleagues, presented in detail in [4]. It is powered by a set of
Artificial Intelligence (AI) deep learning algorithms that work on the 360-degree frames to detect
the events of interest. Then, these events are sent to the remote participant application and the
application presents the notifications in the virtual scene. We create EVENT-CLASS, a dataset of
360-degree videos with annotated events in the classroom [56], to be used in quality assessments

and in the implementation of machine learning techniques.

To validate the prototype, socioemotional aspects, such as presence, perceived quality, usability,
and usefulness of the notifications, are evaluated using questionnaires. The obtained results show
that using immersive tele-education systems can improve presence, as well as the benefits of the
notifications on the experience of the remote students. Thanks to the experience acquired in the use
case of tele-education, we organized the workshop “Emerging Telepresence Technologies in Hybrid
Learning Environments” at ACM Conf. on Human Factors in Computing Systems, CHI 2022 [57].

This work has given rise to the contribution [58].

Chapter 7 poses the lessons learned for the QoE assessment of immersive communica-
tions during this research about designing an experiment. Our aim is to share the relevant features
that researchers, developers, and service providers from different research areas and degree of ex-

pertise should keep in mind. To do that, we present an analysis of the stages necessary to design
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subjective assessment tests. It is carried out from a common framework to merge the two visions
from telecommunication and HCI research for XR assessments. Additionally, the highlights of each

stage are summarized in guidelines. This work has given rise to the contribution [59].

Chapter 8 provides a summary of the challenges tackled and highlights the main conclusions of
this research. Additionally, future research directions and potential areas for further investigation
are proposed. Overall, this chapter aims to provide a comprehensive overview of this research efforts

and to emphasize the significance of our findings within the broader context of the field.

Appendix A summarizes the scientific contributions that have result from this research. It is
divided into four categories: journals, conferences, contributions to standards, and public available

data.

Appendix B presents the presents the outreach activities of the research that have been carried
out throughout the development of the thesis. It is divided into four categories: press articles,

audiovisual multimedia, and talks.






Chapter 2

Objective Video Quality Assessment

2.1 Introduction

Although different XR applications consider content locally hosted, real-time 360-degree video
communications require content streamed to the client whenever required. The delivery of omni-
directional content with acceptable quality is still a challenge due to the amount of resources it
demands. To relax these strict conditions, different approaches can be considered. First, the de-
sign of new quality ladders leading to different perceptible levels of quality in 360-degree contents.
Second, efficient delivery schemes that take advantage of the specific characteristics of 360-degree
videos visualization. In particular, existing schemes are typically based on the fact that only the
viewport is viewed by users and it varies with the movements of their head with respect to the
scene [60]. Therefore, only the area viewed by the user needs to be provided with high quality,
which reduces the overall bitrate required. However, with this solution the delay will be a very
influential factor in ensuring a good QoE [23]. Moreover, other approaches take into account the
users’ behavior assuming that users tend to look at certain orientations or elements in the scene
with higher probability than others. In this case, the content is prepared considering saliency or
attention maps, leading to a better use of the bitrate [61, 62]. Additionally, other proposals exploit
the peculiarities of the type of projection (e.g., equirectangular), that each projection impacts in a
different way the quality of the different areas of the omnidirectional image, to provide satisfactory
quality to users and save bitrate simultaneously [63]. All these approaches require a video quality
metric that offers reliable results in the sense that it should be able to capture the quality perceived

by users [64].

Given the technical limitations and the relevance of video quality in our scenario, this chapter is
focused on objective video quality assessment. Specifically, this work validates one of the most
robust objective metrics developed for traditional content, Video Multimethod Assessment Fusion

(VMAF) metric [50], on omnidirectional videos.

Here, the structure of the chapter is presented. Section 2.2 presents the main works found in
the literature related to objective video quality assesment. Section 2.3 describes VMAF and its

application on 360-degree videos. Section 2.4 presents the validation of VMAF for 360-degree videos
10
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through a subjective quality assessment. Section 2.5 includes the performance of VMAF and the
comparison with other objective metrics in 360-degree videos. Finally, Section 2.6 presents general

conclusions of this chapter.

2.2 Related work

Azevedo et al. [65] summarize the main alternatives proposed in the literature to apply objective
quality metrics on 360-degree content: a) the application of objective metrics developed for 2D
content on the 360-degree video in equirectangular projection, b) the application of objective met-
rics developed for 2D content on the viewport [66, 67], or ¢) the application of objective metrics
developed or adapted considering the nature of the 360-degree videos. The implementation of op-
tion b) applied to immersive communications requires a viewport prediction model that ensures the
adaptation of the viewport with low latency. In this way, the update of the quality of the viewport
could make an acceptable QoE delivered to users. On the other hand, options a) and c) are the
most direct application options. This, added to the appearance of the most robust objective metric

for 2D content, makes this work focus on options a) and c).

A significant effort has been made to adapt some of the most popular and useful quality metrics
of the traditional 2D world to 360-degree scenarios. There is literature referring to modifications
of the Peak Signal-to-Noise Ratio (PSNR) metric to fit the specific features of 360VR content [68].
Specifically, Lakshman et al. [69] proposed the Sphere based PSNR computation (S-PSNR), where
the distorted frame is projected onto a sphere before computing its distortion. So, for each projected
point on the sphere, the associated pixels in the plane domain are calculated to compute the PSNR.
Based on the S-PSNR, other methods have targeted the approximation of the average quality of
all possible user points of view related to different viewports, weighting them taking into account
the attention maps experience. For instance, Sun et al. [70] proposed the use of the Weighted to
Spherically PSNR (WS-PSNR) metric, where the weights assigned to an area decreases as this area
gets away from the equator. Similarly, Zakharchenko et al. [71] proposed the Craster Parabolic
Projection PSNR (CPP-PSNR) metric, where the weights are assigned to different areas based
on this projection. In contrast, Ghaznavi et al. [72] introduced the Uniformly Sampled Spherical
PSNR (USS-PSNR) metric, which implements a uniform weight sampling of the decoded video on
the sphere. Hence, the sample density changes based on latitude and longitude. Anyhow, these
adaptations still have the same problem as the original PSNR, they do not take into account any

Human Visual System (HVS) characteristics [73].

With the aim of including subjective aspects, the Multi-Scale Structural Similarity (MS-SSIM)
index method was proposed by Wang et al. [74]. It extends SSIM by incorporating information
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regarding image details at different resolutions and viewing conditions that subsequent works have
adjusted for 360-degree content. Although the approximation of the perceived quality carried out
by MS-SSIM outperforms the results of PSNR-based methods, the complexity involved complicates
its use [68]. None of these Video Quality Metrics (VQMs) adaptations offer a solution for a 360-
degree video scenario in terms of reliability and resource consumption. For this reason, we have
focused our work on the extension to omnidirectional video of one of the most influential metrics

used for 2D contents: Video Multimethod Assessment Fusion (VMAF) metric [50].

2.3 Video Multimethod Assessment Fusion (VMAF) on 360-degree

videos

VMAF is a Full-Reference (FR) metric which means that one reference sequence is needed to
calculate how corrupted the other sequence is. It is based on different elementary metrics combined
by a machine-learning algorithm, offering a good prediction of the human quality perception [50].
Its original version was designed to operate with 2D content of up to Full HD (1080p) resolution
under limited compression and viewing conditions. However, subsequent proposals have extended
its capabilities and range of operating points to include more types of content and displays and
extra compression, distribution, and viewing conditions [75]. Furthermore, recent studies have
verified its accuracy on environments different from the one it was intended to without any specific
training in this sense. In particular, Rassol et al. [76] carried out subjective quality tests to validate
the application of VMAF to 4K 2D contents, a resolution the metric was not originally trained
for, obtaining good results when trying to predict the VMAF score. Moreover, Barman et al. [77]
validated VMAF’s performance to assess gaming content quality and Lee et al. [78] proved that it
correlates well with the user’s perception in ABR environments. Besides, Bampis et al. [79] used the
dataset created for VMAF to implement their quality predictor and compare the results obtained
by VMAF with other typical metrics. Likewise, Bampis et al. [80] proposed the SpatioTemporal-
VMAF (ST-VMAF), a VMAF extension consisting in expanding the analysis of temporal features
in video sequences to enhance the metric results. The significantly good results provided by VMAF
with several types of non-immersive contents and viewing conditions led to consider its application
without making any specific adjustments to assess omnidirectional content. In this way, it is possible
to avoid the generation of large and rich specific 360-degree video datasets, the conduction of
numerous subjective quality assessments and the performance of corresponding training and testing
stages. This new approach, not considered before, allows to save time and resources, and endorses
the incorporation of the VMAF metric in the form of embedded software or others in consumer

electronic devices to assess the quality of the content provided in 360-degree video systems.
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This work sought to apply the FR VMAF metric to 360-degree videos without any special training
or modifications [52]. Additionally, we think of applying it across the entire frame without focusing
only on the FOV because it would allow for a far more widespread and useful deployment of
the technology without the need to monitor user motions and process the necessary data later.
Therefore, regardless of the area of the scene that is being observed, we assume that the quality is
comparable to the perceived quality if participants see the entire frame. This assumption is based
on two factors. First, the spherical image’s quality and content are typically similar, producing
similar scores of VMAF. Second, there is a significant synchronicity in user behavior—the overlap
of FOVs across time—because, as saliency maps demonstrate users frequently focus on the same

areas of the scene [81].

Users frequently focus their attention on regions close to the equator [82], where the distortion
caused by any projection is smaller, according to saliency or attention maps. Indeed, local image
features in these areas are closer to those of 2D contents. So, it stands to reason that a robust
metric created for 2D contents can offer significant outcomes for typical 360-degree content. Since
the equirectangular projection is the one that is currently most frequently used, we have focused

our study on it.

The VMAF metric is tailored to only cover compression and scaling artifacts, as content is assumed
to be already edited and finished, and transmission impairments are solved in adaptive bitrate
streaming scenarios [50]. With the aim of providing good QoE and thus guaranteeing an immersive
and engaging experience, scaling is unusual in XR scenarios [83, 84]. Therefore, our analysis is
focused on compression. During the encoding, video suffer a quantization process in which the signal
amplitudes of the raw frame are mapped to a finite number of discrete values, compressing the source
signal. In this process, the QP determines the size of the quantization step, so the higher the QP
value, the less detail is retained in the compressed frame, implying lower bitrate usage but also lower
video quality [85]. Then, QP is used to determine the quality of the compression outcome, allowing
to establish levels of acceptable and unacceptable quality for most of the users [86]. Besides, QP
analysis is useful for the implementation of efficient encoding schemes where multi-quality frames

are created.

We hypothesize that there is a similarity relation between the application of VMAF on 2D contents
and its proposed new application on 360VR contents. Thus, the VMAF-vs-QP curve for 360VR,
contents should be monotonically decreasing by the nature of the encoding and, therefore, the
validation can be carried out on a reduced set of adequately selected values, without replicating the
whole VMAF design on 360VR contents. So, instead of conducting a sweep over the whole range of
QP values to search for Just-Noticeable Differences (JND) [87], we consider only a subset of them

which correspond to anchor VMAF scores in the curve.
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So, after selecting the set of SouRCe sequences (SRCs), the process is performed in two steps.
First, to obtain target qualities, we encode each SRC with constant QP covering the whole range
of possible QP values. Later on, we apply the original VMAF metric to these Processed Video
Sequences (PVSs) to obtain the variation of the score with the encoding parameter. Secondly, we
verify through subjective tests that the users’ perception fits the VMAF scores obtained in the first
step.

Here, we present the reasons why we use this process through which we obtain the reference VM AF-
vs-QP curve for 360-degree contents. It is divided into two main parts: Subsection 2.3.1, where the
created database and the main features of the SRCs are presented and Subsection 2.3.2, where the

VMAF scores are analyzed.

2.3.1 Video source characterization

(a) Sunset [88] (1) Waterfall [88]

FIGURE 2.1: Video sources screenshots in equirectangular projection.

In compliance with ITU-R Rec. BT.500-14 [25], we have chosen nine clips from a total of 360-
degree videos in equirectangular format as SRCs. These clips have different characteristics in terms
of color, texture, camera motion, and type of content. The selected clips do not present any relevant
changes between frames and guarantee a minimum level of visual comfort to avoid any disturbances
that could affect the subjects’ rates. Seven of them were obtained from a public database from the

Virtual Human Interaction Lab from Stanford University [88] and one came from a dataset produced
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by Wu et al. [89]. The last one came from a private source. Figure 2.1 presents screenshots of the

first eight sequences.

All nine clips had a duration of 10 seconds, following several works in the literature on subjective
quality assessments in 360-degree scenarios [90-92]. Concretely, Singla et al. [90] found that 10
seconds are enough to properly assess homogeneously encoded contents, since this duration allows
the participants to find a certain area of the scene and compare it between different qualities.
The original resolution of all the sequences was 4K (3840x1920 pixels), maintained throughout the
experiment. All clips were set to 25 fps to build a homogeneous dataset. Despite not being a partic-
ularly high framerate, we selected it intending to use representative, varied, and habitual sequences
of very different nature and complexity. The reason is that most available 360-degree videos (in-
cluding the ones included in most public databases) are of the same or a very similar framerate, as
this is the frequency at which most commercially available cameras capture content [93, 94]. The
semantic characterization of the selected contents is presented in Table 2.1.

TABLE 2.1: Semantic characterization of the 360-degree videos considered in the test.

Name Genre Acquisition perspective Description

Daytime shot of an alley in between two abandoned build-

AbandonedBuilding ) Observer ingsstatic content with notable texture.
Alaska Nature Observer. Motion Tf'le'z effects of climate c}}ange on Alaska’s glaciers from a
sailing boat (camera motion).
Beach Nature Observer A beach landscape with superimposed titles.
CaribbeanVacation Documentary Observer People on a cruise degk. An additional video is played back
on a screen of the cruisse in the background.
FemaleBasket Sports Observer A basketball game.
h Manil si here 4 -
Happyland Documentary Actor Short documentary on a Manila dumpsite where 40,000 peo
ple call home.
Sunset Documentary Observer Camera on a sailing cruise.
Waterfall Nature Actor. Motion A landscape with a large waterfall that is rather close to the
camera.
Lions Animals Actor Viewer gets an up close experience with a tiger on a savanna.

Additionally, all SRCs were objectively characterized in terms of their spatial and temporal com-
plexity, computing Spatial Information (SI) and Temporal Information (TI) indicators, respectively,
as expressed in ITU-T Rec. P.910 and P.913 [27, 36]. Figure 2.2 shows the distribution of the SI

and TI values.

To obtain the full range of scores, all SRCs were encoded with ITU-T Rec. H.265/High Efficiency
Video Coding (HEVC) using fixed QPs ranging from 1 to 51 [21]. The condition applied on the
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FIGURE 2.2: Spatial (x-axis) and Temporal Information (y-axis) indicators for the 360-degree videos con-
sidered in the test.

SRCs to create PVSs in video quality area is called the Hypothetical Reference Circuits (HRCs).
As a result, we obtained 51 PVSs per SRC with bitrates ranging from 310 Mbps to 370 kbps. A
summary of the created dataset is presented in Table 2.2. This set of 459 (51 times 9) sequences
were the inputs to the VMAF computing algorithm.

TABLE 2.2: Characteristics of the dataset of the 360-degree videos selected for the test.

Number of SRC videos 9

Duration 10 seconds

Encoding H.265/HEVC
Resolution 4K (3840x1920 pixels)
Hypothetical Reference Circuits (HRCs) QP range (1-51)
Framerate 25 fps

Total number of videos: 459

2.3.2 Experimental results

Here, the results of computing the VMAF metric over the whole set of PVSs are presented. To
that end, we used the VMAF Development Kit (VDK) that can be found available in a public
repository [95]. Specifically, we employed VDK version 1.3.3 and VMAF version 0.6.1 with the
default configuration parameters. This model was selected as it was more stable and better suited
to our scenario, as the resolution perceived by users through the HMD is quite lower than 4K. Due
to the absence of scene changes in the SRCs, the arithmetic mean was used as a temporal pooling

mechanism, since it is a representative value for those sequences.

Figure 2.3 shows the relation of VMAF final scores for all the contents with QP, which is mo-
notonously decreasing. Furthermore, the curve decreases slightly for the highest qualities (low

QP values), more sharply for medium qualities (medium QP values), and dramatically for low
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qualities (high QP values). As already mentioned, the effect of changing the QP varies with the

characteristics of the content, resulting in a different VMAF curve for each of the SRCs.

110
100
90
80 —AbandonedBuilding
70 Alaska
é 60 —Beach
s 50 —~CaribbeanVacation
= FemaleBasket
40 —Happyland
30 Lions
20 ~ —Sunset
—Waterfall
10
0
S~ O MW NN SN O MW O
- - - H N NN M Mo ;n S s o
Qp

FIGURE 2.3: VMAF (y-axis) vs QP (x-axis) curve for all SRCs. The VMAF anchor values used for the
validation are represented with solid black lines (y-axis) which correspond to a range of QP values (x-axis).

2.4 Validation of VMAF for 360-degree videos through a subjec-

tive quality assessment

In this section, the subjective quality test conducted to validate the results obtained with VMAF
is presented. As mentioned above, VMAF is a metric prepared to operate with 2D contents. Here,
it is evaluated to what extent VMAF can be used with omnidirectional contents. To that end, we
designed an experiment consisting in presenting a subset of the PV Ss used in the previous step that
are located closest to several strategic VMAF scores to some subjects. For each version, subjects
were asked to evaluate the perceived quality. In this way, we obtained subjective quality rates for
those strategic points within the QP range. These evaluations were used to check how close the

given rates were from the computed VMAF scores for 360-degree videos.

The subjective assessment carried out in this work was based on the information obtained from
recommendations related to 2D contents which have been highly tested: ITU-R Rec. BT.500-
4 [25], ITU-T Rec. P.910 [36], and P.913 [27]. The reason is that at that time there were no

official recommendations for subjective metrics to measure quality in XR scenarios.
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2.4.1 Stimuli

As stimuli, a subset of the PVSs of the previous step corresponding to six quality levels (five
distorted and one reference sequences) was used. So, a total of 54 (six qualities, nine SRCs) were
presented to each observer. Concretely, considering the VMAF curve in Figure 2.3, the distorted
PVSs selected in the validation step were those closest to the following key VMAF scores:

e VMAF equal to 90. This value is located where the curve begins to decrease slightly.
e VMAF equal to 80 and 70. These values are located where the curve decreases more sharply.

e VMAF equal to 50 and 30. These values are located where the curve decreases more dramat-

ically.

Additionally, concerning the reference sequences, on the one hand, we have no access to the original
raw videos. On the other hand, references must comply with the same restrictions as the rest of the
sequences in the experiment, namely, that are encoded using a fixed uniform QP value. Therefore,
we cannot directly use the available SRCs. So, for each content, we selected a reference that scores
higher than 90 in the VMAF scale, since the reference clip needs to offer the best quality presented
to the user during the test. In this way, a QP value of 0 is desirable during the encoding of the
reference sequences but the high bitrates achieved are not suitable for a real-time 360-degree video
communication. Therefore, reference sequences were encoded with a QP value that, when possible,
led to a similar bitrate to that of the original video and, as a mandatory restriction, all references
provided VMAF scores in the range between 92 and 95. The six qualities are denoted from A to F,
where A is the reference (best quality version), and B to F are the five distorted versions associated

with the VMAF scores 90, 80, 70, 50, and 30, respectively.

2.4.2 Methodology

Personal information: For each participant, we collected age, gender, and vision (corrected or

normal). This was used to characterize our observers and guarantee diversity.

Quality. A Single-Stimulus (SS) method was applied in this experiment, specifically the Absolute
Category Rating with Hidden Reference (ACR-HR) [36], where a reference version of each content
is randomly presented to subjects, who rate it like any other [27]. This method uses a five-level

rating scale: “Bad”, “Poor”, “Fair”, “Good”, and “Excellent” [36].

Method of collecting ratings. They used a developed application that allowed for visualizing

contents and rating them subsequently without having to remove the HMD or interact outside the
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XR environment [96]. This app then enabled a more immersive and engaging experience for the

subjects.

2.4.3 Equipment and environment

Tests were carried out using a smartphone, Samsung S7, and a mobile VR headset, Samsung
GearVR. In any case, the conclusions drawn from the experiments conducted with this device can

be extended to the most used HMDs that do not offer significantly better display resolutions [93].

Test area was set according to ITU-R Rec. BT.500-14 [25]. The HMD used by participants tracked
the rotational movements of their heads (3 DoF) [84]. Moreover, participants performed the tests
seated in a swivel chair in the middle of a room to allow them to spin around freely, facilitating the

exploration of 360-degree videos.

2.4.4 Test session

Figure 2.4 presents the structure of the test session. First, a quick overview of the experiment
was introduced to the participants of the experiment. Also, participants were explained about the
HMD they were going to use and the method of collecting ratings. They filled in the consent form,
necessary to attend the test and process their data in accordance with the General Data Protection
Regulation (GDPR) of the European Union [97]. In this part of the session personal information

related to gender, age, and vision was collected.

45 distorted + 9 reference

]
Explanation | . re®oMal | pyc il vote |@ @ @ | PVS54 | Vote

information

10s 5s

=15min

FIGURE 2.4: Test session structure.

Despite designing the experiment following the recommendations presented above, there was no
training session in terms of showing the expected maximum and minimum qualities to the subjects.
The reason was because we wanted to observe the real absolute quality that users perceive, with
no bias. Furthermore, the nature of our experiments would not allow to perform such a session
properly, since we could not guarantee a priori that different sources encoded with the same or a

very close VMAF score provide an equivalent quality, since validating this link is the objective of
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the experiments. Hence, it was not possible to present additional sequences not included in the

test session showing representative global maximum and minimum qualities.

Each test session was composed of 54 clips with a duration of 10s (45 distorted and 9 reference
videos). All videos were viewed by every subject. The duration of the whole test was around
15 minutes, assuming a period of 5 seconds to vote each PVS. The voting period length was user-
driven and so was not limited beforehand. Different randomization of the PVSs was used for each
session to reduce contextual effects, following Rec. ITU-R BT.500-14 [25]. Although the same
quality could be presented on two consecutive videos, subjects could not watch the same clip with

different qualities consecutively.

2.4.5 Participants

A total of 24 observers (8 females, 16 males) participated in this experiment, with age ranging from
21 to 36 (average of 26) and normal or corrected vision. An a-posteriori screening was conducted
computing the Linear Pearson Correlation Coefficient (LPCC) between the scores of every subject
and the average ones of the whole set of observers. Following the guidelines of ITU-T Rec. P.913 [27]

for outlier removal, we set a threshold of 0.75, which led to eliminating one subject.

2.4.6 Experimental results

Following the ITU-R Rec. BT.500-14 [25], for each video artifact (QP), Mean Opinion Score (MOS)
and the Differential Quality Score (DMOS) of the observers with the associated 95% Confidence
Intervals (CI) were computed and presented in Figure 2.5. The objective was to analyze the
distribution of the means and their cumulative frequency of appearance. The main differences
between the MOS and DMOS results are related to high qualities. In the MOS graph, we observe
that there is no statistical differences between Quality A, the reference PVS, and Quality B for all
the contents. However, for most of the contents, it is possible to observe differences between Quality
A and Quality C. This information is lost in the DMOS graph. Regarding medium qualities, the
differences between them are more noticeable in general in both cases. Finally, the results show that
working with such low qualities as E and F lead to the appearance of artifacts that are virtually

equally annoying to the users.

In Figure 2.6, the VMAF and the normalized DMOS curves, with the associated Cls, are presented
together for each content to facilitate comparison. The mapping was done considering that VMAF
is basically a rescaled DMOS, as acknowledged by the authors [50, 98]. Therefore, for a given
SRC, we only needed to connect the reference PVS with the VMAF score associated with the
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FIGURE 2.5: MOS and DMOS (y-axis) on a five-level scale obtained from 23 participants, including Cls.
Participants evaluated clips of short duration (10s) encoded with fixed quantization parameters which
determined Qualities A, B, B, D, E, and F (x-axis).

corresponding QP. The rest of the values were obtained preserving the relative differences with
respect to the score of the reference video. It is worth mentioning that the absence of raw video
sources in our test material influences our analysis in terms of the choice of the references for the
subjective assessment and, consequently, the DMOS normalization. However, the alternative of
acquiring a new specific database of raw video sources, with its associated problematic acquisition

and stitching processes, is beyond the scope of this work.

Through the comparison of the VMAF and DMOS curves for all contents, we can study the perfor-
mance of the VMAF metric for 360-degree videos. We can see that the shape of the curves is very
similar and the gap between both is quite small. Therefore, we can conclude that the subjective

rates obtained in our experiment fit the VMAF scores to a great extent for almost the whole range
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FIGURE 2.6: Evolution of the VMAF scores and the normalized DMOS on a 100-level scale with the
associated CI (y-axis) with the QP value for each content (x-axis).

of qualities. Only for “Happyland” and, more moderately, “CaribbeanVacation”, we can really

notice a greater gap between the VMAF and DMOS curves.

Nevertheless, we can see that there is a deviation of the DMOS curves with respect to the VMAF
curves in the lowest range of qualities. The most plausible reason for that is that the perceived
video quality goes into a saturation region, where users statistically barely perceive any differences.
It is caused by artifacts that appear and are annoying to the user, making much more difficult for
him/her to discern between such distorted contents. This saturation effect is further boosted by the
characteristics of the HMD. In addition, this effect is also justified considering the computation of
VMAF. The Cls associated with the VMAF score are notably higher for low qualities, decreasing
the reliability of the results.

To validate these findings, we computed the Pearson’s Linear Correlation Coefficient (PLCC), the
Root Mean Square Error (RMSE) and the Spearman’s Rank-Order Correlation Coefficient (SROCC)
between the VMAF and DMOS values. These results are included in Table 2.3. Due to the devi-
ation commented previously, the PLCC and the RMSE have been computed for qualities ranging
from B to F and from B to E. It can be seen that the correlation between the VMAF scores and
the DMOS is extremely high and is even higher for most of the sequences when the last QP is not
considered. Although the overall PLCC is very similar in both cases, the RMSE clearly shows this
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TABLE 2.3: Pearson correlation, RMSE and Spearman’s rank correlation between VMAF and DMOS for
all contents.

Content PLCC PLCC RMSE RMSE SROCC
(without QF) (without QF)

AbandonedBuilding  0.995 0.997 0.172 0.099 1.000
Alaska 0.989 0.992 0.283 0.124 1.000
Beach 0.995 0.994 0.211 0.124 0.975
CaribbeanVacation  0.962 0.997 0.349 0.339 1.000
FemaleBasket 0.990 1.000 0.355 0.088 1.000
Happyland 0.955 0.981 0.467 0.500 1.000
Lions 0.987 0.995 0.201 0.222 0.975
Sunset 0.996 0.998 0.251 0.275 1.000
Waterfall 0.995 0.986 0.276 0.215 1.000
Overall 0.965 0.959 0.285 0.221 0.994

effect. Finally, the SROCC is either one or very close to one. Therefore, we can assure that VMAF
works properly with 360VR content with homogeneous encoding, providing remarkably good results

with no specific training focused on omnidirectional content.

2.5 Comparison of VMAF with other objective metrics

In this section, the comparison of the results obtained by VMAF with the following FR VQMs:
PSNR, WS-PSNR, CPP-PSNR, SSIM, and MS-SSIM is presented. The VQMs were computed on
the nine SRCs using public available software [95]. A regression analysis between the subjective
DMOS and the outcome of each objective metric was conducted using a third degree polynomial
without any fitting constraints and a sigmoid function. Table 2.4 shows the values of the PLCC,
RMSE and the coefficient of determination R? [99] between both fittings and the DMOS. We can
see that the results for the sigmoid function are slightly worse than the ones obtained with the

polynomial function.

Figure 2.7 shows the scatter plots and their corresponding curves for the polynomial fitting. The
ones corresponding to the sigmoidal fitting are not included due to their great similarity to the
polynomial ones. The top and second row three graphs present PSNR, WS-PSNR, and CPP-
PSNR in linear and logarithmic scales, respectively. In the third row, SSIM, MS-SSIM, and VMAF

are presented.
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TABLE 2.4: Pearson correlation, RMSE, and coefficient of determination R? of fitting curves and DMOS
for all analysed metrics.

Polinomyal fitting curve Sigmoidal fitting curve

Metric PLCC RMSE R2 PLCC RMSE R?2

PSNR (linear) 0.851 0.593 0.725  0.847 0.708  0.698
WS-PSNR (linear) 0.860 0.577 0.740  0.857 0.684 0.716
CPP-PSNR (linear)  0.873 0.551 0.763  0.869 0.659  0.740

PSNR (db) 0.851 0.593 0.725  0.846 0.700  0.696

WS-PSNR (db) 0.861 0.576  0.741  0.856 0.683  0.715

CPP-PSNR (db) 0.874 0.550 0.763  0.869 0.657  0.742

SSIM 0.874 0.550  0.763  0.866 0.624  0.736
MS-SSIM 0.956 0.333 0914 0.951 0.397  0.904
VMAF 0.980 0.227  0.960  0.969 0.304  0.935

It is clear that VMAF outperforms the rest of the metrics under evaluation, as already reported
for conventional HD video [50] and still holds in 360-degree video. Besides, VMAF is the only
one whose relation with DMOS is almost linear, only modified by the user perception of the lower
qualities. The PLCC and the RMSE values before and after the polynomial fitting are very similar,
which shows that VMAF can be used for 360-degree content without particular adaptation.

2.6 Conclusions

We have presented an exhaustive study on the feasibility of directly applying the original VMAF
metric to assess the quality of omnidirectional contents visualized by users using an HMD. Based
on the assumption that VMAF scores decrease monotonically with the QP, due to the effect of
this encoding parameter in the resulting sequence, we carried out an experiment consisting of two
main steps. First, we used the original implementation to obtain the VMAF score of several 360-
degree sequences encoded with constant QP in the whole range of possible values to capture how
it varies with the encoding parameter. Secondly, we validated the obtained VMAF scores through
a subjective assessment. We done so by creating a second curve per content from a finite number
of scores corresponding to several operating points, which been selected sufficiently spaced. These
values were then normalized DMOS obtained in the subjective tests for the subset of input sequences
encoded for the specific QP anchor points. The minimum divergence of the two curves in most cases
allows us to conclude that VMAF works sufficiently correctly with this homogeneous 360-degree

content, without performing any particular adjustments to prepare the metric accordingly.
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FIGURE 2.7: Mapping of DMOS ratings (y-axis) to objective scores (x-axis). Solid line represents the best
fitting by a third degree polynomial curve.

In this way, in a 360-degree content visualization with an HMD scenario, it is possible to avoid
the creation of a specific dataset with rich 360-degree content of acceptable quality and retraining
the machine learning algorithm to obtain an omnidirectional-content-aware VMAF metric, saving
computing and time resources. The suitability of this option and its associated gains in terms of
resources make it an appropriate and robust choice to be incorporated throughout the encoding
and transmission chain to properly and easily monitor the quality of 360-degree videos delivered to

end-users.



Chapter 3

Subjective Video Quality and

Presence Assessment

3.1 Introduction

Visual information, as said before, is one of the key aspects that is taken into account in the
development of this thesis due to its influence on QoE. However, we are interested in evaluating
video quality and other influential factors that affect the QoE. This chapter is a transition between a
work focused on objective video quality metrics, Chapter 2, and subjective assessments of technical
and socioemotional aspects, Chapter 4. One of the motivations for carrying out the evaluation of
technical and socioemotional aspects in the same test is the influence of all of them on QoE, but
also the interaction that some technical aspects could have on socioemotional ones, and vice versa.
Therefore, video quality is selected as a technical parameter and presence, which relates with the

sense of being in a place [100], as a socioemotional aspect.

The study is based on well-proven methodologies in the evaluation of video quality in 2D content,
standardized in ITU Recommendations, and in the evaluation of presence in immersive environ-

ments.

Here, the structure of the chapter is presented. Section 3.2 presents relevant works in which the
design choices presented in this chapter are based. Section 3.3 describes the main parts of a
experiment design: stimuli, methodology, equipment and environment, test session, participants,
and hypotheses. Section 3.4 presents the main results and finally, Section 3.5 provides general

conclusions that are relevant inputs for the decisions in the following steps of the research.

3.2 Related work

One of the main features to take into account during the design of subjective experiments is the
source content selected for the test. Despite the increase in consumption and therefore the creation

of 360-degree video, high technical requirements are necessary for this kind of experiments. For

26
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example, problems caused during video acquisition or post-processing (e.g., stitching errors) or
audio artifacts can influence the quality evaluations and affect the understanding of the content

narrative.

The use of short-duration videos is a common approach on audiovisual quality evaluation, which
is supported by several recommendations related to subjective quality assessment, such as ITU-T
Recs. P.910 and P.913 [27, 36]. As these methodologies have been highly tested in the literature
with 2D video, the distribution obtained with the representation of the MOS with the associated
CIs of video quality evaluations helps researchers to validate their experiments. Generally, it is more
difficult for observers to appreciate the differences between very high quality content. However, in
the videos encoded with intermediate qualities, the observers are able to find differences, but when

the video quality is very low and annoying artifacts appear, the ratings saturate.

Most of the studies focused on video quality do not consider detailed socioemotional question-
naires [101]. Likewise, we found that there are several articles that make a great effort to analyze
socioemotional features avoiding the effects of technical conditions [102, 103]. Despite the con-
tribution of knowledge that other experiments which test together technical and socioemotional
aspects, they are still missing the evaluation of high-level conditions that affect the QoE in a 360-
degree environment and the differences between the selected questionnaires and scales. Then, this
work is a starting point to jointly assess technical and socioemotional aspects. We mainly focused
on video quality and presence. Presence has been highly in the literature with several question-
naires [104, 105], typically through questionnaires at the end of the test session using web-based
platforms [105-107]. Others, evaluate presence through questionnaires in the same virtual environ-
ment [108]. This opens a new question for this research in relation to the evaluation mechanism

within the virtual environment with which the participants feel more comfortable.

Based on the literature review, we proposed the evaluation of the quality of the video in the virtual
environment and compared the method of collecting ratings, with handheld controller or touchpad.
We also compared two of the most common consumer HMDs that offer similar technical features.
Regarding presence, we used two of the most widely tested questionnaires in the literature and

compared the collected results.

3.3 Experiment design

3.3.1 Stimuli

In compliance with ITU-R Rec. BT.500-14 [25], we have chosen six clips from a total of 360-degree

videos in equirectangular format as SRCs. The selected clips do not present any relevant changes
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between frames nor stitching problems, and guarantee a minimum level of visual comfort to avoid
any disturbances that could affect the subjects’ rates. These clips have different characteristics in

terms of color, texture, camera motion, and genre.

Figure 3.1 presents screenshots of the six sequences. One came from Radiotelevisién Espanola [109],
four of them were obtained from Youtube, and other one came from a dataset produced by Nokia.

For the semantic characterization, Table 3.1 describes the selected contents.

(D) LionKing [112] (E) Lions [113] (F) SwissJet [114]

FIGURE 3.1: Video sources screenshots in equirectangular projection.

TABLE 3.1: Semantic characterization of the 360-degree videos considered in the experiment.

Name Genre Description

Alento Music It is characterized by the movement of a couple dance near the camera.

The main feature of this content relies on the motion of the camera, since it is on a drone flying over a landscape. The landscape

Angelfalls N - . . N
ngelialls ature is a jungle with a waterfall including two great challenges for the encoding process, vegetation and water movement.

Flamenco Dance It shows a lesson of Flamenco dance, where women are dancing around the camera.
LionKing Music It presents the Lion King musical. The main challenges of this content are the illumination and the movement.
Lions Nature It shows a lion moving very close around the camera.

SwissJet  Sports The camera is inside a jet so the video shows a pilot inside the cockpit. Also, other jets are flying around doing acrobatics.

All SRCs were objectively characterized in terms of their spatial and temporal complexity, com-
puting SI and TI indicators, respectively, as expressed in ITU-T Rec. P.910 and P.913 [27, 36].
Figure 3.2 shows the distribution of the SI and T1T values. Table 3.2 presents the original resolution
and framerates of the SRCs that were maintained throughout the experiment. All six clips had a

duration of 30 seconds and the audio was used to facilitate the user immersion [103].

To obtain the PVSs, SRCs were encoded with ITU-T H.265/High Efficiency Video Coding (HEVC)
using fixed QPs. Specifically, 22, 27, 32, 37 and 42 QP values were applied as HRC [115]. As a
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FIGURE 3.2: Spatial (x-axis) and Temporal Information (y-axis) indicators for all contents.

TABLE 3.2: Characteristics of the 360-degree videos considered in the test.

Name  Resolution (pixels) Framerate (fps)

Alento 3840x1920 25
AngelFalls 3840x2160 30
Flamenco 3840x2160 30
LionKing 3840x2048 30
Lions 3840x1920 30
SwissJet 3840x1920 50

result, we obtained five PVSs per SRC. Table 3.3 presents the results of computing several objective

metrics over the whole set of PVSs.
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TABLE 3.3: PSNR, WS-PSNR, CPP-PSNR, VMAF, SSIM, and MS-SSIM results of PVSs used in the work.

Original resolution

Content
PSNR WS-PSNR CPP-PSNR VMAF SSIM MS-SSIM
22 45.54 44.53 44.96 93.79 1.00 1.00
27 4298 41.89 42.17 90.12 0.99 0.99
Alento 32 40.14 39.00 39.15 83.39 0.99 0.99
37 37.14 35.97 36.04 72.26 0.98 0.98
42 34.06 32.88 32.92 55.32 0.96 0.96
22 43.80 43.18 43.62 97.59 1.00 1.00
27 40.32 39.65 39.94 92.40 0.99 1.00
Angelfalls 32 36.86 36.18 36.35 82.61 0.98 0.99
37 33.65 33.02 33.11 66.19 0.97 0.98
42 30.76 30.26 30.31 42.95 0.94 0.95
22 45.80 44.76 45.19 95.90 1.00 1.00
27  43.11 42.02 42.32 92.93 1.00 1.00
Flamenco 32 40.30 39.19 39.38 87.32 1.00 1.00
37 37.37 36.26 36.38 77.75 0.99 1.00
42 34.31 33.22 33.28 63.35 0.99 0.99
22 47.92 47.39 47.70 94.50 1.00 1.00
27 45.18 44.58 44.75 90.88 1.00 1.00
LionKing 32 4225 41.58 41.67 83.94 1.00 1.00
37 39.27 38.57 38.62 72.36 0.99 0.99
42 36.34 35.60 35.63 55.87 0.98 0.99
22 48.04 47.54 48.12 95.53 1.00 1.00
27 44.56 44.03 44.52 92.53 0.99 1.00
Lions 32 41.21 40.68 41.06 86.73 0.99 0.99
37 3793 37.43 37.70 76.64 0.97 0.98
42 32.12 31.79 31.94 61.87 0.95 0.96
22 46.69 46.26 46.59 96.22 1.00 1.00
27  43.68 43.23 43.44 93.15 1.00 1.00
SwissJet 32  40.45 40.00 40.12 87.06 0.99 0.99
37 3717 36.71 36.78 76.43 0.99 0.98
42 33.87 33.43 33.43 60.76 0.97 0.96
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3.3.2 Methodology

Here, we explain in detail the methodology considered in the experiment.

Personal information: For each participant, we collected age, gender, and vision (corrected or

normal). This was used to characterize our observers and guarantee diversity.

Quality. The methodology applied in this experiment was the Absolute Category Rating with
Hidden Reference (ACR-HR) with a five-level scale, where the categories: “Bad”, “Poor”, “Fair”,
“Good”, and “Excellent” were displayed on the HMD, as recommended in ITU-T P.910 [36]. In
this sense, PVSs were randomly presented and evaluated. Different randomization of the PVSs was

used for each session to reduce contextual effects.

Presence. Spatial presence was evaluated with the spatial presence scale of the Temple Presence
Inventory (TPI) [104] and the subsampling of the Presence Questionnaire (sPQ) [105], both ques-
tionnaires rated on a seven-point Likert scale (where 1 = “Strongly disagree”, to 7 = “Strongly
agree” ). Specifically, presence was measured with the following questions from TPI questionnaire:
How much did it seem as if the objects and people you saw/heard had come to the place you were?
(PLACE), How much did it seem as if you could reach out and touch the objects or people you saw/-
heard? (TOUCH), How often when an object seemed to be headed toward you did you want to move
to get out of its way? (OBJECT), To what extent did you experience a sense of being there inside
the environment you saw/heard? (BETHERE), To what extent did it seem that sounds came from
specific different locations? (SNDLOCAL), How often did you want to or try to touch something
you saw/heard? (TOUCHSMG), Did the experience seem more like looking at the events/people on
a movie screen or more like looking at the events/people through a window? (WINDOW). Likewise,
from sPQ, that is composed by representative items that evaluate control, sensory, and realism
factors, the following questions were used: How natural did your interactions with the environment
seem? (3), How compelling was your sense of objects moving through space? (10), How much did
your experiences in the virtual environment seem consistent with your real-world experiences? (12),
How completely were you able to actively survey or search the environment using vision? (14), How
quickly did you adjust to the virtual environment experience? (26), How proficient in moving and
interacting with the virtual environment did you feel at the end of the experience? (27), and How
well could you concentrate on the assigned tasks or required activities rather than on the mechanisms

used to perform those tasks or activities? (30).

Method of collecting ratings. To rate video quality, observers used a developed application
that allowed for visualizing contents and rating them subsequently without having to remove the
HMD or interact outside the XR environment [96]. To answer questionnaires sPQ and TPI, they

did it with online web application.
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Usability. Items 3, 27, and 30 were used to evaluate usability rating video quality in the virtual

environment with controllers and touchpad.

3.3.3 Equipment and environment

Subjective tests were carried out in two popular HMDs: Samsung Galaxy S8 with Samsung Gear
VR, which includes a touchpad on its right side, and Lenovo Mirage Solo with a daydream handheld
controller (Table 3.4). The observers were located in the middle of a room, being able to spin around

without any limitation while seated on a swivel chair.

TABLE 3.4: Overview of the two tests depending on the order of the experimental conditions assessed in
the experiment.

1st Condition 2nd Condition

Test A Samsung + touchpad Lenovo + controller

Test B Lenovo + controller Samsung + touchpad

3.3.4 Test session

Half of them took test A and the other half test B (see Table 3.4). The order of the conditions is
the unique difference between them and the structure of each condition can be seen in Figure 3.3.
At the beginning, subjects received the instructions for the experiment at the beginning of the test.
Also, they were informed and signed a consent form that allowed us to process the information in
accordance with the GDPR of the European Union. A training session to show the best and the
worst qualities offered was carried out after the explanation. In this way, subjects also learned the
use of the evaluation mechanism during the training session. All videos were viewed and evaluated
on both devices by every subject. The duration of the whole test was around 40 minutes (20 minutes
for each condition session with a break in the middle). At the end of each condition session, the

presence and usability questionnaires were evaluated.

Condition

| Explanation | Training session | PART| | REST | PARTII | Pestsession

‘=9min =1min

‘Seql‘ vote ‘:.:1: ® 8 ‘ Seq. 15‘ vote | REST( Seq. 16! vote ‘ @ ® ‘ Seq. 30‘ .vc:té- ‘

' 30s  =5s

FIGURE 3.3: Test session structure.
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3.3.5 Participants

A total of 48 observers (21 females, 27 males), with an age between 20 and 26, participated in this

experiment. All of them with normal or corrected vision.

3.3.6 Hypotheses

The following hypotheses were investigated:

e The HMD and the order in which conditions are evaluated have influence on: sense of presence

(H1), quality (H2), and perceived usability (H3).

e sPQ and TPI provide similar measurements (scores) for spatial presence (H4).

3.4 Experimental results

The quality evaluation was examined with the MOS and the DMOS from the observer’s rates,
and the associated 95% CI [116]. In relation to the sPQ and TPI analysis, Pearson & D’Agostino
normality test was applied to validate the normal distribution of the collected data. Then, the 2-way
Analysis of Variance (ANOVA) was applied to examine the differences between conditions [117].
Figure 3.4 presents the mean scores of TPI, sPQ, Usability, and quality (MOS). Note that MOS
was rescaled to a 7-level scale, allowing the comparison between the evaluated assessments in both

tests and conditions.
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FIGURE 3.4: Average of the ratings of the participants of TPI, sPQ, Usability, and video quality (y-axis)
with the associated 95% CI on a sevel-level scale for each condition (x-axis).

The first hypothesis sets out how the HMD and the evaluation order affect the sense of presence
evaluated with TPI and sPQ independently. The TPI and sPQ results showed that there is not
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a significant effect on the test condition (Fj 46 =0.266, p>.05 and F; 46 =3.896, p>.05 respec-
tively), but there is a significant influence on the order of the conditions (F g2 =5.507, p<.05 and
Fi 92 =17.761, p<.05). It makes sense because the sense of presence is mainly affected by the

novelty of the 360-degree experience.

The second hypothesis refers to quality evaluation. Unlike the sense of presence, the quality ratings
showed that there is not a significant difference between the evaluation during the first or second
condition of the test (F} 92 =1.662, p>.05). In this way, we can assure that subjects perfectly
discern between the evaluation of the sense of presence and quality. Likewise, quality evaluation is
highly dependent on the used HMD (F} g2 =5.102, p<.05) where Samsung HMD obtained the best

quality evaluations.

The third hypothesis is related to the usability of touchpad or controller. It was measured with the
aggregation of three items of the sPQ. This aggregated measure showed a statistically significant
difference between conditions (touchpad or controller), (F g2 =8.351, p<.001). However, it showed
a stronger effect taking into account the order of the evaluation, first or second condition of the test
session (F 92 =31.517, p<.001), as well a significant effect on the interaction of both conditions

(F1,92 =11.976, p<.001), as presented in Figure 3.4.

Finally, the fourth hypothesis formulates the comparison between the obtained results with the sPQ
and TPI. For that, we computed the Linear Pearson Correlation Coefficient (LPCC). We showed
that there is a relevant correlation between both questionnaires (r =0.5279, p<.05) but based on
the differences, as can be observed in Figure 3.4, we can not assume that sPQ and TPI measures

exactly the same concept.

3.5 Conclusions

We conducted an experiment combining the video quality evaluation, well-known in the literature,
with a characteristic of 360-degree technology: the evaluation of presence. As a result, we provided

a repository [118] that contains:

e Dataset of video sources with the associated objective metrics results (PSNR, WS-PSNR,
CPP-PSNR, VMAF, SSIM, MS-SSIM) and details (Spatial and Temporal Indicators [36],

resolution, framerates, and brief descriptions).

e Head tracking data and video quality rates obtained from 48 participants during free-viewing

experiments with two HMDs: Samsung GearVR and Lenovo Mirage Solo.
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e Presence questionnaire scores, specifically TPI (Lombard et al.) and PQ (Witmer & Singer),

obtained from 48 participants.

e Statistical analysis notebook.

This work was a pilot study for the followings experiments. Following the literature, we corroborated
that it is difficult to evaluate socioemotional aspects in short-duration clips where there is neither
narrative nor context. In addition, the fact of repeatedly visualizing the same clips in different
qualities and with two devices, made the participants initially evaluate the aspects related to
presence in a positive way but nevertheless, as the experiment session progressed, the sense of
presence decreased notably, what we call as fatigue effect. It was a relevant motivation to explore
in depth methodologies that cover the evaluation of video quality and socioemotional aspects and

the interaction between them.

Some participants after the session told the researcher responsible for the experiment that the pres-
ence was highly dependent on the content. As we had not collected this information in a structured
way, we considered in next experiments higher-level aspects such as acquisition perspective, camera

location, and interactive elements that could influence socioemotional aspects.

The results of the usability, help us to select the handheld controller as a method of collecting ratings
in future experiments to increase the comfort of the observers. As member of VQEG, the conclusions
of this pilot study were a contribution to create ITU-T Rec. P.919 for the quality evaluation of
VR, a new standard for subjective test methodologies for 360-degree video on HMDs [37].

Video quality evaluations obtained for each of the qualities, determined by encoding with a fixed
QP, serve as a reference for future experiments. In this way, video quality ratings allow us to have

a reference to compared with when new methodologies are tested.



Chapter 4

Subjective Video Quality and

Socioemotional Aspects Assessment

4.1 Introduction

Considering the post-pandemic situation and the relevance of teleconferencing scenarios, VR, tech-
nology can foster a change in communications. However, it is necessary to further investigate and
provide standardized methodologies to consider all aspects that influence the QoE for the final
boost of this technology [33, 119]. Once there is literature working on the analysis of different
socioemotional and technical aspects, an important advance should be to evaluate them together in
experiments closer to real scenarios and use cases, increasing ecological validity and reliability. In
addition, experiments that consider aspects that have already been independently evaluated save
time and resources. So, in this chapter, we not only present an experiment with a methodology
designed to evaluate both technical and socioemotional features; we launch a renewed point of
view: how the evaluation of technical aspects influences socioemotional features, and vice versa,
accelerating immersive communications as a solution for hybrid meetings where some participants

attend a meeting remotely and other participants in person.

Here, the structure of the chapter is presented. Section 4.2 presents the literature related with the
work conducted in the test. Section 4.3 describes the main parts of a experiment design: research
questions, experimental conditions, stimuli, methodology, equipment and environment, test session,
and participants. Section 4.4 describes the main results and finally, Section 4.5 presents general

conclusions that are relevant input for the decisions in the following steps of the research.

4.2 Related work

The studies conducted in the literature present limitations that influence the results and conclusions
and should be considered for the design of the experiment. In this section, we present an overview

of the works mainly related to the socioemotional features assessment.

36
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Based on the literature and the pilot study presented in Chapter 3, video quality assessment
methodologies, which were originally designed for 2D video, have been used in 360-degree video
experiments and, somehow, adapted to address the new perceptual factors involved in VR [53, 120],
such as simulator sickness or exploration behavior. However, there is a research line supporting
that quality assessment should be done under the most realistic conditions when services and

applications are addressed to end users [121, 122].

One relevant aspect to take into account when selecting 360-degree content is its characterization in
terms of exploration properties [123]. Generally, contents can be classified as directed or exploratory.
Directed videos can help the observer to guide attention in the scene. Although participants move
freely around the scene in exploratory contents, most of them fully explore the whole scene (360-
degree) in 20 seconds [124]. Nevertheless, contents of long-duration can improve the engagement
and enhance the emotions of the participants [44, 125]. In addition to the duration, the genre
and context of the video influence the success of the research. Specific genres of content should
be considered based on the socioemotional features addressed in the experiment [124], e.g., horror
stimulus to test fear [43]. Taking this into account, we examined some 360-degree datasets in the
literature with different characteristics. For example, Li et al. [126] released a public database of
360-degree videos covering a wide range of arousal and valence. Also, Jun et al. [124] published a
dataset containing 80 videos that were used to investigate a set of socioemotional features with a
sample of 551 participants. They provided video sources with the corresponding report ratings and
head movements. In addition, there are several datasets created to analyze exploration behaviors of
the users when watching the content, such as the ones from Corbillon et al. [127] and Lo et al. [128]
providing also head-movement data, or the one from David et al. [61] that includes both head and
eye tracking data. Regarding quality evaluation, some annotated datasets have been published,

mainly containing short-duration videos, such as the one from Yang et al. [129].

A great effort has been made in the analysis of socioemotional features in VR. Riva et al. [130]
demonstrated the effectiveness of VR as an affective medium, a medium able to elicit different
emotions through the interaction with its contents. Furthermore, the study demonstrated that the
perceived sense of presence, related to a sense of being in a place [100], influences the emotional state.
Following this research line, many studies have already confirmed the ability of VR to create more
immersive environments, improving the socioemotional features. For instance, Fonseca et al. [44]
demonstrated the highest emotional involvement of the participants viewing two types of narrative
360-degree contents with an HMD. MacQuarrie et al. [43] obtained a significant improvement of
enjoyment of users using the HMD. In addition, VR emphasizes the phenomenon called Fear of
Missing Out (FoMO) [131], defined, in the context of VR, as the apprehension that others might

be having rewarding experiences from which the user with the HMD is absent. Additionally, users
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can freely move around the virtual environment, selecting the most interesting area of the 360-
degree scene to focus on. These factors (immersion, FoMo, user motion pattern) may influence
the attention that users pay to the events and objects in the scene. Some works in the literature

analyze methods for assessing attention in this kind of environment [46, 132].

Several works go one step further analyzing the use of this technology for empathy purposes and
even for behaviour change purposes. Empathy is defined as the ability to view the world from
another person’s perspective combined with an emotional reaction to that perspective, including
feelings of concern for others [41]. These studies are based on the fact that involvement created by
immersive environments facilitates empathy for users and can be used for specific purposes [133].
Aitamurto et al. [102] evaluated the responsibility for resolving gender inequality visualizing a 360-
degree content in which participants could choose to watch the narrative from the male or female
character’s perspective. Likewise, Tussyadiah et al. [134] confirm the effectiveness of VR technology

in shaping consumers’ attitude and behavior for tourism purposes.

Based on the constraints presented, mainly related with content, methodologies, and context, we
decided the design and acquisition of the 360-degree contents taking into account the purposes and
the final devices used in the experiment [43]. With this, we propose a quality evaluation on long-
duration videos with a context that interests or affects the participant and with a genre selected
according to the purpose of the research. In the same experiment, we assess video quality and several
socioemotional features, reporting technical features, questionnaires, and sample diversity. Also, we

choose an environment where the participant is isolated, facilitating the real world disassociation.

4.3 Experiment design

4.3.1 Research questions

Based on the previous analysis, we pose the following Research Questions (RQs):

e RQ1: Is it possible to evaluate video quality in videos of long-duration designed for the

evaluation of socioemotional features?

e RQ2: Which technical aspects, such as the position of the camera, the type of conversation,

the video quality or the acquisition perspective influence socioemotional features?

e RQ3: Which interactive elements can be provided to the remote client to improve some

socioemotional aspects such as presence or attention?
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To answer these RQs, we designed a subjective experiment where an immersive communication

between a provider and a remote client was simulated, presented in Figure 4.1.

360-degree video & audio
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FIGURE 4.1: Simulated immersive communication environment of the experiment. 360-degree video and
audio recorded on the provider side is visualized by the remote client. Participants assigned to condition C
can see their hands and take notes on a physical whiteboard (Augmented VR).

At the provider side, a conversation among several people took place, and the remote client attended
virtually wearing an HMD. In the subjective test, the observer took the role of the remote client and
visualized pre-recorded 360-degree videos with fluctuations of quality, simulating a VR streaming

communication.

The contents used in the experiment showed simulated conversations around a common topic:
international experiences, e.g., working or studying abroad. The main idea behind choosing this
specific context was our ability to gather a balanced sample of people who have had international
experiences and with people who have not. We acquired 360-degree videos with different acquisition
perspectives (actor, when the camera is located from the first person point of view or observer,
when the camera is located from the third person point of view. and observer) and genre (everyday
conversation, educational, and discussion). For that, student volunteers were recruited for the
recordings, both exchange and national students from the university, making the conversations
more realistic and fluent. Conversations were in English, making the experiment accessible to

different nationalities and mother tongues and increasing the diversity of the sample.

4.3.2 Experimental conditions

The experiment considered three test conditions, summarized in Table 4.1, and each participant
was assigned a condition. However, in all conditions, participants visualized the same video, with
the same fluctuations of the quality. After each video, they were requested to rate its visual quality,
as well as to evaluate the socioemotional features of interest: empathy and attitude, spatial and

social presence, and attention.
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TABLE 4.1: Overview of the three experimental conditions with the associated interactive element and
features assessed in the experiment.

Assessment Interactive element
Condition
Quality Socioemotional Hands
A X X
B X
C X X

Participants assigned to condition A had the additional task of periodically rating the visual quality
of the video during its playback, whenever its quality changed. This is a conventional design to
evaluate the subjective quality of the video sequence under different intensities of impairment.
However, this focused task might have impact on the evaluation of socioemotional features compared

to the baseline scenario without the task (condition B).

Finally, participants in condition C were provided with an additional interactivity element: the
possibility to see their own hands and take handwritten notes about the conversation, as shown in
Figure 4.2. We hypothesize that this could enhance socioemotional features such as presence and

attention with respect to the other conditions.

FIGURE 4.2: Participant of condition C taking notes on a physical whiteboard. The photo was taken at
the environment of the experiment.

4.3.3 Stimuli

The set of source videos, Student Experiences Around the World dataset (SEAW-dataset) consists
of three stereoscopic contents in 4K resolution at 30 fps and a duration of approximately five minutes
each were acquired and prepared specifically for the experiment. Figure 4.3 shows a screenshot of

the source videos and the original ones have been made publicly available [2].
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(A) Coffee shop (B) International office (c) Study in Spain

FIGURE 4.3: Video sources screenshots in equirectangular projection [2].

As it can be observed in all sequences, student volunteers were sitting around a table far enough
from the camera to avoid stitching problems affecting the user’s QoE and video quality scores. In
addition, the camera was placed at the position and average height of the head of a person sitting
at the same table, facilitating the engaging experience [135]. Table 4.2 summarizes the genre,
perspective-taking, and a brief description of the contents used in the experiment. In contents with
the actor acquisition perspective, student volunteers during the recording looked at the camera, and
even waved their hands to increase the immersion of the participant of the experiment visualizing

the 360-degree content with the HMD.

TABLE 4.2: Semantic characterization of the 360-degree videos considered in the experiment.

Name Genre Acquisition perspective Description

A coffee conversation between foreign and local

Coffee sho Everyday conversation Observer
P veay students about cultural differences

A presentation given by a professor to students

International office Educational Actor . S
about the foreign application process

A conversation about the differences between

Study in Spai Di i Act Lo .
ucy in Spain 1seussion cror transport and rental prices in different countries

The SRCs were encoded with HEVC switching to a different fixed QP each 25 seconds to create
one PVS per source content [25]. The QPs selected for the experiment were: 15, 22, 27, 32, 37, and
42 [115]. These QPs were randomized along the video encoding, following ITU-R Rec. BT.500-
14 [25]. Based on the assumption that each video source maintains the features in terms of color,
texture, composition, and light, participants rated the quality of each one of the 25-second units
along the whole sequence, avoiding the repetition of the same clip [125]. Due to the duration of the
contents, each QP was rated at least two times in each PVS. Finally, the original audio quality was

maintained through the experiment, improving the immersion and the QoE of the observers [103].

4.3.4 Methodology

Here, we explain in detail the methodology considered in the experiment. Table 4.3 summarizes

the items evaluated in the three experimental conditions.
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TABLE 4.3: Structure of the test session questionnaires.

Condition Pre-questionnaire (once) During each content Post-questionnaire (for each content)
Spatial Presence
Personal Empathy Attitude Quality Quality Attention Attitude (PP1-PP5) &
information (IRI) (EM1-EM4) (SSDQE) (ACR) survey (EM5-EMBS) Social Presence Notes
(SP1-SP5)
A X X X X X X X X
B X X X X X X X
C X X X X X X X X

Personal information. For each participant, we collected age, gender, vision (corrected or nor-
mal), nationality, experience living in a foreign country and which one, and English level. This was

used to characterize our observers and guarantee diversity.

Empathy. The initial empathy of each of the observers was evaluated using the Interpersonal
Reactivity Index (IRI) [41]. This questionnaire is a psychometrically invariant empathy measure
based on 28 statements related to the Perspective-Taking scale (PT), Fantasy Scale (FS), Empathic
Concern scale (EC), and Personal Distress scale (PD). For each statement, the observer was required
to indicate how well it described her/him on a five-level scale (where 1 = “Does not describe me

well”, to 5 = “Describes me very well”).

Attitude. A survey was designed to measure the attitude towards the context of the videos, in-
ternational experiences. As there was no validated questionnaire to measure the attitude of the
participants towards other cultures and foreigner experiences, we decided to apply the Facet the-
ory [136]. Facet theory consists of distinguishing the facets in which the designers of the experiment
are interested. From the identified facets, the items of the questionnaire are defined and associ-
ated. In our case, we identified four characteristics that a person with a positive attitude towards
foreigners and other cultures must have: interest, tolerance, respect, and social sensitivity. We
established four statements related to the interest, respect, tolerance, and social sensitivity
towards other cultures and traditions. These four items were evaluated before starting the session
and after the visualization of each of the three videos analyzed in the experiment. In this way, we
could compare the empathy and attitude evolution throughout the session. To do this, four ques-
tions (EM1-EM4) were designed for the first evaluation at the beginning of the test, and another
four questions (EM5-EMS) for the evaluation after each video. The idea behind this design was
to compare the ratings before the visualization of the 360-degree content and after it. Observers
provided ratings on a seven-level Likert scale (where 1 = “Strongly disagree”, to 7 = “Strongly
agree”) based on most works in the literature [53, 102]. Specifically, it was measured with the
following questions: I just need to know the traditions of my country of origin (EM1), I think that

some traditions of other cultures should not be allowed in my country (EM2), I feel comfortable
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with traditions different from mine (EM3), and I am worried about the experiences of foreign peo-
ple in my country (EMJ), I like participating in this kind of conversation (EM5), I think that an
intercultural society has a positive impact for the people (EMG6), I would feel comfortable sharing
traditions of other cultures (EM?7), I would like to participate in a buddy program or in a project to

know more about foreign experiences in my country (EMS8).

Quality. A Single-Stimulus Discrete Quality Evaluation (SSDQE) method [38] was applied to mea-
sure the quality in observers assigned to condition A. SSDQE uses long-duration contents to evaluate
quality guaranteeing the continuity of the narrative. For this, the content is divided into segments,
trying to mimic realistic situations of video consumption. As represented in Fig. 4.4, impair-
ments are inserted throughout the content used as stimuli (PVS) in alternate segments (“processed
segments”) and participants rate the perceived quality during the following ones (“evaluation seg-
ments”). Note that during the evaluation segment, video playback continues and is encoded with
the same quality as the previous processed segment. Specifically, they evaluated the quality on a
five-level quality scale [25], where the categories: “Bad”, “Poor”, “Fair”, “Good”, and “Excellent”
were displayed on the screen. Additionally, the aggregate quality was asked, following the litera-
ture, in the post-questionnaire using the Absolute Category Rating (ACR) on the same five-level

scale [137, 138] with the item Please, rate the quality of the experience.

Processed Evaluation Processed Evaluation Processed Post
segment segment segment segment segment questionnaire
20s

Processed Video Sequence (PVS)

FIGURE 4.4: Structure of the test sequences used with SSDQE methodology.

Attention. Observer attention was assessed with three questions about the conversations taking
place in the videos that had pass/fail answers [43, 132]. For each content, we designed a multiple-
choice question, a short answer question, and a True/False statement, presented in Table 4.4. In
this way, participants scored zero or one point for each correct answer, resulting in a maximum

score of three points for the total attention score for each video.

TABLE 4.4: Attention survey: True/False statement, short answer, and multiple choice question for each
of the 360-degree videos.

Content

True/False statement

Short answer question

Multiple-choice question

Coffee shop

International office

Study in Spain

Students think that the second year is
easier

All students can apply for an internship
both in research groups and in compa-
nies

Norwegians spend on average less
money on public transport

How long ago has the university educa-
tion system in Spain changed?

The deadline to apply for double degree
students

The price of the public transport card
in France

What city are the exchange students
from?

The deadline to apply for an internship
or exchange program for the whole yea

The rent per month in Norway
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Presence. Spatial and social presence experienced by the observers were evaluated with five ques-
tions obtained from the state of the art [102, 130]. The questions of social presence questionnaire
were mainly related to factors that influence the involvement in the meeting, such as the feeling
that people in the meeting are looking at us, talking to as or where is the group attention focused
on [100]. Observers provided ratings on a seven-level Likert scale (where 1 = “Strongly disagree”,
to 7 = “Strongly agree”). Specifically, spatial presence was measured with the following questions:
I felt I was present in the places shown in the video (PP1), I felt surrounded by the actions in the
video (PP2), I felt I was sitting by the table at the place of the video (PP3), I felt I could have
reached out and touched the items on the table of the video (PP/), and I felt that all my senses
were stimulated at the same time (PP5). Likewise, social presence was measured with the following
ones: I felt that people were talking to me (SP1), I felt that I was listening to the others in the
video (SP2), I felt I was present with the other people in the video (SP3), I felt like the people in
the video could see me (SP/), and I felt I was actually interacting with other people (SP5).

Notes. Participants assigned to condition C assessed the usefulness of the notes taken during the
test session. Specifically, the question Have your annotations helped you to solve the questions?
was used to consider whether the correct answers were correct from the annotations or from the

memory of the participants.

4.3.5 Equipment and environment

All participants visualized the contents with a Samsung Galaxy S8 and the last model of Samsung
Gear VR headset endowed with head tracking. The maximum resolution that viewers could per-
ceive with this HMD (assuming a field of view of 85°x100° and a smartphone native resolution of

1440x2960 pixels), is about 680x822 pixels [19]. Monophonic audio was heard through headphones.

In all conditions, A, B, and C, the questionnaires were presented and answered using a web ap-
plication. Observers who were assigned to condition A evaluated the quality of the video during
the session. For this purpose, a VR application that allows users to visualize contents and answer
customized questionnaires without having to take off their goggles was used [96], the same than in
previous experiments. Likewise, based on the previous experiment conclusions, they used a hand-
held controller as the evaluation method, avoiding any sign of discomfort [53]. Observers assigned
to condition C were able to see their own hands, as well as a small whiteboard to take some notes,
using an augmented virtuality approach, as shown in [139]. The local environment was captured by
the smartphone camera and displayed in front of the 360-degree video. Background was removed

from the camera image using chroma-keying based on red chrominance.
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Regarding the local environment, the observers were seated in a swivel chair in front of a table.
This chair allowed them to spin around without more limitations than the three degrees of freedom,
imposed by the HMD. The table in front of them was a requirement imposed by the videos, since,
as presented in Figure 4.3, the three contents simulate a meeting around a table. In this way,
observers could identify the table of the videos with the real one. Additionally, participants were
located in totally isolated cubicles, facilitating the immersion in the content and avoiding any

external distraction that increases the sense of FoMO.

4.3.6 Test session

The test session structure is presented in Figure 4.5. At the beginning, participants received a brief
explanation of the experiment. Also, they were informed and signed a consent form that allowed us
to process the information in accordance with the GDPR of the FEuropean Union. The experiment
started with the pre-questionnaires: a personal information survey, the empathy questionnaire
(IRI), and the initial attitude survey. The training session consisted of a visualization of a discussion
around the table with a duration of two minutes approximately. The PVS used for the training
sessions was encoded with the best and worst qualities offered in the experiment (QP values of 15
and 42) every 25 seconds. Observers assigned to condition A tested the evaluation method with
the handheld controller. After the training session, the assessment session started. All participants

visualized the same three PVS in a randomized order following ITU-R Rec. BT.500-14 [25].

Video X3
o i i T T i
Explanation Pre s.,essw.n Traln.lng QP11 PP | QP N post. wdeg
questionnaire session L : questionnaire
If condition A: 25s

T T T T
QP 1livote* @ @ ®@ 1QP N 1vote*
1 1 1 1

= 5s
25s

FIGURE 4.5: Test session structure.

For observers assigned to condition A, every 20 seconds the SSDQE question appeared without a
time limit. After each video, all participants, regardless of the assigned condition, answered a post-
questionnaire with questions about the quality and the socioemotional features. Here, participants

assigned to condition C also answered the notes question.
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4.3.7 Participants

A total of 54 observers (20 females, 34 males) took part in this experiment. There were partici-
pants in the age range between 17 and 26 years, with a Mean age (M) of 22.18 and a Standard
Deviation (SD) of 1.95. All observers were checked for normal or corrected-to-normal vision. All
participants were required at least an intermediate level of English to understand the conversations
of the videos. They received a small financial reward for participating. In this way, we obtained a
sample of participants with international experiences or nationalities from 15 countries in Europe,
America, and Asia. The representation of user diversity was an additional value of the experiment,
since it increased its reliability [140, 141]. Furthermore, as it can be observed in Figure 4.6, par-
ticipants with international experiences and taking into account gender were distributed almost

uniformly under conditions A, B, and C, guaranteeing a balanced sample.

Interr::atlonal Experiences International Experiences
35.9%

37.5%
28.6%

20%
80% Female
Male

Mo Internaticnal Experiences
55.6%

(A) Condition A

45.5%

54.5%
Female

Male

No Internaticnal Experiences
61.1%

(B) Condition B

International Experiences
55.6%

60%

40%

5%

5%
Female

Male

No International Experiences
44.4%

(¢) Condition C

FIGURE 4.6: Observers distribution in conditions A, B, and C taking into account the gender and interna-
tional experience.

4.4 Experimental results

For each one of the RQs, one or more hypotheses have been laid out and investigated, to look for

relevant conclusions. Besides, the methodology to analyze the results was performed according to
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the nature of the data. The quality evaluation in condition A was examined with the MOS and the
associated 95% ClIs obtained from the scores, presented in Figure 4.7. In regard to the quality and
socioemotional features, the Pearson & D’Agostino normality test was computed to validate the
normal distribution of the collected data. For cases where the distribution was normal, the 2-way
ANOVA was performed to examine the differences among the evaluated videos and conditions. For
social and spatial presence, due to the condition of non-normality, the following transformation was
implemented: arcsin(y/P/7), where P is the presence rating and it is divided by seven because social
and spatial presence were evaluated in a seven-level scale. Once the data was transformed, it was
analyzed under the normality condition. Post-hoc analyses using Bonferroni correction for multiple
comparisons were applied to examine the differences among the evaluated videos and conditions.
The considered level of significance was 0.05. Table 4.5 and Table 4.6 present a summary of the
scores of the items evaluated in the experiment and the significance (F, p, partial eta-squared
1712), and observed power values 7) between conditions and contents, respectively. Additionally,
Cronbach’s « obtained for the questionnaires used in the experiment about spatial presence, social

presence, and attitude are presented in Table 4.7.
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FIGURE 4.7: The mean opinion scores (y-axis) on a five-level scale obtained from 17 participants assigned to
condition A who evaluated the perceived video quality in the processed segment, encoded with specific QP,

every 20 seconds while visualizing each of the three contents (x-axis), following the SSDQE methodology.
Error bars represent 95% CI.

Video quality assessment

Regarding RQ1, we investigated the first hypothesis (H1): video quality evaluation can be adapted

to long-duration videos designed for socioemotional features assessment purposes.
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FIGURE 4.8: Comparison of DMOS (y-axis) on a five-level scale obtained from 17 participants assgined to

condition A, and from participants from the pilot study. Both participants evaluated clips of short dura-

tion encoded with fixed quantization parameters (x-axis). However, participants assigned to Condition A

evaluated perceived quality following SSDQE methodology and participants from the pilot study evaluated
it following ACR methodology.

In this sense, we were interested in analyzing the effect of evaluating the quality of the video during
the visualization of continuous sequences in which the scene features remain similar. Figure 4.7 was
obtained from the scores of the 17 participants assigned to condition A. Note that the ratings of
one of the observers were not collected correctly, so we remove an observer from condition A. As the
evaluation of video quality on a 5-level score can be modeled by a Gaussian random process [142],
we use parametric analysis for the evaluation of the scores, following the common practices for
video quality data evaluation and the previous experience [117]. We have performed a ANOVA
to assess the dependency of the scores on each source video and each QP value. Results show
that the QP is significant (Fj 596 = 186.4, p < .001, 5% = .598), while the source content is not
(F5 596 = 0.85, p > .05, n? = .018). Bonferroni-corrected pairwise t-tests show that all pairs of QPs
are significantly different between them, except the two higher qualities QP values of 15 and 22,
which are not. Note that due to the different duration of the videos and the randomization of the

QPs, each QP was not evaluated the same number of times.

These quality scores were compared with the MOS values obtained from the study presented in
Chapter 3, which was executed using a conventional ACR methodology with randomized 10-second
video sequences. As the source contents were different in both experiments, we computed the
Differential Mean Opinion Scores (DMOS), according to ITU-T Rec. P.910 [36]. We used QP 22
as the hidden reference, as it was the highest quality available in the pilot study, and it was shown

not to be significantly different from QP 15 in our new experiment. Figure 4.8 shows that both
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methodologies offer comparable results: good distribution of the ratings and a consistent decrease

of the perceived quality when augmenting the QP, as expected in this type of tests [52].

TABLE 4.5: Difference in aggregate quality and socioemotional features between the three conditions.

Questionnaire items

Condition A

Condition B Condition C

Significance

Aggregate quality (5-level scale)

Spatial Presence (7-level scale)

Social Presence (7-level scale)

Attitude post-questionnaire (7-scale level)

Attention (3-level scale)

M =3.537
(SD = .719)
M =5.463

(SD =1.019)
M =5.059

(SD = 1.398)

M = 5.875

(SD = .250)

M =1.981

(SD = .765)

M =3.111
(SD =1.022)
M =5.185
(SD =1.318)
M =5.133
(SD =1.287)
M = 6.042
(SD = .108)
M =1.833

(SD = .885)

M = 3.167
(SD = .885)
M =5.411
(SD = .942)
M =5.144
(SD = 1.271)
M = 6.236
(SD = .191)
M = 1.685

(SD = .748)

Fy 153 = 3.687,p < .05, 12 = .045, v = .687

Fy153 = 900, p > .05, 12 = 011, = .203

Fy153 = .005, p > .05, n2 = .000, v = .05

Fy53 = 4.660, p < .05, 72 = .055, v = .782

Fy 153 = 1.839, p > .05, 2 = .023, v = .391

TABLE 4.6: Difference in aggregate quality and socioemotional features between the three contents.

Questionnaire items Coffee shop Int. office  Study in Spain Significance
M =3.111 M = 3.222 M = 3.481 .
Aggregate quality (5-level scale) Fy 153 = 2.485,p > .05, 775 =.03, v = .496
(SD=.904) (SD=.883)  (SD = .885)
M = 5.326 M = 5.200 M =5.533 )
Spatial Presence (7-level scale) Fy 153 = 1.394,p > .05, r/; =.017, v = .297
(SD=1173) (SD=1.137)  (SD =.991)
M =4.748 M =4.752 M = 5.837
Social Presence (7-level scale) Fy 153 = 15.710,p < .01,7]12) =.169,y=1
(SD =1.364) (SD=1.280)  (SD =.964)
M =6.111 M = 5.866 M =6.176
Attitude post-questionnaire (7-level scale) Fy 153 = 3.271,p > .()5,77,2, =.038, v = .605
(SD=.253) (SD=.234)  (SD =.098)
M=2 M =1.704 M =1.796
Attention (3-level scale) Fy153 = 1.925,p > .05, n2 = .024, v = 407
(SD=.777) (SD=.743)  (SD = .877)

These results show that subjects are able to effectively assess the video quality of individual QPs,

and the content does not distract them from the task. This is in line with the results already

reported in the literature for conventional 2D video and similar evaluation methodologies [38, 143,

144]. Furthermore, having the subjects engaged in the content increases the ecological validity of

the quality evaluation compared to traditional methods [122, 145].

The aggregate quality scores rated at the end of each video in a five-level scale were analyzed

statistically to find differences between videos and conditions. Due to the normality condition,

2-way ANOVA was applied. Table 4.6 shows that there is no significant difference between videos.

MOS lay somewhere in the middle between the lowest and highest scores obtained for individual

QPs, which is also expected [146]. It is known that several factors, such as the amplitude, frequency,
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TABLE 4.7: Cronbach’s a obtained for the questionnaires used in the experiment about spatial presence,
social presence, and attitude.

Questionnaire Cronbach’s «

Spatial Presence 0.857

Social Presence 0.865
Attitude (pre-questionnaire) -0.094
Attitude (post-questionnaire) 0.710

and time location of the quality switches have an effect on the formation of the overall quality

opinion [121], but addressing them is outside the scope of our experiment.

However, there is a significant difference among conditions, as seen in Table 4.5. Student’s t-
test with Bonferroni correction shows that this difference is significant between conditions A and
B (p = .0307). Participants assigned to condition A scored the aggregate quality higher than
participants assigned to condition B and C. It means that participants that are focused on the
quality evaluation throughout the sequence, change their perspective about the perceived global

quality.

To the author’s knowledge, this result is new in the literature. Some authors have used similar
methods to evaluate the video quality continuously during the content playback, and then a single
endpoint quality score at the end to assess the overall quality of the sequence [144, 147]. However,
none of them has also had the same sequences evaluated just at the end, as it is proposed, for
instance, by ITU-T [148]. Our results show that the evaluation of quality during the sequence has

a significant influence on the endpoint quality.

Spatial and social presence

In reference to RQ2, we investigated the second hypothesis (H2): acquisition perspective, type of
the conversation, and experimental condition have influence on: spatial and social presence. As
said before, the items of the sense of spatial presence and social presence were measured on a seven-
level Likert scale independently. As presented in Table 4.5 and Table 4.6, the analysis was twofold.
Once the non-normality condition of the social and spatial presence ratings was corrected, ANOVA
was applied to analyze differences between experimental conditions. The aggregate measure of the
five spatial and social presence items respectively show that there is not a significant difference.
Nevertheless, a notable result is that the perceived social and spatial presence were very high in
all conditions. In this sense, we want to point out that during the design of the experiment we
presumed significant differences for condition C. We consider that the absence of differences is due
to the fact that there were no specific tasks that required hands-on interaction with the virtual

environment.
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Likewise, ANOVA was applied to examine the differences between videos. The aggregate measure
of the five items of spatial presence shows that there is no significant difference, but the aggregate
measure of the five items of social presence does show a difference. Student’s t-test with Bonferroni
correction shows that there is a significant difference between “Study in Spain” and “Coffee shop”
contents (Z = —4.887, p < .01) and “Study in Spain” and “International office” content (Z =
—5.023, p < .01).

Table 4.6 shows that “Study in Spain” scored higher in social presence. To better explore the
difference between contents, Wilcoxon Signed-Rank test with Bonferroni correction were applied
to the items of the social presence questionnaire (SP1-SP5) [102]. The analysis shows significant
differences between “Study in Spain” and the other videos, “Coffee Shop” and “International office”,
in questions related to the perception that people in the conversation speak, look at, and interact
with the participant: SP1 (Z = 47.5, p < .01 and Z = 108, p < .01), SP3 (Z = 113.5, p = .0007
and Z = 136, p = .015), SP4 (Z = 115.5, p < .01 and Z = 108.5, p = .0001), and SP5 (Z = 107,
p = .0005 and Z = 86, p < .01). The reason is that in “Study in Spain” content the actors appeal

to the camera more frequently, emphasizing the non-verbal side of the conversation.

Empathy and attitude towards international experiences
Following with RQ2, we investigated the third hypothesis (H3): acquisition perspective, type of

the conversation, and experimental condition have influence on: empathy and attitude.

Firstly, IRI ratings were examined to obtain an adequate measure of the initial empathy of the
participants, avoiding any deviation that may affect the subsequent analysis of the attitude. Given
the condition of normality, ANOVA test was conducted to examine the IRI scores depending on
gender and international experiences. It shows that there are not significant differences (Fi 50 = .76,
p > .05 and F} 50 = 3.838, p > .05, respectively). Based on the literature [149, 150], we expected
significantly higher scores for females than for males. In our case, there are not significant differences
but on average females scored higher empathy than males both for participants with international
experiences (M = 3.373; SD = .228 and M = 3.316; SD = .237) and for participants without
international experiences (M = 3.246; SD = .302 and M = 3.182; SD = .199).

Secondly, the attitude was evaluated with the questionnaire asked after the visualization of each of
the three PVS. Table 4.8 summarizes the obtained results for each facet in the post-questionnaires
(“Post”). Note that the data presented in the table is calculated in the original seven-level scale.
The attitude was measured with the aggregation of four items of the designed survey: interest,
respect, tolerance, and social sensitivity. Table 4.6 shows that there is not a statistically significant
difference between contents but Table 4.5 presents a significant influence of the condition in which

the content was visualized. Participants assigned to condition C achieved the highest attitude
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index, followed by participants from condition B and A. After finding that the condition greatly
influences on the attitude, Student’s t-test with Bonferroni correction was applied to find differences
between conditions. They show that the significant difference is only between A and C conditions
(Z = —3.146, p = .002). It makes sense because participants assigned to condition A had the video
quality assessment task, distracting them from the conversations taking place in the video. From
this analysis, another main result is that there is an important positive impact in the three videos,
and as presented, in the three conditions.

TABLE 4.8: The mean and standard deviations on a seven-level scale of the items of the attitude survey:
interest, respect, tolerance, and social sensitivity in the three experimental conditions.

Post-questionnaire

Condition
Interest Respect Tolerance Social Sensitivity
A M =5.167 M =6.685 M =6.407 M = 5.241
(S=1411) (S=.571) (S =.806) (S =1.17)
B M =538 M=6574 M =6.333 M = 5.870
(S=1177) (S=.71) (S =.861) (S =1.171)
C M =5537T M=6.704 M =6.407 M = 6.296
(S=1.343 (S =.565) (5 =.913) (S =.936)

Interactive element

Finally, to answer RQ3 we investigate the fourth hypothesis (H4): Observers who can take notes
get higher total attention scores. Participants scored one point for each correct answer, resulting
on a scale from 0 to 3. Due to condition of normality, ANOVA test was applied to find differences
between conditions. As presented in Table 4.5, the scores show that there is no a significant
difference between participants assigned to condition A, B, and C. Among the 18 participants
assigned to condition C, 10 of them reported that the notes they had taken helped them to answer

the questions. However, their scores are not significantly different from the ones obtained by the

other 8 participants.
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A method to simultaneously assess video quality and socioemotional features

Our experiment shows that the methodology used for condition A is suitable for the simultaneous
evaluation of video quality and socioemotional features. As presented, SSDQE is valid to evaluate
individual quality variations. Additionally, SSDQE does not affect the evaluation of presence or
attention, which has two implications: on the one hand, it confirms that socioemotional features
can be assessed despite having the extra task of continuous video quality evaluation; on the other,
it shows that SSDQE does not reduce the observer immersion, making it a real content-immersive

method.

There are, however, at least three caveats. First, using SSDQE does affect the evaluation of the
overall quality of the sequence. Results obtained using this method will not be exactly the same
as assessing the quality just with an endpoint evaluation. Second, using SSDQE during the video
has some impact on the attitude of the observers. This means that, although the simultaneously
evaluation of quality and socioemotional features is possible, it is not completely neutral, and some
interaction between evaluation tasks may exist. Finally, it is worth noting that the experiment
has been done with a specific type of content and visualization (360-degree videos simulating con-
versations on international experiences). Other types of videos or visualization setups might have

different behavior.

4.5 Conclusions

We have proposed and validated a methodology to jointly assess video quality and presence, em-
pathy, attitude, and attention in immersive communications. We have simulated that users attend
meetings remotely with the HMD and all meetings are focused on the international experiences
context. Also, we have evaluated three conditions for the attendants. This methodology is a so-
lution for experiments in a controlled environment but more realistic than those presented in the
literature. We have proposed the use of the SSDQE method to measure the quality during the test
session and the aggregate quality in a post-questionnaire using the ACR on the same five-level scale.
Spatial and social presence were evaluated with an aggregate score obtained from 5 items based on
the literature and adapted to our experimental environment. The initial empathy was evaluated
using the IRI. The attitude was measured in pre-questionnaire and post-questionnaire designed us-
ing facet theory. Due to the reliability of the scale, we proposed to use only the post-questionnaire.

The attention was addressed with three questions about the scene that have pass/fail answers.

We can conclude that video quality assessment can be adapted to conditions imposed by socioe-

motional feature methodologies, such as contents of longer duration where the scene background is
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mainly static. This is an important contribution to the state of the art, since it shows that method-
ologies can be designed to simultaneously evaluate technical features and socioemotional features
that go one step further. Thus, it allows this type of experiment in more realistic environments

with final VR applications.

The prototype evaluated for VR communications provides high scores in terms of social and spa-
tial presence. Significant differences in the sense of social presence have been obtained between
sequences. Then, we can assure that social presence is highly influenced by the acquisition per-
spective, narrative, and non-verbal behaviour of the participants on the provider side, enriching

the effectiveness of the conversation.

We have designed a questionnaire to evaluate attitude among participants. We have found signif-
icant differences between the experimental conditions and we can confirm that a positive impact

has been achieved in all participants.

Finally, we cannot assure that the interactive element, the proper hands of the participants and a
whiteboard with a whiteboard marker to take notes, significantly influences attention and spatial

and social presence.

As a result of this work, we have made publicly available a SEAW-dataset of 3 video sources (stereo-
scopic raw format) designed and acquired specifically for the purposes of the experiment. During
the recording we considered three genres and both actor and observer acquisition perspective in the
same context, international experiences, working or studying in a foreign country. Additionally,
the questionnaires and the associated rates obtained from a diverse and balanced sample of 54

participants were provided.






Chapter 5

Interactive Communication

Assessment

5.1 Introduction

The work presented in this chapter is focused on communications, applicable to different XR tech-
nologies and use cases. The main challenge we face is to design a test to evaluate socioemotional
and technical aspects on a scenario that allows interactive communication between participants,
without the limitation of visualizing simulated conversations or following scripts. Additionally, the
experiment is designed seeking ecological validity and reproducibility, so that it can be applied with

different participants, contexts, and even communication prototypes.

With this purpose, we have conducted an experiment based on a decision-making technique used
to debate and find solutions as a team. As baseline we use the in-person condition and we compare
it with hybrid meeting conditions through the reference prototype presented in Figure 1.2. In this
chapter, we provide preliminary results of aggregate quality, social, and spatial presence, evaluated
with questionnaires. These questionnaires have previously been validated in assessments where XR
communications were simulated (360-degree videos recorded for that purposes) [54], used as pilot
study. We also provide preliminary results on other socioemotional aspects, evaluated with ques-
tionnaires from the literature [151], in relation to the connection with the rest of the participants,
based on the need to belong to a group [30]. Since with this experiment we wanted to explore the
usefulness of technology in communications, free-form feedback about the experience was collected

from the participants and the main findings are provided and analyzed in this chapter.

Section 5.2 presents the works found in the literature in relation to interactive communications
assessments and validated methodologies used for the evaluation of socioemotional aspects. Sec-
tion 5.3 describes the main parts of the experiment design: research questions, experimental con-
ditions, stimuli, experimental setup, methodology, equipment, test session, and participants. Sec-
tion 5.4 describes the main results, which are discussed in Section 5.5. Finally, Section 5.6 presents

general conclusions that are relevant input for the decisions in the following steps of the research.

95
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5.2 Related work

The experiment described in this chapter is the logical next step after the assessments with simulated
conversations that have been performed so far. This thesis examined the use of a particular 360-
degree video immersive communication prototype, presented in Figure 1.2. The purpose of this
experiment is to assess the feasibility of the prototype in a realistic setting and to identify the key
features that are more critical to the satisfaction of end users. Additionally, interactive experiments
allow to observe how groups of participants interact with each other using the technology, increasing
the need of the evaluation of socioemotional aspects. Due to this, the literature reviewed for the
design of this assessment is classified into two categories: interactive experiments and studies that

apply methodologies based on questionnaires of socioemotional aspects.

Compared to experiments where participants visualize pre-recorded content, interactive communi-
cation results in a less controlled environment. How to plan the experiment such that the sessions,
with different participants interacting, can be replicable is one of the main challenges tackled during
the design. In the literature, there are interactive experiments intended to test specific applications
developed to solve problems faced by participants with specific characteristics, such as health-
care [152, 153]. There are many works focused on evaluating collaborative tasks for training and
learning in immersive environments [154-156]. Most of these experiments are based on carrying
out specific tasks for which communication is one more tool but not the main objective of the
study [157, 158]. In some cases, the task is performed by a single individual and there is an instruc-
tor who guide the steps to solve it [159]. This role of instructor and student can also be switched, as
well as the condition of local and remote [49]. Other studies are based on activities that people are
used to, such as photo sharing experience or walking in immersive technologies [160, 161]. In the
study conducted by Lawrence et al. [162], the authors evaluated the effectiveness of their proposed
communication system by utilizing a selection of questions designed to facilitate conversations with
strangers. The limitation we found is that the communication has a controlled part, which is ask-
ing the question, and an uncontrolled part, which is answering it, guiding the communication but

limiting spontaneity among the participants [163].

Despite the differences between the assessments found in the literature and the one presented in
this chapter, the design is based on their contributions. We propose an experiment based on com-
munication tasks, the Six Thinking Hats technique [164], in which there is a role of moderator
and a role of speaker, and in which these roles are exchanged, as well as remote and local condi-
tions. The motivation for this selection is that the topic and timing are controlled but the flow of

communication totally depends on the participants.
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In relation to the questionnaires to evaluate socioemotional aspects, we decided to ask for social and
spatial presence with the same items than in our previous experiments [54, 58]. The objective is to
continue validating the questionnaires used, this time, in an interactive environment. Furthermore,
in accordance with the literature review, an examination of socioemotional aspects related to the
connection and closeness between participants was conducted [162]. Specifically, following the study
by Goldstein et al. [151], we asked about the positive attitude (Liking), the perceived connection
(Self-other overlap), including the Inclusion of Other in the Self Scale (I0S) scale [165], and the
perceived empathy in relation to a reference participant. Additionally, emotions are intensively
analyzed in the literature related with interactive communications since it has a great impact on
conversations and the creation of affective bonds [166]. Then, emotions were evaluated following

the Internationally Reliable Short-Form Positive and Negative Affect Schedule (I-PANAS-SF) [167].

Given the complexity of interactive experiments, methodologies based on questionnaires are usu-
ally accompanied by semi-structured interviews or free-form feedback sections [154, 168]. Semi-
structured interviews usually ask about certain aspects, such as Volonte et al. [166] with the ques-
tion “Did you feel very excited and willing to interact with the Virtual Humans?” in an experiment
about the effect of interacting with emotional virtual humans on users’ behaviors. However, free-
form feedback consists of a blank space where participants share comments about the experience,
removing any bias caused by the question. Both are used in the analysis of results to try to
understand phenomena that were not expected or to take into account in future experiments cer-
tain aspects that the researchers in charge had not considered. In this experiment, the free-form

feedback is asked at the end of the questionnaire.

5.3 Experiment design

5.3.1 Research questions

Based on the previous analysis, we pose the following RQs:

e RQ1: Can we apply methodologies used in simulated communications assessments to evaluate

the aggregate quality in interactive communications assessment?

e RQ2: Can we apply methodologies used in simulated communications assessments to evaluate

presence in interactive communications assessment?

e RQ3: How to design a controlled experiment while maintaining a natural flow of the commu-

nication?
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e RQ4: Can the roles (e.g., moderator or speaker) of a discussion or meeting influence on the

hybrid meeting experience?
e RQ5: What socioemotional aspects are involved in interactive communications?

e RQ6: What elements of the real-time 360-degree video communication prototype are relevant

for end-users?

Source (360-degree video & audio)

6 ' Audio .\

LOCAL PARTICIPANTS REMOTE USER

FIGURE 5.1: Prototype of 360-degree video communication considered in this experiment. The remote user

visualizes the 360-degree of the local side through the HMD. Local participants visualize the synchronized

head movements of the remote user in a cartoon avatar on a tablet. Additionally, the lips of the avatar
move with the audio.

The prototype under evaluation, based on the reference configuration presented in Figure 1.2,
is presented in Figure 5.1. Based on the finding in Chapter 4 that the possibility for remote
participants to visualize their hands appears to be useful when participants have a specific tool
to use them, this additional tool is not considered in this scenario. The prototype allows a real
communication between local and remote participants, not pre-recorded 360-degree videos. We
should take into account that the remote user visualizes the local participants trough the HMD,
but local participants, following the basic configuration, do not have any information about the
remote user. In the previous chapter, we found significant differences in social presence depending
on how actors and actresses interact and talk to the camera in the recordings. Then, to make more
natural the fact that local participants speak to a camera, a tablet with a cartoon avatar is added
to the local side to represent the head direction and the articulation of the mouth of the remote
user. Although there are other types of more realistic avatars that can influence the experience of
local participants, we decide to use this one for its simplicity since the analysis of the avatar type
is not an objective in this test [169]. The cartoon avatar is modified to represent the appearance of

the remote participant to enhance the sense of social presence and realism during the interaction.
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5.3.2 Equipment

The prototype under evaluation, The Owl [170], is composed by a capture element (owlcam) that
uses a Ricoh Theta V 360-degree camera, a processing and control unit based on a Raspberry Pi with
a touchscreen, and a standard hands-free speaker Jabra. The video is captured and compressed in
equirectangular projection from the camera and sent to remote users at 12 Mbps with 4K resolution.
Network conditions are controlled so that quality changes do not occur during the session that may
affect the QoE, as observed in Chapter 4. The Raspberry Pi unit also includes the communications
backend, implementing the signaling for control sessions, and the data plane to send the streams

to all the connected users. Audio conference uses open software (Mumble).

Remote participants use an application developed in Unity3D, in charge of decoding and rendering
the 360-degree video, to attend the immersive conversation through the Oculus Quest 2 with 3 DoF'.
The head-movement tracking of the remote participants is captured and transmitted to the local

side in real-time.

5.3.3 Experimental conditions

_ Blpe hat
Bl{e,hat Blye hat N —~ U
. 6 . | I.\.J. . 6 \ ‘
REMOTE REMOTE
LOCAL PARTICIPANTS LOCAL PARTICIPANTS PARTICIPANT LOCAL PARTICIPANTS BARTICIPANT
[ IN PERSON [ HYBRID MEETING (REMOTE = SPEAKER) | HYBRID MEETING (REMOTE = MODERATOR) |

FIGURE 5.2: Interactive communication scenarios considered in the experiment based on the experimental
conditions: in-person and mixed technology mediated discussion between three participants.

As presented in Figure 5.2, two experimental conditions are considered: an in-person and a hybrid
meeting. In-person discussion is carried out between three participants around a table in the same
local room. It is used as the baseline condition in our experiment because it is the one to which the
participants are most used to [171]. Hybrid meeting is carried out between two local participants
and one remote participant. Participants assigned to the remote condition attend the discussion
remotely through the HMD and all of them visualize the 360-degree video with the same constant
quality.

Participants sign up for the test in groups of three people and these groups are maintained in each
test session. The reason behind this way of collecting participants is to ensure that the group
members have a previous relationship with each other, usually university friends, trying to avoid

differences in the interaction due to the different levels of relationship between the groups considered
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in the experiment. Each group of three participants tests in-person and hybrid meetings but in a

randomized order for each one.

5.3.4 Stimuli

The stimulus of this experiment is the interactive immersive communication itself. During commu-
nication, naturalness must be guaranteed. However, from the assessment perspective, the session
structure must be maintained to compare between test sessions and even between different XR
technologies. Then, the communication is based on a tool for everyday problem solving, the Six
Thinking Hats technique [164]. It allows participants to evaluate a task from six different points
of view. In this way, each perspective is deeply analyzed and explored to find a solution for the
task. Each different point of view is identified with a color hat. The motivation behind this is that
it allows an interactive communication while timings are guided and all participants explore the
same points of view in the same order for each problem. The color of the hats are: blue, green,

red, yellow, black, and white, explained in detail below.

e Blue Hat is in charge of controlling the decision-making process, gathering data, summarizing

it, and drawing conclusions.
e Green Hat represents the innovation, time of thinking about innovative ideas.
e Red Hat is focused on following feelings and supporting the opinions on those feelings.

e Yellow Hat represents optimism and emphasizes the advantages and positive aspects of the

ideas.
e Black Hat evaluates the dangers associated with each suggestion from a critical viewpoint.

e White Hat identifies objective data needed to make the decision in a successful way.

The blue hat, considered the moderator role, is assigned to one of the three participants, maintaining
it along the whole test session. We then decide the participant with the moderator role to attend
the discussion both as local and remote participant in the hybrid meeting and, obviously, as local
participant in-person condition, as shown in Figure 5.2. It results on three tasks to solve for each
test session. The reason of this decision is to consider the influence of the role in the experience.
The other two participants discuss the ideas based on a different hat (the same hat is assigned to

both participants at the same time) every two minutes.

The context of the tasks is tele-education. The participants of the experiments are students at the

Universidad Politécnica de Madrid who have experienced online learning due to COVID-19. Thus,
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the selected context, tele-education, is familiar for them, increasing the fluency of the conversation
and discussion. The tasks are: A) Evaluation of the tele-education methods, B) Finding new
ideas for tele-education, and C) Finding new ideas to conduct exams in tele-education. The tasks
proposed for in-person and hybrid meetings are randomized to avoid bias in the conclusions. The
blue hat opens each task by presenting it and launching some ideas to discuss and closes the task by
summarizing the ideas that have been discussed, which is the final phase that leads the participants
to find a solution for the assigned task. The order of the points of view/hats analyzed is selected
following the recommendations of the literature [164]. For the statement A the order of the hats
are: blue, white, red, yellow, black, green, and blue. For the statements B and C, the order of the

hats are: blue, white, red, green, yellow, black, and blue.

5.3.5 Experiment setup

In this subsection, we present an overview about the experiment setup: the material that local
participants need to carry out the session and the logistic of the experiment. From a high level

perspective, this information is presented to help the reader understand the experiment.

FIGURE 5.3: Remote participant attending the hybrid meeting through the HMD. Local participants
visualizing the remote participant at the tablet (cartoon avatar) and following the indications of the cards
on the table.

Local participants. In the in-person meeting condition, the three participants are in the same
room sitting around a round table. In this experimental condition, the researcher responsible for
the study is not present in the testing room, in order to mitigate any potential inhibitions that
participants may have regarding their speech and allowing them to speak freely. In the hybrid
meeting condition, two local participants are in this same room, presented in Figure 5.3. Local
participants are seated around the camera forming a triangle with the Owl. The capture element of
the Owl is located at an average eye level height approximately, in order to create the perception for

remote participants that they are seated at the same table as the local participants [135]. As can be
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observed in Figure 5.3, the tablet with the avatar of the remote participant is located immediately
below the camera. In this way, it is natural to look at in that direction for local participants and

it can enhance the social presence perceived by remote participants.

Figure 5.4 presents the material used by local participants to guide the experiment. Cards with
the colors of the hats are utilized in the specific order of colors determined by the task, provided in
an additional card. Also, a summary of the point of view associated with each color of the hat is
provided to facilitate participation. A timer is used to control the duration of the intervals between
hat changes (2 min). If the participant with the blue hat is in the local condition, she/he is in
charge of monitoring the time and introducing each of the hats. However, if she/he participates
as a remote user, the timing and presentation of the hats have to be done by one of the two local

participants.

FIGURE 5.4: Material used to guide the test session: timer, cards of six colored hats, summary of the
representation of the color of each hat, and tasks of the test session.

Remote participant. The remote participant is in another room with the responsible researcher
in case they had any problems during the task. He/She is located in front of a table to identify
the table of the local scene with physical one [54]. Also, he/she is able to spin around without any

limitation while seated on a swivel chair.

5.3.6 Methodology

Here, the methodology considered in the experiment is presented. Table 5.1 shows a summary of

the items evaluated in the experimental conditions.

Personal information. The following personal information is collected from the experiment
participants to characterize them. Specifically, age, gender, vision (corrected or normal), and

experience with VR (Basic: “I have used this technology less than 10 times”, Intermediate: “I have



Interactive Communication Assessment 63

TABLE 5.1: Overview of the questionnaire items asked depending con the participant condition and the
assigned role.

Quality Spatial Presence Social Presence Emotions Liking, Self-other
Participant Condition Role
(ACR) (PP1-PP4) (SP1-SP5) (I-PANAS-SF) overlap, Empathy
Moderator/Blue hat X X X X
Remote
Speaker/All hats X X X X X
Moderator/Blue hat X X X
Local
Speaker/All hats X X X X

used this technology between 10 and 30 times”, Expert: “I have used this technology more than 30

times”).

Quality. The aggregate quality is asked, following the literature [37], in the post-sequence ques-
tionnaire using the Absolute Category Rating (ACR) with the statement Please, rate the quality of
the experience. It is rated on a five-grade quality scale [25], where the categories: “Bad”, “Poor”,

“Fair”, “Good”, and “Excellent” are presented.

Presence. Spatial presence is collected from remote users. It is asked with four items adapted from
the state of the art and validated in other experiments in a similar scenario, such as in Chapter 4.
Specifically, spatial presence is measured with the following questions: [ felt I was present in the
places shown in the video (PP1), I felt surrounded by the actions in the video (PP2), I felt I was
sitting by the table at the place of the video (PP3), and I felt I could have reached out and touched
the items on the table of the video (PP4). The items were rated on a seven-point Likert scale (where

1 = “Strongly disagree” to 7 = “Strongly agree”).

The social presence is asked to remote and local participants in the hybrid-meetings. For remote
participants, the social presence is asked relative to local participants they view through the HMD.
For local participants, the social presence with respect to the remote user they view in the tablet is
asked. As spatial presence, it is assessed with five items adapted from the literature and validated
in other experiments in a similar scenario, such as in Chapter 4: [ felt that people were talking to
me (SP1), I felt that I was listening to the others in the video (SP2), I felt I was present with the
other people in the video (SP3), I felt like the people in the video could see me (SP4), and I felt 1
was actually interacting with other people (SP5).

Emotions. Emotions are asked with the I-PANAS-SF [167]. It is a 10-item version with 5-item
PA and NA subscales rated on a 5-level scale (where 1 = “Never”, to 5 = “Always”). Specifically,
Thinking about yourself and how you normally feel, to what extent do you generally feel: upset,

hostile, alert, ashamed, inspired, nervous, determined, attentive, afraid, and active.

In this part of the questionnaire, the questions are related with the perception of the participant

with the moderator role (blue hat), who is the reference in this assessment, based on [151]. For
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that, these items are asked in-person and hybrid meetings but only to the participants with the

speaker role.

Liking [151]. The first item is to consider the degree of positive attitude that participants have.
How much do you like the experience? Seven-level Likert scale (where 1 = “Not at all”, to 7 =

“Very much”).

Self-other overlap [151]. Eight questions about the similarity, bond, closeness, tie, link, close
association, connection, and shared identity, each on a 7-level Likert scale (where 1 = “Not at all”,
to 7 = “Very much”), are asked. Specifically, To what extent do you feel you are similar to the
participant with the blue hat? (Similarity), To what extent do you feel a bond with the participant
with the blue hat? (Bond), To what extent do you feel you are close to the participant with the
blue hat? (Closeness), To what extent do you feel you are tied to the participant with the blue hat?
(Tie), To what extent do you feel you are linked to the participant with the blue hat? (Link), To
what extent do you feel you are associated with the participant with the blue hat? (Association), To
what extent do you feel you are connected with the participant with the blue hat? (Connection), To
what extent do you feel you share identity with the participant with the blue hat? (Shared identity).
Last, participants chose a pair of circles from seven with different degrees of overlap (where 1 =
“No overlap”, to 7 = “Most overlap”) to describe their relationship with the participant with the
blue hat, following the IOS [165].

Perceived empathy [151]. At the end of the task, the participant with the moderator (blue hat)
role, summarizes the ideas to conclude the task. Then, the perceived empathy by the other two
participants is asked with To what extent do you think the participant with the blue hat empathized
with you when summarizing about your ideas? and rated on the same 7-level Likert scale (where 1

= “Not at all”, to 7 = “Very much”) than previous items.

5.3.7 Test session

Randomized for each group of three participants

: [ Pre-session E Post " Training —‘ Post Training | - Post |
Explanation dlicstonmae In-person meeting ucstionngie. I sslon | Hybrid meeting Gussbionnaie e Hybrid meeting Gurstorniee ||
One interactive task One interactive task One interactive task

FIGURE 5.5: Test session structure.

The structure of the test session is presented in Figure 5.5. The participants receive an information
sheet before the day of the assessment that explains the experiment in detail: the technique of the

six hats, experimental conditions, and the tasks to be discussed. This procedure is intended to
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allow participants to come to the experiment with ideas for each of the tasks, increasing the flow

of communication.

At the beginning of the experiment, they sign a consent form to treat their data in accordance with
the GDPR of the European Union. The assessment starts with the researcher in charge presenting
to the participants an overview of the assessment, called the “Explanation” part. Then, they fill the
pre-session questionnaire: a personal information survey to collect relevant data to characterize the
participants. The training session consists of an informal interaction to test the hybrid condition
and resolve any doubts about the system. It is carried out immediately before each hybrid condition.
For each of the three phases of the test session, a task (A, B, or C) is assigned. Each task is about
15 minutes, resulting in a test session around one hour. After each experimental condition, they
are requested to answer the post-session questionnaires to evaluate the socioemotional features of

interest.

5.3.8 Participants

A total of 27 participants (10 females, 17 males) with an age range between 20 and 36 (M=23.6,
SD=3.8) carried out this experiment. The technology from the remote side was tested by 19
participants. 89.5% of the sample of the participants reported a basic level of experience in VR

and the rest reported an intermediate level.

5.4 Experimental results

This experiment intends to propose methodologies closer to evaluations in realistic scenarios that
increase ecological validity. Given the novelty of this experiment, its complexity, and the sample of
the participants, the procedure is treated as a forerunner study to propose a methodology in a real
scenario that can be carried out on a massive scale. Nonetheless, it is a meaningful contribution
because this prototype has not been evaluated before in a structured way. The experimental results
section is divided into: quantitative and qualitative analysis. The discussion in detail of the results

presented in this section is shown in Section 5.5.

5.4.1 Quantitative results

The analysis of the results presented here is a quantitative analysis. It aims to obtain some inputs
to guide next steps of the research taking into account that, as already mentioned, the sample

of participants is not enough to obtain robust conclusions. Figure 5.6 presents the mean scores



Interactive Communication Assessment 66

and the associated 95% CIs of the quality obtained from local and remote participants in tasks A,
B, and C carried out in hybrid and in-person meetings. The MOS obtained for task C is similar
for in-person and hybrid meetings. However, for tasks A and B the difference between the MOS

obtained in in-person and hybrid meetings is higher.
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FIGURE 5.6: Mean opinion scores (y-axis) on a five-level scale obtained from 27 participants in each of the
tasks (x-axis) and presented by experimental conditions.
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FIGURE 5.7: Mean scores (y-axis) of quality, spacial, and social presence (x-axis) collected in this experiment
(Hybrid meetings) and collected in the previous test presented in Chapter 4. All ratings were provided by

remote participants. Note that quality was rated on a 5-level scale, while social and spatial presence were
rated on a 7-level scale. The number of participants of this experiment is not the same of the previous one.

Figure 5.7 presents the mean scores and the associated 95% CIs of the quality, Spatial Presence
Questionnaire (PPQ), and Social Presence Questionnaire (SPQ) provided from the remote users
in this experiment (hybrid meeting bars), and in the experiment presented in Chapter 4, in which

the communication was simulated (pre-recorded videos). Note that quality is rated on a 5-level



Interactive Communication Assessment 67

scale, while social and spatial presence are rated on a 7-level scale. In terms of spatial and social
presence, the mean scores obtained are quite similar. However, in terms of quality, the simulated
communication is rated lower.

TABLE 5.2: Summary of the results obtained from remote participants in the items: aggregate quality and
social and spatial presence.

Hybrid meeting Hybrid meeting L.
Questionnaire items Simulated Communication Significance
(remote = moderator) (remote = speaker)
M =4.333 M = 3.889 M =3.111
Aggregate quality (5-level scale) Fy69 =7.730,p < .0014713 =.183
(SD = .707) (SD = .782) (5D =1.022)
) M = 4528 M = 5.056 M =5.185
Spatial Presence (PPQ) (7-level scale) Fr69 =1.027,p = .36347112) =.029
(SD = 1.568) (SD = .882) (SD = 1.318)
. M =5.178 M =5.378 M =5.133 5
Social Presence (SPQ) (7-level scale) Fy 69 = .054, p = .947, ; = .002
(SD =1.317) (SD = .977) (SD = 1.287)

Table 5.2 shows the summary of the ratings collected for aggregate quality, SPQ, and PPQ and
the significance between them. Pearson & D’Agostino normality test is computed to validate the
normal distribution of each questionnaire item. The level of significance considered in the analysis
is 0.5. Due to the normality condition, the 2-way ANOVA is applied to examine significant dif-
ferences between simulated and interactive (hybrid meeting) communications. Then, Tukey HSD
test is performed to better explore the differences. It shows a significant difference between the
aggregate quality collected in the hybrid meeting (remote = moderator) and the simulated commu-
nication (p = .002). In order to fairly compare the scores collected in the two different experiments
(simulated and interactive communications), spatial and social presence data is transformed as in
Chapter 4. Specifically, arcsin(y/P/7), where P is the presence rating and it is divided by seven
because social and spatial presence are evaluated on a seven-level scale. Once the non-normality is

corrected, it is analyzed applying the 2-way ANOVA test without finding significant differences.
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FIGURE 5.8: Reported emotions (I-PANAS-SF) divided into the experimental conditions: in-person and
hybrid meetings.
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Figure 5.8 presents the mean scores of the -PANAS-SF items provided from the participants in
the experimental conditions (in-person and hybrid meetings). It shows that the means of the items
of the -PANAS-SF are similar for in-person and hybrid meetings.

TABLE 5.3: Summary of the aggregate quality and social presence evaluated by local participants in the
in-person and hybrid meetings. The results presented are independent of the role of the participants.

Hybrid meeting Hybrid meeting

Questionnaire items In-person meeting Significance
(remote = speaker) (remote = moderator)
M = 4.815 M = 4.250 M =4.111 .
Aggregate Quality X2 =13.054,p = .001
(SD = .395) (SD = .851) (SD = .676)
(5-level scale)
M = 5.463 M = 5.078
Social Presence (7-level scale) - X2 =1.412,p=.235
(SD = .938) (SD = 1.158)

Table 5.3 presents the ratings obtained from local participants in the hybrid or in-person meetings
about the aggregate quality and social presence. Due the non-normality of the aggregate quality
and the different number of collected data, Kruskal Wallis and Mann-Whitney U rank test as post-
hoc analysis are conducted. We find significant differences between in person and hybrid (remote
= moderator) meeting (U = 105,p = 0) and between in person and hybrid (remote = speaker)
meeting (U = 170,p = .027). The social presence collected from local participants is evaluated in
relation to the cartoon avatar presented in the tablet. In this table there is no distinction between
the role of the participants during the test session. The same procedure as with aggregate quality is
applied on social presence data and not significant differences are found between hybrid meetings.
TABLE 5.4: Summary of the results obtained from participants with the role of speaker in the question-

naires about: liking, self-other overlap, and perceived empathy. These items were asked in relation to the
moderator role (blue hat).

Hybrid meeting Hybrid meeting L.
Questionnaire items In-person meeting Significance
(remote = moderator) (remote = speaker)
M =4.944 M =5.750 M = 6.167 .
Liking (7-level scale) X2 =3.640,p = .162
(SD = 1.589) (SD =1.118) (SD = .786)
M =4.333 M = 4.900 M =5.611
Self-Other Overlap (7-level scale) Fr5 =4.279,p = .019, 7712) =.144
(SD = 1.534) (SD =1.252) (SD = 1.243)
M = 5.556 M = 5.800 M =6.333 .
Perceived Empathy (7-level scale) X2 =1.592,p= .45
(SD = 1.756) (SD = 1.281) (SD = .907)

Table 5.4 shows the summary of the items evaluated by participants that discussed the ideas of
each task (speaker role) in relation to the participant with the moderator role (blue hat). Due to
the non-normality of the liking and perceived empathy data, Friedmann test was conducted. It
shows that there are not significant differences between conditions in terms of liking and perceived
empathy. Due to the normality of the self-other overlap data, ANOVA and Student paired-samples
t-test with Bonferroni correction are applied to find significant differences between in-person and
hybrid meetings. In fact, we find significant differences between in-person and hybrid (remote =

moderator) meetings (to = —2.945,p = .027).
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5.4.2 Qualitative results

The analysis of the results presented here is a qualitative analysis. Analyzing the feedback obtained
in the free-form feedback gives us insights about what is important to users and which aspects of
the prototype work better, orienting the following steps of the research. The analysis has been
divided based on the topic of each comment. Starting with the technical comments up to those

related to the socio-emotional aspects, they are listed below.

Video

In general, participants had a good experience in the meeting but some of them found that the video
quality was poor to feel it as a real experience and, therefore, the sense of being there. Also, they
found difficulty with the superposition of real objects in the virtual environment (e.g., handheld

controllers), which hindered complete immersion.

Audio

Participants pointed out that most of the time they were able to hear and be heard well, increasing
the fluency of the hybrid meeting. However, at some points, the sound was distorted, distracting
them for the conversation. Additionally, they noticed a small delay in audio and other remote
participants were interrupted by local participants. In relation to interruptions, the communication
was less fluent and effective with the remote participant, specifically if she/he had the moderator
role. Specifically, it was difficult to introduce the remote one in the conversation, making him/her

start talking. They noticed similar interruptions as on web-platforms video calls.

Avatar

Some participants focused their comments about using an avatar in the hybrid meeting, finding it
distracting and not portraying the presence of the participant attending the meeting through the
HMD, specifically due to the lack of nonverbal signals, such as hand gestures. They suggested that
the experience would have been better if the avatar was more similar to the participant and had
more realistic movements and expressions. Overall, users felt that the avatar was not as effective as
being able to see the participant in person or through a live video feed. However, some participants
pointed out that the hybrid meeting with an avatar looking at them when they spoke was better

than just a voice call.

Comfort

Some participants experienced some dizziness, even a feeling of being overwhelmed, although they
got used to it throughout the task. They noticed that glasses were heavy and not comfortable at
all.
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Additional tools
Participants found limitations of not being able to take notes with pen and paper, affecting their
experience. Specifically, one participant commented: this technology may be suitable for discussion

or follow-up meetings, but not for note-taking meetings (from the remote side).

Six thinking hats technique and tasks

Participants found entertaining to debate current topics, such as tele-education, but also found that
the tasks were repetitive and monotonous, thus limiting the flow of conversation as there were not
many new ideas to discuss. However, they enjoyed the six hats technique to categorize different

viewpoints and address them in an interesting way.

Questionnaires
Some participants found that the questions during the meeting were quite similar, tedious to un-

derstand for someone not familiar with psychological surveys.

Differences depending on the role of the remote participant

Some participants highlighted some feelings about the role of the remote users in the hybrid meeting.
They believed that the remote participant’s role in the meeting is decisive for good communication
and that a proactive role benefits the communication and reduces the possible disconnection related
to technology. Generally, participants accomplished a better experience with the moderator in
person and with a colleague remotely. One reason given for that was that the moderator did
not know when to intervene, so they perceived the experience of interacting with the moderator
remotely as peculiar and not particularly engaging. From the point of view of a remote moderator,
some participants were comfortable with it but felt that it was less natural and they lost control
comparing to moderating in person. One of them concluded: FEven though I nod a lot and it can

be seen through my cartoon avatar, I prefer to be in person.

Although it was a minority, there were contrary opinions that considered that the remote participant
with the role of moderator was the best option because in that way the remote participant was not

ignored during the conversation.

Comments from remote participants

Remote participants shared their thoughts about feeling present but not getting the same attention
from local participants. They considered it was an interesting and interactive way of using XR, but
it was hard to remember what happened in the conversation. They found it to be an improvement

over regular calls but still need further improvement.

Comments from local participants

Some of the local participants indicated that they felt the remote participant was present, enhancing
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the fluency of the conversation. However, they were not able to offer him/her the same attention as

their local colleague. This appreciation was noticed from both sides, local and remote participants.

5.5 Discussion

This section discuss in detail the quantitative and qualitative analysis presented before. Specifically,
it is structured following the research questions posed during the design of the experiment and their

associated hypotheses investigated.

Regarding RQ1, we explore the hypothesis (H1): aggregate quality ratings can be affected compar-
ing assessments based on simulated or interactive communications. In terms of aggregate quality,
the analysis shows that interactive experiments improve it, which seems reasonable. Figure 5.7
shows that the average of the aggregate quality decreases in the simulated communication. As
presented in Table 5.2, there is a significant difference on the aggregate quality between conditions.
Specifically, the hybrid condition in which the remote participant is assigned to the moderator role
and a simulated communication. In this table the data is collected from the evaluations of the
remote participants. This difference is discussed, also relying on the qualitative analysis in RQ4.
However, this analysis supports the need to perform interactive experiments and increase the eco-
logical validity. Otherwise, aspects whose evaluations may be different in a real environment would

be analyzed, obtaining confusing results and conclusions.

Regarding RQ2, we explore the hypothesis (H2): spatial and social presence ratings can be affected
comparing assessments based on simulated or interactive communications. According to the results
of Figure 5.7, it does not seem that there are differences between the social and spatial presence.
It is corroborated with the statistical analysis presented in Table 5.2, which shows that there are
not significant differences between interactive and simulated communications in terms of spatial
and social presence. It should be remembered that in the simulated communication, during the
recording of the videos, the actors/actresses interacted with the camera, pretending that there was
a remote user. As a positive findings, we highlight that there is consistency on the questionnaires
used to evaluate social and spatial presence in similar experiments and the mean scores are quite

high.

Regarding RQ3, we explore the hypothesis (H3): if the collected data on H1 and H2 is consistent
with the one obtained in the previous experiment, the one presented in Chapter 4, the interactive
assessment allows the natural flow of a conversation and the assessment of socioemotional aspects.
Following the analysis of H1 and H2, we can assure that there is a consistency in the collected data

in terms of aggregate quality and spatial and social presence. Then, a technique as six thinking
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hats can work for interactive assessments. Additionally, the free-form feedback gives us optimistic
insights because this assessment works in terms of QoE. Despite the problems pointed out by some

participants, the experience was positive for most of them.

Regarding RQ4, we explore the hypothesis (H4): the different role and the interaction as local and

remote participant can affect the experience.

Table 5.2 has already been analyzed in terms of aggregate quality and presence evaluated by
remote participants. Table 5.3 summarizes the aggregate quality and social presence between in-
person and hybrid meetings from the point of view of the local participants. As expected, there
are significant differences in terms of aggregate quality between in person and hybrid meetings in
which the average of the ratings are quite similar. In average, these ratings are slightly higher
than the obtained from remote participants. In terms of social presence, there are not significant
differences between conditions from local or remote perspective. The social presence rated from
remote participants (table 5.2) is similar from the rated by local participants related to the social

presence perceived through the cartoon avatar on the tablet (table 5.3).

Regarding the role assigned during the experiment: moderator or speaker, it was initially chosen
randomly. However, during the experiments and by talking with the participants, we observed that
certain people might not feel comfortable in their role. The obtained feedback may have influenced
by this so, we propose to randomize the choice of the role of moderator by the users and by the

researcher in charge of the experiment to avoid its influence on the analysis.

Table 5.4 shows that the liking, self/other overlap, and perceived empathy ratings in the hybrid
meeting condition is higher than in in-person meeting from the point of view of the participants with
the speaker role. On average, the results of the hybrid meeting in which the remote participant is an
speaker differ from those found in the in-person meeting. However, a higher decrease in the feeling
of perceived closeness with the remote moderator is observed, along with an increased dispersion in
the results, on hybrid meetings in which the remote participant is the moderator. These findings
may be attributed to participants’ feedback indicating insecurity and a lack of clarity on how to
effectively act as a remote moderator, as well as the absence of tools to facilitate note-taking and

summarizing the ideas.

We assume that, since it is an interactive experiment, there are highly evaluated socioemotional
features in the literature that need to be assessed. Then, regarding RQ5, we explore the hypoth-
esis (H5): the interactivity of the experiment can involve other socioemotional aspects, such as

emotions.

Figure 5.8 does not present relevant differences between the experimental conditions in terms of

emotions, which makes sense since the tasks were discussion tasks in the context of tele-education
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in assertive mode. However, there are some categories of emotions that are more stimulated than

others. Specifically, inspired, active, determined, and attentive.

Regarding RQ6, we explore the hypothesis (H6): the elements highlighted in the free-form feedback

are elements that participants consider relevant for their experience.

Analyzing the comments, we structured the topic in categories that refers to the most relevant
elements noticed by participants. Specifically: presence, the quality of the video and audio, the
avatar, comfort, additional tools for the technology, and the six thinking hats technique. Presence

has already been discussed in RQ2, but the rest are discussed below.

Video and audio

Evaluation of the video has revealed that the quality offered by current 360-degree cameras and
display devices is still lower than the expected one, particularly compared with the provided by
traditional screens. Furthermore, audio has emerged as a crucial aspect in interactive environments.
This finding is a strong motivation to continue conducting experiments in interactive environments,
as audio had not previously been a significant topic of feedback from participants. Additionally,

interruptions in tele-meetings remain a persistent problem that has yet to be effectively addressed.

Avatar

Despite comments from some participants about how unrealistic the avatar is, the ratings of the
social presence of the local participants relative to the remote participant are not so negative,
presented in Table 5.3. On the other hand, in this experiment the cartoon avatar is a solution to
improve interaction but it was not a goal to evaluate it in detail. This result is in line with the
literature that states that more realistic avatars improve interaction [160], but it is still an open

question that needs to be addressed.

According to feedback obtained from the participants, it has been suggested that an intermediate
approach between utilizing a cartoon avatar and a photorealistic avatar would be to incorporate the
inclusion of hands, thereby enabling the avatar to gesture in a more natural manner. Despite these
considerations, the integration of a cartoon avatar into the system is an improvement in comparison

to not having feedback from the remote participant.

Comfort
There were few participants who reported dizziness or discomfort. Although it is a problem, the

devices are continuously improving.

Additional tools
The limitation of not being able to take notes is something that could be solved by proposing a

solution similar to the experiment in Chapter 4 in which the participants took notes on a whiteboard.
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This result validates what we observed in the experiment in Chapter 4 in which the visualization
of hands only affected the experience if there was a specific task to be done with them. Otherwise,
it is observed that the participants with the role of spekaer have not commented anything in this

regard.

Six thinking hats technique and tasks
Although the topic of tele-education could change between tasks, it was not done to avoid topics
with which the participants were more familiar than others. However, the tasks could be modified

for next experiments.

The six hats technique has demonstrated effectiveness in facilitating communication and preserving
the natural flow of the conversation. Given its success, the use of other techniques from the field

of psychology to increase the ecological validity of the studies can be considered.

Questionnaires

The feedback received regarding the questionnaires in this study aligns with previous observations.
It motivates the argument that the questionnaires must be clear, direct, and concise. It is the
responsibility of the researcher to carefully consider the design of the questionnaires in order to

minimize potential misunderstandings.

Furthermore, in experiments of such complexity, questionnaires do not provide information about
aspects that are not specifically asked. Even those that are asked cannot be guaranteed that
the participants have understood the question. However, valuable insights can be obtained from
participant free-form feedback, which can provide a better understanding of the strengths and
weaknesses of the experiment, as well as perspectives that may not have been considered during

the design phase.

5.6 Conclusions

This work presents an experiment design for interactive immersive communications that is replicated
while maintaining the naturalness of the communication. Due to the complexity of the experiment
and the number of participants that have been considered, the results can be used as a pilot studies

for future interactive experiments.

The results obtained in aggregate quality, spatial, and social presence have been compared with
those obtained in controlled experiments where communication was simulated. In terms of aggregate
quality, the interactivity of the session, as expected, increases the mean scores. However, the

mean scores of social and spatial presence remain similar. This is a relevant contribution since it
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shows the consistency of the methodologies applied. Therefore, these preliminary results validate
the proposed methodology to jointly assess technical and socioemotional aspects in interactive
communications. This also makes possible to analyze the influence that some technical aspects

may have on socioemotional, and vice versa.

As we already knew, the quality of the video for the participants is still a big limitation, even
for end users who are not experts in VR. In addition, this study has revealed the importance of
the audio quality and delay, as well as interruptions in the conversation, something that we miss
in previous experiments due to the simulation of the communication, serving as a motivation to

further investigate interactive experiments.

In relation to the cartoon avatar, although it is a solution if compared with just a voice call, the
local participants missed more gestures and non-verbal expressions, for example with the hands,

and realism in the representation.

Different trends have been observed depending on the role of the remote participant. These dif-
ferences have been motivated by the own character of the participants that made them feel more
comfortable with their role, by the lack of additional tools such as taking notes or being able to see
the material to guide the meeting from the remote side or the facility to interrupt and intervene
from the remote side. This leads us to consider exploring for what type of meetings and from what

roles and condition (local or remote), this technology can be more effective for hybrid meetings.

Since this experiment is based on a highly validated method, the Six Thinking Hats, other con-
tribution is the usefulness of including known tools that aim to communicate into interactive XR
environments. So, it is recommended to explore them instead of following scripts or simulate

conversations to create a controlled environment.

As a general conclusion, this experiment has shown the valuable inputs obtained, in this case,
from the free-form feedback that highly helps to understand the experience of the end-users and
support the quantitative analysis. Additionally, other aspects obtained from this feedback will be

considered to improve the experiment design.






Chapter 6

Tele-education Use Case

6.1 Introduction

The starting point to validate the prototype and the conclusions obtained from the proposed
methodologies is a tele-education scenario. Before COVID-19, this technology was already a so-
lution for those cases in which students must remain isolated or for those in rural areas who can
not access school for weeks [57]. The pandemic has caused millions of children and adolescents to
suffer confinement situations that have kept them away from their daily life at school. The most
common modality of a virtual lesson has been based on the use of conventional cameras to acquire
and transmit a small portion of the classroom, usually focused on the teacher and screen. This
entails that remote students may lose a lot of information about the classroom and their classmates.
As a consequence, there are students who have lost their performance in academic terms, but also
students who have psychological disorders, motivated mainly by social distancing together with a

feeling of fear and a deficit of social interaction.

Given this problem and the literature that demonstrates the benefits that 360-degree video commu-
nications can provide to end users, especially in teenagers where the acceptance of the technology
is very high, this chapter focuses on tele-education [172, 173]. It presents a study of 360-degree
video communications through a configuration of the prototype specially adapted for this use case.
Although immersive communications can significantly increase the user experience offering new
interaction and exploration possibilities [33], they still present issues related to the fact that the
remote user can only visualize the viewport, likely missing relevant information taking place else-
where. Thus, event occurrence or object presence notifications can help overcome these issues,
improving the offered QoE. This prototype is capable of detecting the events of interest, through

deep learning techniques, and notify them to the students that are using the virtual environment.

6.2 Prototype

Figure 6.1 presents the prototype proposed for the use case of tele-education and evaluated in this

work. It allows a 360-degree communication between the classroom and the remote client, the
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FIGURE 6.1: Architecture of the tele-education scenario.

student, who attends the lesson through an HMD [4]. Additionally, a video analysis module is
added to detect events of interest in the classroom scene and notify them to the remote students,
improving the QoE. In this work, two events of interest are considered: 1) students raising their
hands to ask a question, and 2) changes in the slide presented in the screen. The video analysis
module relies on Detectron2 [174] to detect and locate people (an example is presented in Figure 6.3)
and screens. For each detected person, we first classify the position as standing or seated by means
of a first Convolutional Neural Network (CNN). If seated, a second CNN is applied to classify if the
hand of the person is raised. Both CNNs follow a similar architecture to the VGG [175] network
with just three convolutional layers. Finally, to detect screen changes, the intensity changes within
the area of the detected screen are monitored along time. However, the study of the this module is
out of scope in this work where the main interest is focused on the evaluation of the usability and

acceptance of the developed prototype by remote students.

Notifications were displayed in the center position as it was the most noticeable location [176]. Once
the notification appeared, there were three options: A) if participants attended the notification, it
disappeared automatically when they looked at the interest area, B) if students chose to ignore the
notification, they could disable it with the handheld controllers, and C) if the notification was not
disabled and participants ignored it, it was removed by timeout. Two examples of notifications in

the immersive environment are presented in Figure 6.2.
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(A) Ezample of the notification of a student who (B) Ezample of the notification of a change of the
has raised her hand. slide

FIGURE 6.2: Example of accepted notifications of events of interest considered in tele-education scenario.

The bounding box frames the student who has been detected raising her hand. At the top appears, the

number of notifications waiting to be accepted, an arrow that indicates the direction in which the next

event of interest has occurred, and a check that indicates that the notification has been accepted. This is

also indicated by the color of the bounding box, yellow if user has not centered the viewport on the event,
or green when user has already looked at and therefore accepted the notification.

6.3 EVENT-CLASS database

Prior to the notification of events or objects in the virtual environment, these elements need to be
detected. To that end, deep learning techniques can be applied. Although most of the object or
event detection algorithms required in the considered scenarios have already been successfully used
in conventional video processing, the analysis of how deep learning techniques work on 360-degree
remains highly unexplored. In this sense, distortions caused by the projections used to represent
the spherical content should be considered. For example, in the commonly used equirectangular
projection objects get increasingly distorted as they move away from the equator [19]. Although
some works in the literature have applied corrections or transformations in the scene to preserve
the similarity with conventional contents [177, 178], it would be more appropriate to have directly
annotated training datasets of omnidirectional videos with acceptable video quality and the char-

acteristics required for the use case [179].

In this work, we present a dataset of 360-degree videos acquired in the context of education. Given
the lack of available datasets, the main goal is to contribute to the community with rich 360-
degree videos taking into account: a) acquisition perspective (actor or observer), b) scene (different
classrooms from the university), c) lighting (natural and/or artificial), d) camera location, e) density
population, f) several 360-degree cameras, g) resolution, h) framerate, and i) bitrate. Additionally,
in our dataset, the height of the camera approximately simulates the eye level of the remote student
sitting at his/her desk [135], since it provides a more comfortable experience [180]. We also presumed
that using this camera height may facilitate person detection with deep learning techniques trained
with conventional videos, given that people in the scene appear around the equator, which is the

least distorted area of the equirectangular projection.
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6.3.1 Specifications

To record the 360-degree videos for the dataset, we used four cameras: RICOH Theta V, Vuze
VR, Samsung Gear 360, and Insta360. The idea of using cameras with different specifications is to
enrich the variety of sequences in the database, including scenarios with low-cost devices, which can
support the extension of the technology to reach more schools and students. The main technical
characteristics of the sequences captured with the different cameras are described in Table 6.1 (and
in the folder of the dataset!). The raw material acquired with the cameras was stitched using the
software from the corresponding manufacturers to obtain equirectangular videos.

TABLE 6.1: Technical properties of the stitched sequences recorded with each camera.

Camera Resolution (pizels) Framerate (fps) Codec Bitrate (Mbps)
RICOH Theta V 3840x1920 30 H.264/AVC 56

Vuze VR 3840x2160 30 & 60 H.264/AVC 57
Samsung Gear 360 2560x1280 30 H.264/AVC 22 & 44

Insta360 3840x1920 30 & 60 H.264/AVC 62 & 126

The dataset already includes more than 50 videos (more than 9 hours of recordings in total).
The videos have been recorded at the Universidad Politécnica de Madrid considering different
classrooms, subjects, students, and professors. To increase the variability of the scenarios, we
consider a conventional classroom, a laboratory, where students are seated at their desks in front of
the computers, and an auditorium type classroom. Different lighting conditions are also covered,

with artificial lights in all environments and some of them also with natural light.

The recordings have been acquired during real lectures, increasing the spontaneity of the partici-
pants of the contents. All participants have been informed and signed a consent form that allows
us to make publicly available the EVENT-CLASS dataset in accordance with the GDPR of the

European Union.

The camera is located at a height of 150 cm, providing a comfortable experience for both standing
and sitting viewers [180]. Also, we consider the distance to the students and the professor to avoid
stitching artifacts in the videos. In relation to the acquisition perspective, we contemplate both,
the actor’s perspective, when the camera is located on the desk, and the observer’s one, when the

camera is located at the corridor, front-rows, center position, one side of the classroom, etc.

Additionally, audio has also been recorded, since it enriches the dataset and it would be necessary
if some content of our dataset is used in subjective assessments. The recordings were done with the
microphones of the cameras and their default configurations, and the languages are Spanish and

English.



Tele-education Use Case 80

The dataset is publicly available for research purposes [181] containing the videos and their charac-
teristics (e.g., resolution, framerate, bitrate, semantic descriptions, spatial and temporal informa-
tion [123, 182], etc.). More materials will be added soon: more videos, ground-truth annotations

for training and testing machine-learning algorithms for person detection, etc.

BE.99%

(A) Conventional classroom. (B) Auditorium classroom.

FIGURE 6.3: Examples of people detection obtained in equirectangular frames.

6.4 Evaluation of the performance of an immersive system for

tele-education

6.4.1 Related work

The interest in education and training through VR has received a great boost in several disciplines
from economics, political science or literature, to biology, art, or medicine [159, 183, 184]. In
fact, Stanford students and professors have decided to move the lessons to VR to learn about the
technology and abandon the web-based platforms, such as Zoom or Teams. The future of classes is
the metaverse, which is an ideal environment for dynamics to work and discuss in small groups [185].
Other studies have already analyzed the learning curve when the subject is learning through VR
platforms, obtaining noteworthy results [186], as well as how the engagement of remote users of

creative collaboration scenarios can be improved through immersive environments [187].

Several factors influence the experience of the users of immersive technologies and have been studied
in related works, such as immersion [188], spatial awareness [43], and presence [100]. In our work,
we mainly focused on presence, which is one of the most relevant socioemotional factors studied in
immersive experiences and we assume that it influences the social distancing problems detected in
the use case of tele-education. However, the main problem found in the literature, and corroborated
with the work presented in Chapter 3, is that this type of questionnaires evaluate factors that are not
useful in all type of applications and, sometimes, a large number of items are used. In the case of 360-

degree video communications, where an interaction is provided or simulated, presence can be divided
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into social and spatial presence. They can be influenced by the acquisition perspective: actor or
observer. Some adaptations of the highly tested questionnaires have been already validated in the
literature to consider this phenomenon [102]. This technology entails another factor that makes
the acceptance curve decrease, which is related to the fact that HMDs may not be comfortable and
cause dizziness or discomfort. Specific questionnaires such as the Simulator Sickness Questionnaire

(SSQ) [189] or the Vertigo scale [190] have been already validated to measure it.

In addition, although we did not find in the literature works related to the detection of events that
occur outside the viewport of the participant with the HMD, there have been some works related
to how to present notifications to the user. Some of these notifications can be: a message received
or an interaction in a social network [191]. Rzayev et al. [176] analyzed the effect of this type of
notifications taking into account the placement (the considered environment offered six DoF), task,
and environment. They proposed a methodology based on subjective questionnaires and objective
measures, such as missed notifications or response time. Likewise, several studies in the literature
explored different formats of notifications. George et al. [192] compared notifications with text,
spotlight or ambient light in two scenarios. They conclude that the notifications with text are the
ones that obtained the shortest reaction times, followed by the spotlight and the ambient light. In
addition, the spotlight is the only one with which notifications are lost. Taking this literature into
account, we based the presented methodology from studies which explore notifications that come

from the smartphone placed in the HMD used to attend the immersive session.

6.4.2 Research questions

In this section, the Research Questions (RQs) investigated in the experiment are presented:

¢ RQ1: What overall quality does the developed tele-education prototype based on 360-degree

videos offer?

e RQ2: Could the platform (immersive or non-immersive, such as Zoom or Teams) influence

the experience of the remote students?

e RQ3: Could the acquisition perspective and factors, such as camera location, influence the

experience of the remote students?

e RQ4: Could the camera, non-professional or professional, influence the experience of the

remote students?
e RQ5: Could this prototype offer a suitable solution for all types of classrooms?

e RQ6: Could the notifications influence the quality of experience of the remote students?
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To answer these questions, we have considered several conditions in the test to validate the proposed
prototype in the tele-education scenario. Specifically, to respond RQ1, we evaluated the overall
quality perceived by users at the end of the visualization of each sequence. Hypothesis H1 was
that the overall quality perceived by the participants was higher in the immersive than in the
non-immersive ones, since the source contents were the same and despite the limitations of the
HMD, other socioemotional aspects could increase the overall quality of the experience in immersive

systems.

To answer RQ2, we considered three experimental conditions: visualizing the 360-degree scene
with and without notifications, and one non-immersive simulating the type of platform that most
students were using when they could not attend lessons in person, such as Teams or Zoom. So, the
hypothesis H2 was that QoE of the participants was higher in VR with notifications than in VR,

and in both cases higher than in the screen condition.

RQ3, RQ4, and RQ5 are questions related with the physical conditions of the environment while
the acquisition and transmission of the scene. Then, we have looked for a 360-degree videos dataset
that considered several video specifications in terms of acquisition perspective, cameras, and types
of classrooms. To answer RQ3, we hypothesised H3 that actor perspective and centered location
provided higher QoE than observer perspective and aside location of the camera. To answer RQ4,
we chose three cameras, one professional (Insta360) and two non-professional (RICOH Theta V
and Samsung Gear 360). Hypothesis H4 was that there were perceivable visual differences between
the professional and the two non-professional cameras in the QoE of the participants. RQ5 leaded
to hypothesis H5, which assumed that the system offered a solution, without significant differences,

for the three types of classrooms considered: conventional, laboratory, and auditorium.

Finally, the RQ6 was proposed to analyze the usefulness of the notifications developed in the

prototype, expecting as H6 a good acceptance of them.

6.4.3 Experimental conditions

One of the main goals of this test is to compare the proposed prototype and the technologies cur-
rently used in tele-education. In order to control the environment of the experiment, the 360-degree
video communication was simulated. Participants visualized the same 360-degree videos, indepen-
dent of the experimental conditions, recorded in regular lessons at the Universidad Politécnica de

Madrid [193].

Three experimental conditions were considered in this test. Each participant evaluated two con-
ditions that were randomized and counterbalanced to avoid order and learning effects. Conditions

explained in detail are listed below.
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e Screen condition. Participants assigned to this condition visualized a viewport of the 360-
degree scene, centered on the professor and the slides, in a screen. This condition was the most

similar with the web-based platforms that are currently used in most cases of tele-education.

e VR condition. Participants assigned to this condition visualized the 360-degree scene,

without any additional tool.

¢ VR + notifications condition. The video analysis module was applied on the sequences
detecting the interest event and creating the notifications. Then, participants assigned to this
condition visualized the 360-degree scene and notifications appeared when an event occurred,

as presented in Figure 6.2.

6.4.4 Stimuli

Table 6.2 presents the main specifications of the SRCs. An example of each of the SRC is presented
in Figure 6.4. The motivation behind this selection was to cover a wide range of properties: two
videos acquired in each type of classroom (which also determines the lighting condition), three
cameras considered in the acquisition compared in pairs using the professional camera as reference
to avoid missing information due to the quality of the video, two acquisition perspectives, and two
camera locations.

TABLE 6.2: Main specifications of the video sources considered in the study in terms of the scene (class-

room type, acquisition perspective and camera location) and camera specifications (camera, resolution and
framerate, and bitrate).

Resolution (pizels) & Bitrate

Content Classroom type Camera Acquisition perspective Camera location
framerate (fps) (Mbps)
Case2 Laboratory Insta360 Observer Centered 3840x1920/30 4.47
Case4 Conventional Insta360 Actor Centered 3840x1920/30 7.81
Caseb Conventional Insta360 Actor Aside 3840x1920/30 3.89
Case7 Laboratory RICOH Theta V Observer Centered 3840x1920/30 8.38
Casel5 Auditorium Insta360 Actor Aside 3840x1920/30 4.22
Casel6 Auditorium Samsung Gear 360 Actor Aside 2560x1280/30 1.39

The SRCs were maintained in the PVSs, videos presented to the participants, used in the test.
It is based on the fact that the only process applied to the SRCs is the video analysis module to
detect the events of interest, send them to the mobile application, and finally, record the scene with
the notifications that appear in the virtual environment, resulting in the PVSs. The PVSs were
randomized during the test session avoiding the consecutive presentation of videos recorded in the
same classroom. The number of notifications events and people in the classroom are summarized

in Table 6.3.
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(D) Case? (E) Caselb (F) Casel6

FIGURE 6.4: Screenshots of video sources considered in the study.

TABLE 6.3: Number of notification events (raised hands and slide changes) that occur in the video sources
considered in the study and number of people in the scene.

Contents Raised hands Slide changes People in the classroom

Case2 2 0 20
Cased 1 2 12
Caseb 2 0 16
Case7 2 0 19
Caselb 0 2 10
Casel6 0 3 10

6.4.5 Methodology

Here, the methodology considered in the experiment is presented. A summary of the questionnaires
and location in the test session is presented in Table 6.4.
TABLE 6.4: Structure of the test session questionnaires divided into three points in time within the test

session: pre-questionnaire, before the start of the test; post-seq questionnaire, at the end of the visualization
of each sequence; post-cond. questionnaire, at the end of each condition evaluated by the participant.

. Pre-questionnaire (once) Post-seq. questionnaire Post-cond. questionnaire
Condition
Personal Simulator Sickness Quality Spatial Presence Social Presence Simulator Sickness Usability
VRSQ1 VRSQ2,3 Notifications (NQ)
information (55Q1) (ACR) (PPQ) (SPQ) (55Q2,3) (SU1-SU10)
Screen X X X X X X X X X
VR X X X X X X X X X

VR+notifications X X X X X X X X X X
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Personal information: For each observer, we collected age, gender, vision (corrected or normal),
experience with VR (Basic: I have used this technology less than 10 times, Intermediate: I have
used this technology between 10 and 30 times, Expert: I have used this technology more than 30
times), and experience attending online lessons, tele-education experience (Basic: I have attended
online lessons less than 10 times, Intermediate: I have attended online lessons between 10 and 30
times, Expert: I have attended online lessons more than 30 times). We use this information to

characterize the participants and guarantee the diversity in the sample.

Quality. The aggregate quality was asked, following the literature [37], in the post-sequence
questionnaire using the Absolute Category Rating (ACR) on a five-grade quality scale [25], where

the categories: “Bad”, “Poor”, “Fair”, “Good”, and “Excellent” were presented.

Presence. Spatial and social presence experienced by the observers were evaluated with five and
four questions, respectively, obtained from the state of the art [102] and tested in our previous
experiments in the same environment [54]. Observers provided ratings on a seven-level Likert
scale (where 1 = “Strongly disagree”, to 7 = “Strongly agree”). Specifically, spatial presence was
measured with the following questions: I felt I was present in the places shown in the video (PP1),
I felt surrounded by the actions in the video (PP2), I felt I was sitting by the table at the place
of the video (PP3), and I felt I could have reached out and touched the items on the table of the
video (PPJ). Likewise, social presence was measured with the following ones: I felt that people were
talking to me (SP1), I felt that I was listening to the others in the video (SP2), I felt I was present
with the other people in the video (SP3), I felt like the people in the video could see me (SP4), and
I felt T was actually interacting with other people (SP5).

Simulator Sickness. To evaluate the discomfort of the participants while visualizing the se-
quences, we chose one of the most tested questionnaires: SSQ [189]. It measures 16 symptoms
divided into three categories: oculomotor, nausea, and disorientation. They were rated on a four-
level scale (where 0 = “None”, 1 = “Slight”, 2 = “Moderate”, and 3 = “Severe”). In addition, a
single-question was asked: “Are you feeling any sickness or discomfort now?” [190]. It was rated

on a five-level scale (where 0 = “no problem” to 5 = “unbearable”).

Usability. System Usability Scale (SUS) considers general questions, applicable to different tech-
nologies, that assess how useful and functional the tested technology is [194]. SUS was evaluated
with 10 items rated on a seven-point Likert scale (where 1 = “Strongly disagree”, to 7 = “Strongly
agree”). I think that I would like to use this system frequently (SU1), I found the system unnec-
essarily complex (SU2), I thought the system was easy to use (SUS3), I think that I would need the

support of a technical person to be able to use this system (SU4), I found the various functions
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in this system were well integrated (SU5), I thought there was too much inconsistency in this sys-
tem (SU6), I would imagine that most people would learn to use this system very quickly (SU7), 1
found the system very cumbersome to use (SUS), I felt very confident using the system (SU9), I
needed to learn a lot of things before I could get going with this system (SU10).

Notifications. Based on the literature, to evaluate the notifications, a specific questionnaire
was adapted to the tested prototype [176, 191]. Then, participants rated seven items in a seven-
point Likert scale. I would be comfortable using this notification mechanism in VR (NQ1), These
notifications are annoying when using the HMD (NQ2), This system provides to me the notifications
I would like to receive (NQ3), With this notification system I have the feeling that I no longer lose
information (NQ4), How easy or difficult is it to notice the notification? (where 1 = “very easy”, to
7 = “very hard”) (NQ5), Once you notice the notification, how easy or difficult is it to understand
what it stands for? (where 1 = “very easy”, to 7 = “very hard”) (NQ6), How much of a hindrance
was the notification to the overall VR experience? (where 1 = “not a hindrance at all”, to 7 =

“totally an hindrance”) (NQ7).

6.4.6 Equipment and environment

The visualization of the contents in immersive conditions was carried out using a Samsung Gear
VR with a Samsung Galaxy S8. These devices were selected because they provide the user with
three degrees of freedom and acceptable quality, which are considered enough to attend an online
lesson. In addition, the price makes them accessible devices for a greater number of students and
therefore, a more realistic environment for the experiment. Due to the COVID-19 restrictions,
HMDs were covered with a mask to avoid any infection between participants. In addition, different
HMDs were alternated between consecutive participants and disinfected before each use. In the
non-immersive condition, screen condition, the content was displayed in a 20” screen. Participants

in all conditions heard the monophonic audio of the source contents through headphones.

The environment selected for the experiment was a quiet room, spacious to be able to maintain

safety distances and ventilated. Swivel chairs were used to allow movement of participants.

6.4.7 Test session

Figure 6.5 presents the structure of the session followed in the experiment. First, a brief explanation
of the experiment and conditions was presented to the participants. In addition, in this part of the
session participants filled in the consent form, necessary to attend the test and process their data

in accordance with the GDPR of the European Union. They filled in the pre-session questionnaire
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and once they completed it, they were ready to start the training session. The training session was
used to show the participants a short video of similar characteristics in order to understand the
dynamics of the experiment. Also, participants assigned to the VR+notifications condition, had the
opportunity to see how the notifications are presented and how they could ignore or remove them
in the virtual environment. Once the training session was over and their doubts were resolved, they
visualized a sequence and at the end they answered the post-sequence questionnaire. This process
was repeated with each of the six sequences evaluated with each condition. After the visualization
of the last one, they filled in the post-condition questionnaire and enjoyed a break of 15 minutes.
After this break, assuring that they were ready to continue with the test, each participant was
assigned to other condition and repeated the structure presented in Figure 6.5 from the training

session. The duration of the test session was approximately of 50 minutes.

Condition

Post-seq. Post-condition |
questionnaire | guestionnaire |

Training
session

Pre-session
questionnaire

Post-seq,
| questionnaire

‘ Explanation [ X ] .‘Seq. 6‘ Rest

Seq. 1

~1-2 min 15
min

FIGURE 6.5: Diagram of the test session structure. Each participant was randomly assigned to two different

conditions, so each participant carried out this part of the test twice. Then, the duration of the test session
was around 50 minutes.

6.4.8 Participants

A total of 42 observers (50% female, 50% male) participated in the experiment. Three participants
were eliminated because their scores were not collected correctly, resulting in a total of 39 observers
(48.7% female, 51.3% males). There were participants in the age range between 18 and 29 years,
with an M age of 22 and a SD of 2.631. Each observer tested two experimental conditions so, each
condition was evaluated by 26 participants and each video was rated 78 times. They received a

small financial reward for participating.

The gender was used to uniformly distribute participants under VR, VR+notifications, and Screen
conditions, guaranteeing a balanced sample. All observers were checked for normal or corrected-
to-normal vision. Following the literature, Snellen chart and Ishihara test were carried out before
the tests [25]. Additionally, the level of experience in VR use and tele-education were collected and
this information is presented in Figure 6.6. As can be observed, only 16.7% of the sample have
used this technology more than 10 times. On the contrary, only 2.4% of were not very familiar
attending online lessons. This result was expected because most of the participants were students

from the university and due to COVID-19 they have attended online lessons.
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FIGURE 6.6: Characterization of the 39 participants of the study in terms of their experience in VR and
attending online lessons.

TABLE 6.5: Difference in aggregate quality, spatial and social presence, and usability between the three

conditions.
Questionnaire items Screen VR VR+notifications Significance
' M=3038 M =335 M = 3.417
Aggregate quality (5-level scale) F5 450 = 8.274, p = .0004, 77]2) =.023
(SD =1.185) (SD=1.009)  (SD = 1.053)
. M = 2.686 M =5.011 M = 5.285
Spatial Presence (7-level scale) X2 =164.839, p=0, df =2
(SD =1.203) (SD = 1.284) (SD = 1.163)
. M = 2.678 M = 4.89 M =5.119
Social Presence (7-level scale) X2 =133.52, p=0, df =2
(SD =1.315) (SD =1.301) (SD =1.194)
M = 4.688 M = 4.562 M = 4.696
System Usability (7-scale level) X2=1, p=.39, df =2
(SD =1.095) (SD = .99) (SD = .896)

6.4.9 Experimental results

The main results obtained from the analysis are presented in this section. The factors that are
analyzed are those that are asked through questionnaires: quality, spatial and social presence,
simulator sickness, system usability, and notifications. We also indicate the research questions and

hypotheses addressed in each analysis.

The data has been analyzed depending on its nature. For normal distribution of the data, the
ANOVA was applied to examine the significant differences. Likewise, for cases where the distri-
bution was not normal, non-parametric tests were compute. Specifically, the Friedman test was
applied due to the dependence between the samples. As a post-hoc analysis, multiple comparisons
with Bonferroni correction were applied to examine the differences among the evaluated videos and
conditions. In all analysis, the considered level of significance was 0.05. Table 6.5 summarizes the
main results of the items evaluated in the experiment and the significance (F, p, partial eta-squared

77]3 between conditions).
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Quality. The aggregate quality, evaluated at the end of each sequence in all conditions, was
examined with the MOS and the associated 95% Cls, presented in Figure 6.7. The main goal was
to analyze significant differences between conditions and qualities, determined by the specifications
of the cameras used for the recordings. To better explore the significant differences between the
contents, a parametric analysis was applied, following the recommendations in the literature [117].
It is based on the fact that the evaluation of video quality on a 5-level score can be modeled by
a Gaussian random process [142]. ANOVA results show significant differences between contents
(F5 450 = 48.401, p = 0, n? = .335). There are significant differences between all the videos and
the Casel6, recorded with the Samsung Gear 360, which offers a much lower quality than the rest
of the tested cameras. In addition, there are significant differences between Case7 (M = 3.179;
SD = .922) and Case2 (M = 3.827; SD = .755; p = .001) and Case 5 (M = 3.627; SD = .969;
p = .027). This result means that there is a noticeable difference between attend a laboratory
lesson through a professional (Insta360) and non-professional camera (RICOH Theta V). These
result relates to our RQ4 and verifies our hypothesis H4 that non-professional cameras may provide
a lower QoE. However, the differences between other types of classrooms (RQ5/H5) or acquisition
perspectives (RQ3/H3) should be addressed in depth in future experiments. In addition, the results
obtained are the expected results in subjective quality assessments following the literature so, the

quality was not influenced by the specific use case and context of tele-education.

Screen

4 VR
VR + notifications ‘ {
: I ‘i
2 ‘ |
0 . .

Casel5 Caselb Case? Cased Caseb Case7
CONTENTS

Mean Opinion Score (MQOS)

=

FIGURE 6.7: The mean opinion scores (y-axis) on a five-level scale obtained from 39 participants, taking
into account that each one rated two conditions, who evaluated the perceived video quality at the end of
each sequence (x-axis). Error bars represent 95% CI.

As presented in Table 6.5, there are significant differences between the experimental conditions.

A parametric post-hoc analysis, Tukey HSD, was applied and significant differences were found
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between non-immersive and immersive conditions, VR (p = .007) and VR-+notifications (p = .003).
This result shows that the immersive systems can provide a higher overall quality in tele-education
than current technologies, as hypothesized (H1) for our RQ1, which can improve the experience of

attending a class remotely, answering our RQ2.

Spatial and Social Presence. Spatial and Social presence were analyzed aggregating the rates
obtained in the four and five items, respectively (PPQ and SPQ). Figure 6.8 presents the distribution
of the aggregated evaluations of social and spatial presence for each of the analyzed contents and by
conditions. From the figure we can obtain some insights such as that the three conditions offers a
similar, and very positive for immersive conditions, sense of social and spatial presence in different
types of class, responding to RQ5. Therefore, next study could focus on one type of classroom
to analyze different perspectives of acquisition and location of the camera to obtain more reliable

conclusions that respond to our RQ3.

Due to non-normal condition of the data, Friedman test was applied. As presented in Table 6.5,
significant differences were found between experimental conditions. Wilcoxon signed-rank test with
Bonferroni correction was applied to better analyze these differences. Significant differences were
found in spatial presence between non-immersive condition and immersive experimental conditions,
VR (p = 0) and VR+notifications (p = 0). Likewise, significant differences were found in social
presence between non-immersive condition and immersive experimental conditions, VR (p = 0)
and VR+notifications (p = 0). As expected, this result motivates the benefits of 360-degree video

communication to attend a lesson remotely, confirming our hypothesis H2 for the RQ2.

Simulator Sickness. As previously presented, the SSQ, highly tested in the literature, was used
to evaluate the simulator sickness. First, Figure 6.9a presents the histogram distribution of the
Total Score (TS) taking into account the two parts of the test session. As can be observed, the TS
values obtained during the session are low and therefore we can guarantee that all the participants
could attend the lesson remotely with this technology without symptoms or discomfort. This result
supports the appropriateness of the immersive solutions for tele-education (RQ2/H2), which provide
a high quality to the end users. Second, Figure 6.9b presents the global scores for each evaluated
factor, the TS, and the Vertigo Scale in the three points of measurements. The evolution presented
in this figure is ascending but the maximum values are in the expected range for both scales, SSQ

and Vertigo Scale [37].

System Usability. Observers evaluated the usability of the system at the end of each condition,
as presented in Table 6.4. Then, we analyze the usability of the experimental conditions aggregat-
ing the 10 items of the SUS and directly computing the average of the collected scores. Note that

some items on the scale were scored in reverse fashion, so the ratings were modified to calculate
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FIGURE 6.8: The aggregate Spatial Presence and Social Presence (y-axis) on a seven-level scale obtained

from 39 participants after the visualization of each sequence (x-axis) in three conditions. Error bars represent
95% CI.

the aggregate measure of usability. Friedman test was applied to explore differences between ex-
perimental conditions, but there are not significant differences between them. This result, related
to RQ2/H2 and RQ5/H5, could be explained based on the fact that the session was simulated
and participants had not the possibility to interact with theirs colleagues and professor. However,
we can assure that the system is useful and could be accepted in different type of classrooms. In

addition, the non-immersive condition is the one that the participants are currently using at the
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FIGURE 6.9: Simulator Sickness results obtained from the evaluations of the 39 participants at different
time points during the test session.

university, so they are more familiar with it. Non-immersive condition, whose usability has been

shown during this pandemic time, can be improved with immersive communications, as seen with

the quality scores.

TABLE 6.6: Notifications scores obtained from the evaluations of the 28 participants assigned to
VR+notifications condition at the end of the test session

Question Average (M) Standard
deviation (SD)

NQ1 5.429 116
NQ2 5.321 ”
NQ3 5.393 047
NQ4 5.643 L 988
NQ5 6.5 0.779
NQ6 5.893 0.0

NQ7 6.107 1080

Notifications. Table 6.6 presents the evaluations obtained for notifications. As can be observed,

the scores are very high, which means that the notifications have a positive impact and they

are useful for attending a lesson. This confirms our hypothesis H6 for the RQ6, showing that

notifications, such as those covered in this study, can be useful for the users of immersive tele-

education systems. Note that NQ2 and NQ7 were scored in reverse fashion, so the ratings were

modified to calculate the final ratings.
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6.4.10 Conclusions

This work presents a user study carried out to validate a remote communication system for tele-
education based on 360-degree video. This system streams in real time a class, detects events such
as changes of slides and raised hands, and notifies them to remote participants. This way, students
that are attending remotely the class may not miss any event happening in the physical classroom,
as it may happen when using conventional tele-education streaming services that only show an

small portion of the scene (e.g., the teacher and the slides).

The results from the study, in which a balanced group of 39 participants was involved, showed that
using immersive communications in tele-education scenarios significantly improve in social and
spatial presence perceived by remote students in the case of the use of tele-education. Additionally,
events of interest and notifications in the virtual environment of their detection are highly valued
and it can be stated that the acceptance of notifications is high. In this way, remote students can
explore and be aware of what is happening in the physical classroom without missing important

events.

Other conclusions obtained from the experiment are:

o As expected, there are significant differences in the overall quality. This means that despite
the limitations of the 360-degree cameras and the HMD used during the test session, the
quality is better than the obtained in the on-screen version such as Teams or Zoom. This
result is a motivation to continue researching in this type of environment that offers benefits

and feelings that are not determined purely by technical aspects.

e The results obtained from the simulator sickness questionnaires show that the use of this
technology does not cause severe symptoms or discomfort that can hinder its use in real cases

(considering sessions of 50 minutes as tested in the current experiment).

e Although the results for usability do not show significant differences between the three tested
conditions, this can be caused by the questionnaire used in the tests, which may not be
appropriate for the performed experiment, where no interactions were really involved, since

the participants watched recorded videos and not online classes.

Pre-recorded videos have been used in the experiment that, despite having been acquired in real
lessons, do not allow remote interaction with the classroom by the remote student. As future work,
this tele-education scenario with interaction should be considered. Also, testing more professional
and non-professional cameras in different environments would help to validate the prototype for

the use case. Finally, other relevant factors related to immersive experiences should be covered
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in future studies, such as immersion and awareness. This work can be a primary study for these

future works in which the proposed methodology could be used.






Chapter 7

Lessons Learned for the QoE
Assessment of Immersive

Communications

7.1 Introduction

The works presented previously have allowed us to understand some of the challenges presented
by the assessment of the QoE in XR technologies. Specifically, the possibility to understand the
two points of view that found in the research community, telecommunication and HCI research.
Thanks to this understanding, we propose a common framework to merge them that summarizes
and analyzes each of the stages required to design an experiment. The idea of conducting this
analysis and presenting the findings of this research in this way is to share what we have learned in
guidelines, which can be useful for developers, researchers, or service providers from different areas

and levels of expertise.

Research Questions: Hypothesis:
theoretical framework of statement of expectation
the research that poses of a result based on the
the questions to address factor of interest tested

Factor - Result

il
- ir
N/

Source: Condition: Participants: Feedback: Statistical
original determined by stimulus users who information analysis:
content to be the factor of carry out the generated by necessary to
used in the interest raised in experimental the validate the
experiment* the hypotheses tests participants hypotheses

*1t can be pre-recorded content or the real-time streamed scene during the XR communication

FIGURE 7.1: Theoretical framework of the stages necessary to design an experiment.
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The framework is presented in Figure 7.1. At the top half of the diagram, we have the concep-
tualization of the experiment. Following HCI research principles: an original research question to
generate hypotheses, typically about how the variation of a factor (independent variable) may affect
the result of the experiment (dependent variable). At the bottom half of the diagram, the framework
details the process to characterize this factor-result relation. It is based on ITU-T methodology
(e.g., ITU-T Recs. P.913, P.919): selection of source content for the experiment, preparation of the
test stimuli based on the source and the technical conditions evaluated in the experiment, collection
of feedback from participants, and statistical analysis of the results. Specifically, the analysis is

focused on: source, condition, participants, and feedback.

Our analysis is based on the reference configuration of the immersive telepresence scenario described
in Figure 1.2. Nevertheless, the guidelines provided could be easily applicable to other formats of

XR communication.

7.2 Source

The source content used in the evaluation, whether pre-recorded or streamed in real-time, greatly
influences the socioemotional aspects and QoE perceived by the participants [32]. Then, a correct
characterization of the source goes through homogenizing the origin of the stimulus evaluated by the
participants, removing noise and increasing the reliability of the comparisons between conditions,

results, and contributions. Here we present the most important aspects to take into account.

Initially, tests focused on the evaluation of parameters of the system in XR were based on practices
designed for traditional content. In terms of video quality evaluation, source content was selected
to cover a wide range of characteristics (e.g., color or texture). These methodologies can work for
the evaluation of parameters of the encoding and transmission chain in XR technologies with some
adaptations. However, if we also want to assess socioemotional aspects, we must take into account
higher level aspects, such as the acquisition perspective or the narrative of the source [54]. If only
questionnaires are used for the evaluation, the duration is chosen taking into account the number
of conditions to be evaluated. Following ITU-T Rec. P.919, it is important to find a balance
between the test duration and the limits of cognitive load and fatigue [37], avoiding discomfort in
the participants. Such is the relevance of cognitive load that there are subjective and objective
measures and even applications that measure it are being developed [195]. If biosensors are used
in the experiment, then the duration of the interactions should consider the minimum time that a

sensor needs to capture a biosignal to obtain results [196].
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Once the context and scene of the XR environment have been selected, the processing of this

information must be characterized objectively and semantically.

Regarding the objective characterization, spatial and temporal complexity of the content is
considered following ITU-T Recs. P.910 and P.913 to compute the SI and TI indicators. Video
quality offered during the test session must be evaluated to know the influence on socioemotional
aspects and in what situations it can be critical. To measure this, objective metrics can be used. As
summarized in Chapter 2, there are several options to apply objective metrics: on 360-degree video
planar representation or on the viewport if the objective metric has been created for 2D content,
or directly on 360-degree content if the objective metric has been adapted to the peculiarities of
this type of content. The issue with options a) and b) is the same as that with 2D content in
that there is sometimes a poor correlation between test results and human perception. In fact, our
work presented in Chapter 2 has shown that objective quality metrics designed for 2D contents can
be directly applied on planar representations. We also concluded that VMAF, the most relevant
objective metric for 2D content, on the planar domain outperforms the results of PSNR, WS-PSNR,
CPP-PSNR, SSIM, and MS-SSIM [52]. Although more research is required with other datasets and
comparing with other new metrics, it can be used to provide a good characterization of the visual
quality. An additional problem with option b) is that modelling eye movement and content saliency
is still a challenge [197]. Once SI, TI, and an objective quality metric have been computed, their
values must be reported with specifications such as resolution, framerate, bitrate, or encoder. A
common phenomenon that occurs in acquisition of 360-degree videos is stitching. It is strongly
recommended to avoid it, but sometimes it is not possible, so the camera should be carefully placed
to minimize the interference between the stitching and the area of interest or post-process the

scene [65].

For the semantic characterization it is necessary to report the spatial features, referring to
the camera location and the observed scene (space or objects). In XR communications the location
of the camera is the point from which users view the scene. Then, this information is important
to prepare the participant’s environment. Moreover, it is necessary to consider whether the remote
user with the HMD is standing or sitting to set the height of the camera at approximately the
average eye level [54]. Also, if remote users visualize the scene with a table in front of them, having
a physical table when performing the experiment will increase the association between the table in
the virtual environment with the real one. Likewise, the temporal features, referring to sudden
scene changes that can occur throughout the session, can explain different phenomena of the results

(e.g., camera motion which can increase the sickness of the participants).

The fact that users with HMD only visualize the viewport makes the acquisition perspective and the

placement of the camera more relevant. The acquisition perspective can be: first-person/actor’s
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perspective or third-person/observer’s perspective. At first it was believed that the freedom to
choose the viewport could cause a negative effect, the FoMO, on users [198]. This could be a
consequence of the fact that users can decide where to look at and miss events that may occur in
the rest of the sphere. However, it has been shown that FOMO does not affect presence. Even
the control over one’s viewing experience can cause Joy of Missing Out (JoMO), which refers to
the positive feelings that arise from the freedom to choose among mutually exclusive options [198].
We have found that a first person acquisition perspective and local people interacting with the
camera makes remote users feel like local participants are looking at them, waving, smiling at

them, increasing social presence [54] and, probably, JoMO.

This opens another discussion, if we use this XR environment for communication, we should en-
courage local users to interact more with remote users. In our scenario, local participants speak
to a 360-degree camera, which is not a natural interaction. Thus, the representation of the remote
participant in the local environment (e.g., traditional video, avatar, etc.) and the information that
is sent from the remote participant should be addressed by the effect it induces on the interac-

tion [199].

Additionally, the type of conversation also play a role in the design of the experiment. A discussion
can evoke higher level of social presence than everyday or educational conversations. This result is
in line with the capacity for persuasion and debate that 360-degree content offers and its possible

use to change attitudes (e.g., environmental awareness or gender equality) [200].

The premise is that XR allows a better transmission of the non-verbal part of a conversation than
previous technologies as, according to the literature, it makes a conversation more effective [30].
So, addressing the aspects that influence the transmission of this non-verbal part of communication
will improve the experience. These aspects range from system factors (e.g., the representation of
the remote user in the local environment) to contextual or human factors (e.g., the relationship

between the participants).

7.3 Conditions

After selecting the sources, conditions are applied to generate the stimuli that evaluate participants.
Each condition is a variation of the influencing factor considered in the hypothesis and each factor

an independent variable of the experimental design.

From the design perspective, conditions are classified into two categories: continuous and cate-

gorical, with different implications for the assessment methodology.
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FIGURE 7.2: Example of the condition-stimulus applied spatially on a 360-degree scene and the condition-
stimulus applied temporally.

Typical continuous variables are system factors related to communication or processing restrictions,
such as bitrate or delay. On the other hand, categorical variables are normally associated to user
experience design decisions (e.g., interaction method), system-wide restrictions (e.g., HMD), or
context factors (e.g., genre of source contents) that cannot be changed without interrupting the

session.

Here, we discuss the implications of the type of condition using two examples: video compression
as continuous variable and interaction method as categorical one. The analysis, however, can be

generalized to other conditions of the same kind.

7.3.1 Continuous conditions

Continuous Conditions can be applied spatially (e.g., encode each frame of the source content with
different qualities) and/or temporally (e.g., encode source content with quality fluctuations). Then,
the condition is either the encoding used for each area of the frame or the encoding used for each
segment of the source content. The result of the application of this condition on the source is the

stimulus rated by participants.

The spatial application of the condition is an intrinsic feature of the nature of the immersive en-
vironment. So, it is necessary to analyze the influencing factors in different areas of the scene.
Figure 7.2, in the left side, presents an example of three different encodings inside the viewport
(represented with different color) depending on where user is looking. 360-degree frames are pre-

sented in the most common planar representation, equirectangular projection. This type of solution
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is proposed to offer better quality within the viewport than in the rest of the frame [37]. This solu-
tion requires the adaptation of the encoding scheme throughout the session to the behaviors of the
users with low latency. The greatest interest appeared with the tiles from the H.265/HEVC stan-
dard [21] that divide the frame into independently encodable and decodable regions [197]. Despite
their potential, in a real-time 360-degree video transmission the following limitations are tackled:
1) Difficulty in adapting the encoding scheme to user behavior with low latency, 2) Decoding tiles
in real-time involves the use of high-capacity devices that often have a cost that is not accessible to
the majority of the population, and 3) the relationship of bitrate savings with the computational

and resources load that it entails is not worth it [201].

The options for applying the conditions temporarily are summarized in the right side of Figure 7.2.
The direct option is option 1 that applies the condition on all the source content. To make
comparisons, different conditions must be applied to the same content to be visualized and evaluated
by participants. Thus, testing multiple conditions requires that contents must be of short duration
and/or not many to not increase the duration of the experiment, making it unfeasible. This
limitation led to option 2, extracting a short clip from that source to apply the condition. In
this way, a battery of short duration clips with different applied conditions is generated. Once the
process is carried out with several source contents, the order of the visualization is randomized
for each participant in each test session. Applying these options, each short clip is visualized
and immediately evaluated. The process is repeated for each clip several times, depending on the
number of conditions. This scenario is unrealistic and viewing the same content repeatedly causes

users to lose attention due to fatigue [122], negatively affecting QoE.

Janowski et al. [125] propose option 3, an adaptation which avoids the repetition of the same
clip. It chooses several short duration clips from the same source sequence and assumes similar
characterization. In this way, a different clip is chosen for each of the conditions to be applied.
With this, it was observed that the feeling of fatigue was decreased and the quality of the video
could be evaluated while the scene remained mostly static. This assumption is applicable to a
communication environment where the camera is supposed to be placed in the same location during
a meeting without significant changes in the scene. However, since these clips are randomized for
the visualization and the selection do not have to be sequential, this option is not yet suitable for

a real-time transmission and interactive communication.

Finally, different conditions on the source content can be applied randomly with a fixed frequency
and duration, option 4. Multiple stimuli are generated by one source to which different conditions
are randomly applied over time. In the case of video compression evaluation, the stimulus is the
source with quality fluctuations, simulating unstable network conditions. The same assumption as

in the previous option can be made: the characterization of the scene is similar across the source
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and, therefore, video quality can be assessed during the viewing of the content. Although this
option has been less tested than the previous ones in the XR paradigm, it has many advantages.
The fatigue in participants could be removed and this stimulus allows the evaluation of the studied

system factors and how they affect QoE in XR real-time communication [122].

7.3.2 Categorical conditions

Categorical Conditions evaluate system design decisions that cannot be changed immediately be-

cause it would disrupt the experience.

Categorical conditions are usually combined with continuous conditions. To compare categorical
conditions, they should be randomized, and the continuous conditions analyzed in every categorical
condition should be the same. Pilot studies with pre-selected conditions help to direct the research
towards the most interesting ones, looking for significant or not significant differences between

conditions.

As an example, XR technology is powerful in making remote users feel like they are moving into a
virtual world. However, one of the great challenges it presents is related to the disruption with the
real world. When users want to interact with the real or virtual environment, realistic techniques

are needed that do not decrease the sense of presence.

Several works propose the use of augmented information to facilitate the interaction “with handheld
controllers or hands. We explored the visualization of the hands of the user (categorical condition)
applying color-segmentation techniques in a teleconferencing scenario [54]. We assume that the
visualization of the hands to take notes in the physical world would influence the presence. To
explore the impact of this categorical condition, we compared it with the condition in which par-
ticipants neither visualize their hands nor take notes. In this case, continuous conditions where
the same three contents that participants visualized in the categorical conditions. However, we did
not find influence on presence. Even it did not influence the answers to the questions about the
conversations. It means that XR technology as a communication platform is very powerful on its
own. Additional tools given to the user enhance the experience depending on the specific tasks and
use cases. However, they can add noise if the goal is to evaluate the technology in people’s daily
lives as a communication platform. Therefore, categorical conditions are highly dependent on the

use case.

The main works in the literature that have explored categorical conditions in communication use

cases can be grouped into three groups:
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e System specifications: 360-degree camera placement positions, HMDs, tablet, or other 2D

devices, etc.

e Interaction with the virtual environment: real hands, controllers, hand gestures, cursor

pointer, head pointer, etc.

e Self and others representations: realistic, full-body avatar, avatar without body, only hands,

etc.

7.4 Feedback

The methodologies used to collect the participants’ evaluations of the subjective assessments are
described here. Although there are other forms (e.g., biosensors), this analysis focuses on question-

naires.

7.4.1 Questionnaires

Like the conditions section, it is focused from the point of view of analyzing a purely systemic
factor, video compression, and a socioemotional factor, presence. However, the conclusions are

applicable to other factors of the system, human, and context.

Questionnaires can be used at the beginning, during, or at the end of the session depending on the
structure of the test and the factor evaluated. There are standardized questionnaires for the most
analyzed aspects in interactive XR environments (e.g., presence). Nevertheless, there is a lack of
methodologies that allow the joint analysis of system, context, and human factors, posing several

challenges to solve in our experiments.

The overall quality of experience is usually the first question asked at the end of the stimulus. It is
evaluated on a 5-level scale and the results are aggregated through a MOS. This is a recommended
question as it provides an overall experience score. Of course, it is an indicator that needs to
be supported by proper evaluation of other aspects. If differences are found between the tested

conditions, a deeper analysis and understanding of the origin of these differences is conducted.
Regarding video compression, the most relevant methodologies are briefly described below.
e Absolute Category Ratings (ACR) consists of evaluating short-duration clips encoded

with different qualities. This is the most proven methodology in 2D and 360-degree content.

It is used to analyze the factors that affect the visual dimension of communication. It is
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applicable with conditions such as those of options 1, 2, and 3, presented in Figure 7.2, and

the disadvantages and advantages have already been the discussed.

e Single-Stimulus Discrete Quality Evaluation (SSDQE) consists of presenting long-
duration contents encoded with quality fluctuations (option 4). Before each quality change,
the quality is rated. The question appears and the video continues to play in the background
without interrupting the narrative. It is suitable for the simultaneous assessment of video

quality and socioemotional features such as presence, attitude or attention [54].

e Single-Stimulus Continuous Quality Evaluation (SSCQE) consists of presenting long-
duration contents encoded with quality fluctuations. The difference with the previous one
is that participants are continuously rating the perceived quality with, for example, a slider.
Although this methodology is applicable to the same conditions as the previous one, it is
more demanding for the participants. The continuous task can influence, for example, the

attention to the conversation.

The XR environment is so wide and there is such a diversity of experimental conditions that all
elements of the questionnaires can not fit into the tested environment. Generally, many factors
are chosen to be evaluated and, therefore, the use of long questionnaires for each of the aspects
is not feasible. An alternative is to subsample these questionnaires. The problem is that these
questionnaire subsamplings are not always validated, which can lead to unreliable conclusions.
In relation to the evaluation of presence, we have experienced these challenges and compared
different presence questionnaires obtaining results that correlate but present differences, since the

questionnaires focus the evaluation of presence on different dimensions [54].

Based on this analysis, we decided to apply a questionnaire based on five items to assess spatial
presence, defined as the sense of being there, and social presence, defined as the sense that people
is talking to you [102]. The main motivation was that the items used are brief, clear, and perfectly

adapted to the teleconference environment under evaluation [54].

Standardized or specific questionnaires of the experiment can be supplemented by semi-structured
interviews or free-form feedback. With them, researchers can have a closer opinion from the partic-
ipants that can be relevant to explain some unexpected phenomena during the analysis of the data.
At the origin of subjective experiments, this type of interview was widely used, but the process-
ing and drawing of conclusions was laborious. Currently, semi-structured interviews and free-form
feedback are used again thanks to transcription and machine learning algorithms. The selection
between a semi-structured interview or a free-form feedback method depends on the research ob-

jectives. A semi-structured interview is useful when the goal is to obtain specific information, while
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a free-form feedback approach is preferred when the objective is to gather unbiased information

and provide participants with the freedom to express their opinions without constraints.

Our assumption in this regard is that the success of interactive XR environments rests on the fact
that the essential dimensions of the technology (e.g. video quality, latency, presence, accessibility)
are solved. It is necessary to find a way to assess these aspects during XR interaction avoiding abrupt
interruptions. Also, it is important to stop using questionnaires that are difficult to understand.
Therefore, great effort should be made in A) designing short item questionnaires using clear and
concise language, B) applicable in interactive sessions, and C) evaluating basic dimensions of the

technology.

7.4.2 Method of collecting ratings

The way to answer questionnaires in XR has not yet been standardized. In interactive XR ex-
periences, it becomes even more important because it can influence on the data collected from
participants. As Alexandrovsky et al. [202] conclude, there is no right or wrong solution, but re-
searchers must consider that asking questionnaires in the XR environment may place additional

mental demands on the participants.

Based on experience, questionnaires used during the communication (e.g., system aspects assess-
ment: video quality or latency) must be filled with applications that allow users to score them
within the XR environment (without removing their HMDs). It is motivated because it is typically
a single item evaluated at different points throughout the test session. Also, we have found that
asking a question in the XR environment every 25 seconds does not influence socioemotional as-
pects, such as social or spatial presence [54]. For this, it is recommended to use open-source tools

that can be customized with the items that researchers are interested in [96].

Additionally, the evaluation method must be taken into account (e.g., oral, handheld controller or
touchpad). It can influence users’ behavior, limiting their exploration of the scene and other aspects
such as attention or engagement. Gutiérrez et al. [37] concluded that rating orally could increase
comfort and, therefore, the exploration of the scene. However, in more realistic scenarios where
there is interaction, the use of the handheld controller is recommended as it is more natural than
the touchpad located on the side of the HMD [54]. Based on the responses of the semi-structured
interviews, participants concluded that the touchpad generated stress in them because pressing

other buttons could interrupt the session.

Answering questionnaires in the physical reality disrupts the immersive experience [202]. Focusing

on presence, Schwind et al. [108] reviewed validated questionnaires and concluded that there are no
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differences between evaluating presence with a questionnaire in the physical reality or in the XR, en-
vironment. This contribution is important since the use of long questionnaires in XR environments

cause discomfort to users, especially in those with less experience using the technology.

If questionnaires outside the XR environment are used, forms are often evaluated through web-based

applications. It implies considering the policies of the country to process and store the data.

7.5 Participants

The acceptance of a technology in society depends on the expectation of performance and the
expectation of effort [42]. This expectation depends on the population sample that is using the
technology. Most of the literature focuses on methodologies and experiments on specific XR ap-
plications and participants. This fact makes the reproducibility of the experiments difficult and,
therefore, limits the generalization of the results. Other works report unbalanced samples of partic-
ipants or do not even report gender, age or other differences. This fact can lead to a different level
of acceptance of the technology, creating a gap in the use of one of the communication technologies
of the future. Realistic environments that allow testing XR communications with a diverse part of
the population are required. This generalization in the sample also has an implication in the type

of tasks and questionnaires used, since accessibility must be addressed.

Researchers must characterize in detail the participants who perform the tests, taking into account
their basic personal information as well as any additional information that may affect the experi-
ence. For example, if the context of the conversations is international experiences, it is interesting
to consider the experience of the participants working or studying abroad [54]. Likewise, the as-
sumptions based on works from the literature must also provide a correct characterization of the

sample.

7.6 Conclusions

Here we present the best practices and guidelines in XR interactive experiments which steam from
our own research and from a comprehensive review of the literature. These guidelines are provided

to:

e tackle the assessment of the QoE to understand the influence of system restrictions (e.g.,

network bandwidth), while taking into account socioemotional factors.

e help researchers, developers, or service providers from different research areas.
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e contribute to build more realistic, transparent, and inclusive evaluation environments, in-

creasing the reliability of the conclusions and the acceptance of the technology.

Source. Source contents can be pre-recorded or streamed in real-time. Conditions are applied on
the sources to obtain the stimuli rated by participants in the test. Therefore, a correct and detailed
characterization, both objectively and semantically, of the source content is necessary to compare

conditions and respond to the hypothesis.

e Select the duration of the source considering the number of conditions to test, to find a

balance between test duration and cognitive load of the participants during the test.

e Compute and report SI, TI, and objective quality metric score and provide an objective
characterization of the visual quality that highly influences QoE. Also, report technical

specifications, such as resolution, framerate, bitrate, or encoder.

e Place the camera, which is the point of view of the user, at approximately the eye level of the
participants to increase the naturalness of the experience. Associate objects in the virtual

environment with the real one to increase the realism.

e Report abrupt scene changes during the session and consider their influence during the

analysis if unexpected results appear.

e Do not forget that the acquisition perspective (actor or observer) highly influences so-
cial presence. The camera can be located at actor/first-person point of view or observer /third-

person point of view.

e Take into account that the representation from remote users in the local environment influ-
ences the interaction. The fact of speaking to a 360-degree camera is not natural, so this
aspect is a key piece during the design because it can influence on the effectiveness of the

communication.
e Consider that the type of conversation can evoke different emotions and levels of non-verbal

transmission.

Condition. Conditions express variations of the influencing factor considered in the hypothesis.
They can be continuous (communication restrictions) or categorical (system decisions) condi-

tions and both types can be combined in the same test.

e Apply continuous conditions spatially to analyze influencing factors around the XR scene.
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e Choose the best option of continuous conditions temporally based on: number of stim-

uli, cognitive load for participants, and social interactivity during the test.

e Pre-select conditions to carry out pilot studies to focus the research on the most interesting

ones.

e Combine categorical and continuous conditions in the same experiment paying attention to

the randomization to assure reliable comparisons.
e Choose categorical conditions (e.g., video, interaction with the virtual environment, and self

and others representations) according to the tasks and use case of the test.

Feedback. These guidelines are based on questionnaires asked at the beginning, during, or after
the stimulus/test.

e Make the overall quality of experience the first question after the stimulus.

e Choose brief, clear, and well-fitting items to increase the accessibility.

e Include semi-structured interviews or free-form feedback to explain phenomena during

the data analysis.

e Do not interrupt the communication, but ask short items in the virtual environment

with the handheld controller to make it more natural.

e Use web platforms for questionnaires outside the XR environment and consider the policy

of each country for data treatment.

Participants. They are users who test the technology.

Characterize participants considering their basic personal information and additional in-

formation that may influence the results.

Consider the pre-experiment relationship between the participants. It can influence the

way they interact.

Base the decisions on previous works that report diverse participant samples.

Generalize the participants sample and tasks, guaranteeing maximum accessibility during

the evaluation of XR as a communication technology.






Chapter 8

Conclusions and Future Work

8.1 Conclusions

This thesis presents an evaluation of immersive communications from the technical aspects to the
socioemotional aspects. The research has followed an incremental line of research in which different
conditions of the prototype and the experimental scenario have been modified from a reference
configuration to understand the challenges of XR technologies in terms of QoE. The understood

lessons can be applied to other XR technologies.

One of the goals of this thesis was to evaluate the quality of 360-degree video as a significant factor
that impacts the QoE. Therefore, the use of the VMAF metric, one of the most robust objective
video quality metrics, was validated for this specific type of content. Since 360-degree video quality
still does not meet the expectations of end users, it is crucial to accurately measure it in order to
improve encoding schemes. Regarding the subjective evaluation, the use of a methodology, SSDQE,
has been validated. One of the main advantages of this methodology is that it can be used with
long-duration content in which there is a narrative and context, unlike traditional methodologies,
allowing for more realistic assessment scenarios that increase ecological validity. Furthermore, we
have validated that this methodology allows the simultaneous evaluation of socioemotional and
technical aspects. Therefore, it can be applied to evaluate other socioemotional and technical

aspects and understand the interaction between them from the perspective of the end-users.

The immersive communication system has been explored mainly from the point of view of the remote
user. First, we present the conclusions of the low-level decisions of the system. The interaction
with the virtual environment has been compared between handheld controllers and with the HMD
touchpad, resulting that the handheld controllers are more natural for the participants. Likewise,
the possibility of visualizing their hands has been analyzed, not finding an influence on the presence
or quality. However, the use case must be taken into account since in situations in which users have
to perform a specific task with their hands (e.g., take notes) it will be essential that they can use
them in a natural way. Second, we present the conclusions of the high-level decisions of the system.
It is important to think about the position in which the camera is placed, as well as the height at

eye level to increase the sense of presence. It has been observed that the ease of interruptions during
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immersive communications, as occurs with other video call systems, is strongly influenced by the
personality of the remote participant. However, the feedback provided by the local participants
regarding the remote user is crucial for the QoE of the remote participant as it allows the local
participants to interact with the capture element as if it were one of their peers in the conversation.
It should be noted that in order to carry out the assessments, 360-degree videos have been captured
and made publicly available in which the perspectives of the actor or first person or observer or
third person have been considered, as well as the height of the camera, lighting, or positioning of

the camera.

In this research, the use case of tele-education has been selected to analyze technology as a solution
for students who cannot attend lessons in person, causing them problems of social distancing. For
this, a video analysis module for event detection has been added to the immersive communication
system. This module analyzes the 360-degree scene and notifies events of interest in the virtual
environment of the remote users to help them follow the lesson remotely. The study of the notifi-
cations as an additional tool has shown a high acceptance by students. Both for the training of the
video analysis module and for the subjective assessment, a database of 360-degree videos of real
lessons from the Universidad Politécnica de Madrid has been generated and made public, in which

people and events of interest have been annotated.

In relation to the use of questionnaires in research, the main disadvantages is the lack of control
over participants’ understanding and that, in general, they are not fully adapted to the specific
conditions of the assessment. These limitations using questionnaires, that have been acknowledged
in the literature and corroborated in this research, lead to an increased use of semi-structured
interviews and free-form feedback to obtain more useful findings from the end user’s perspective,

also guiding future research steps.

As a practical contribution to the research community, we have summarized our current under-
standing of immersive communications and sharing best practices for designing experiments. These
guidelines are intended to serve as a useful tool for developers and researchers interested in eval-
uating immersive communication systems and overcoming technical limitations. In addition, all
guidelines are discussed from the point of view of performing experiments in more realistic scenar-
ios to increase ecological validity and reproducibility. The analysis is based on a common framework
for people of the community with different backgrounds and expertise level. Specifically, the ele-
ments addressed are: source, condition, feedback, and participants. We consider that having access
to this information in a transparent and easily accessible manner could be beneficial for researchers
in the early stages of their research as well as a powerful tool for people recently interested in

subjective experimentation.
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8.2 Future work

A natural step that we would like to explore is the generation of a battery of evaluation items
of socioemotional and technical aspects obtained from methodologies already used in previous
experiments. The motivation is to evaluate the aspects during the communication and not in post-
questionnaires at the end of the communication where there may be influence of the memory effect
or misunderstandings. From this, we would like to propose interactive communication sessions in
which the questions appear while technical problems, such as compression or transmission, are in-
troduced. The objective would be to go one step further in subjective experimentation, having an
interactive communication, a battery of questions that appear during the session, and an experiment
design that can be applied on a larger scale. At the end, the free-form feedback or semi-structured
interview from participants could be collected. Based on this, we could explore the application of
this type of assessment with several XR technologies, participant samples, and use cases. The goal
of the research would be to directly compare the effectiveness of different XR technologies as a
communication platform. This could include to understand how participants experience and inter-
act from local and remote conditions and how this condition affects their ability to communicate.
Overall, the aim of the research could be to promote the use of XR technologies as an effective

technology for communications and to increase the ecological validity of the assessments.

Other future line of research could be to assess the accessibility of XR technologies, as well as
identifying potential additional tools that may be necessary in order to increase accessibility for
those who are currently excluded. As we explained at the beginning of this thesis, acceptance
depends on the expectation of performance and effort. So far, we have focused our research on the
potential of this technology compared to current communication technologies, but the remaining

challenge is to investigate how to reduce this effort expectation for everyone.

The 360-degree video communications paradigm is in continuous development and evolution, lead-
ing to the emergence of new applications and use cases that present novel challenges to be addressed.
This thesis has also been guided by this (r)evolution of technology and research community, re-
quiring the acquisition of knowledge from multidisciplinary areas. Nevertheless, there is still a
significant amount to be learned. Thus, a potential direction for future research is the further de-
velopment of a comprehensive framework for evaluating and comparing different XR technologies

to make them a solution to current social distancing issues.
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e Student Experiences Around the World-dataset (SEAW-dataset):
https://www.gti.ssr.upm.es/data/seaw-dataset






Appendix B

Outreach Activity

Press articles

(2022) M. Orduna, P. Pérez, J. Gutiérrez, N. Garcia. “;Cémo influye el andlisis de la

interaccién en el éxito del metaverso?”. Madri+d, find it here.

(2021) M. Orduna, P. Pérez, N. Garcia. “Educative telepresence based on distributed reality:

a solution for tele-education”. BIT, find it here

Audiovisual media

(2022) M. Orduna Cortillas. “Quality, Presence, and Emotions in Virtual Reality Communi-
cations”. Doctoral Symposium Universidad Politécnica de Madrid - My thesis in a nutshell,
find it here.

Finalist award.

(2022) M. Orduna. #somoscientificxs - Initiative to promote science between High School
students.
(2021) M. Orduna Cortillas. “Comunicaciones inmersivas”. CuéntamellF - Iniciativa 11 de

Febrero, find it here.

Second prize.

(2021) M. Orduna Cortillas. “Quality, Presence, and Emotions in Virtual Reality Communi-
cations”. Doctoral Symposium Universidad Politécnica de Madrid - My thesis in a nutshell,

find it here.

Finalist award.

(2021) M. Orduna. Your thesis in a twitter thread: #hilotesis. RedDivulga-CRUE, find it

here.
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http://www.madrimasd.org/como-influye-analisis-interaccion-en-exito-metaverso
https://bit.coit.es/telepresencia-educativa-basada-en-realidad-distribuida-una-solucion-para-la-teleeducacion/
https://www.youtube.com/watch?v=WgG-IvcsDZA&list=PL8bSwVy8_IcPBN5Qjo3__q9Kno2TDUzXD&index=29
https://www.youtube.com/watch?v=oPTdfbYeFQ0
https://www.youtube.com/watch?v=ixBApVm1cCo&list=PL8bSwVy8_IcMeMFpKMv5T-jHQMmjjCe2-&index=36
https://twitter.com/martaRo__/status/1385552541417709570?s=20&t=1_2QND1LNxrR9TGL3wcPwQ
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Talks

(2022, 2023) M. Orduna. Selected researcher at #Escaparates11F organized by 11defebrero

and MadeinZGZ. Initiative to promote women in science in Zaragoza.

(2022) M. Orduna and E. Fitchmann. “From the lab to the market”. Digital Summit

organized by DigitalES, Spanish Association for Digitalization, find it here.

(2021,2022) M. Orduna. “Primeros pasos en investigacién. Realidad Virtual y Comunica-

ciones inmersivas” . ICT Professional Environment, Universidad Alcald de Henares (UAH).

(2021) M. Orduna Cortillas. “Entrevista a Marta Orduna Cortillas”. #voz11F - Podcast de

ciencia y divulgacién en femenino, find it here.


https://www.youtube.com/watch?v=C4XYGAYKtw4&list=PLvVmI5gV1x6-JAHVfKmqa-qKdsTx2QT6R&index=22
https://www.ivoox.com/en/voces11f-1-x-08-entrevista-a-audios-mp3_rf_73463801_1.html
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