
CHAPTER

1Streaming and User
Behaviour in
Omnidirectional Videos

Silvia Rossia, Alan Guedesa, and Laura Tonia
aDepartment of Electrical & Electrical Engineering, UCL, London (UK),

{s.rossi,a.guedes,l.toni}@ucl.ac.uk

ABSTRACT
Omnidirectional videos (ODVs) have gone beyond the passive paradigm of traditional video,
offering higher degrees of immersion and interaction. The revolutionary novelty of this tech-
nology is the possibility for users to interact with the surrounding environment, and to feel a
sense of engagement and presence in a virtual space. Users are clearly the main driving force of
immersive applications and consequentially the services need to be properly tailored to them.
In this context, this chapter highlights the importance of the new role of users in ODV stream-
ing applications, and thus the need for understanding their behaviour while navigating within
ODVs. A comprehensive overview of the research efforts aimed at advancing ODV streaming
systems is also presented. In particular, the state-of-the-art solutions under examination in this
chapter are distinguished in terms of system-centric and user-centric streaming approaches: the
former approach comes from a quite straightforward extension of well-established solutions for
the 2D video pipeline while the latter one takes the benefit of understanding users’ behaviour
and enable more personalised ODV streaming.
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1.1 Introduction
Over the past few years, the synergistic development of new mobile communication
services (i.e., 5Gmobile networks) and new cutting-edge portable devices (i.e., smart-
phones) have helped for a breakthrough in video streaming services. In this context,
the concept of immersive and interactive communication is spreading, identifying a
completely novel way of communicating with other people and displaying multimedia
content. Traditional remote communications (e.g., television, radio, video calling)
are no more sufficient tools for our society: humans are inherently social, in need of
realistic experiences, and traditional remote communications do not offer such full
sense of immersion and a natural experience/interactions [1]. The impact of realis-
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tic experience in remote communications would interest society on wide levels as it
addresses a compelling need in reducing environmental impact, in enabling remote
working, answering also natural emergencies needs (e.g., reduced travel in pandemic,
tornadoes, etc.). In this context, Virtual Reality (VR) is an example of immersive
technology which has already landed in our everyday life , with an impact ($21.83
Billion in 2021, with a projection of growth to $69.6 Billion by 2028 [2]) across major
economic sectors beyond entertainment, e.g., , e-healthcare, e-education, and cultural
heritage [3].

VR technology refers to a fully digital environment that replaces the real world
and in which the user is immersed, allowing the user to experience a completely new
reality. The revolutionary novelty introduced byVRand immersive technology at large
is indeed to provide viewers with the possibility to interact with the digital surrounding
environment, and with feelings of engagement and presence in a virtual space, even if
they are not physically there [4,5]. Specifically, presence refers to the illusory feeling
experienced by the user of being in a virtual environment different from the physical
one where they are actually located [4]. A condition necessary for presence is the
immersion which refers more to technical properties of the system that are needed to
simulate a realistic virtual environment [6]. Interactivity is instead the possibility
for users to change the virtual environment with their movements [7]. Thus, the role
of user interaction is crucial to “be present” in the virtual world: being able to move
naturally helps the illusion of being in a different place. Novel types of multimedia
content are therefore needed to ensure a sufficient level of immersion, presence,
and interactivity, which are the three crucial factors to guarantee high Quality of
Experience (QoE) in a VR system [8,9]. In particular, omnidirectional videos (ODVs)
(also named 360� or spherical videos), which captures a 360� scene instantaneously,
are emerged as a new type ofmedia content that promises an immersive and interactive
experience. The viewer is placed at the centre of the virtual space (i.e., viewing
sphere) and provided with a VR device – typically a Head-Mounted Display (HMD)
– he/she experiences a 3-Degree of Freedom (DoF) interaction with the content, by
looking up/down (pitch) or left/right (view) or by tilting their head from side to side
(roll), as shown in Figure 1.1 a. These head rotations enable free navigation within
the immersive scene as the user displays only a restricted Field of View (FoV) of
the environment around themselves, named the viewport, identified by the viewing
direction at any given time (Figure 1.1 b). Hence, the sequence of the user viewing
direction over time can be approximated by projecting the viewport centre on the
viewing sphere (Figure 1.1 c) and it can be used to identify the user behaviour in an
immersive experience. The new type of navigation within the video content shows a
clear evolution of the user’s role from merely passive in traditional video applications
into interactive consumers in VR systems.

The new format as well as the new way of consuming the content open the gate
to many promising VR applications, but also pose completely new challenges. One
key challenge raised from the interactivity level is the high resolution and low-latency
required to ensure a full sense of presence. The user needs to have ultra-low switching
delayswhen changing the displayed viewport to avoid discomfort. This can be ensured



1.1 Introduction 3

FIGURE 1.1

Navigation in immersive content: a) rotational head movements (pitch, yaw and roll);
b) navigation system on viewing sphere at generic time instant; c) navigation trajectory
over time.

by sending to all users the entire content at high-quality, assuming that the desired
viewport will be then exported during rendering. This solution is the first one that has
been proposed, extending the well-established and optimized methods for 2D videos
to spherical content. These methodologies are usually user-agnostic and aimed at
improving the overall performance through enhancements in the system. The main
drawback of these solutions is that they are extremely bandwidth-consuming (up to
43 MB/s for 8K spherical video [10]) since the entire ODV content is delivered to
final clients, pushing the available bandwidth to the limit, with a negative impact on
the final quality. In practice, only a small portion (typically around 15% of the entire
video [11]) of the overall content is displayed by the user, making these solutions
extremely inefficient. Recently, more attention has been put on the final users, leading
to personalized systems, which put the user at the center of the system and tailor every
aspect of the coding–delivery–rendering chain to the viewer interaction. For example,
only the predicted content of interest for the final user is pushed into the delivery
network [11]. The main aim of these personalized systems is to optimise the user
QoE but also to overcome ODV streaming limitations, such as reducing bandwidth
and storage usage. However, this comes at the price of requiring the knowledge of user
interactivity patterns in advance. Therefore, inspired by recommender system and 5G
network communities [12–14], we propose to name the first line of improvements as
system-centric streaming while the second one as user-centric streaming. Figure 1.2
shows this proposed taxonomy for ODV streaming solutions and all subcategories that
will be under examination in the following.

In this chapter, we provide an overview of the research efforts that have been
dedicated to advance ODV streaming strategies, with a specific attention to the more
recent user-centric systems. Due to this popularity, many surveys papers [15–24]
have been published already to summarise the main contributions to ODV streaming
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ODV streaming system

System-centric

Viewport-independent Viewport-dependent

Projection-based Tile-based

User-centric

Single-user design Cross-user design

Content-agnostic Content-aware

FIGURE 1.2

Proposed taxonomy of researches related with ODV streaming systems.

systems. Table 1.1 depicts these works visualizing their main topics of interest,
highlighting also the level of investigation across the end-to-end pipeline.

As it is evident from Table 1.1, the majority of existing surveys are deeply focused
on compression, delivery and quality assessment aspects. For instance, Zinket
al. [18] have provided a general overview of the main challenges and the �rst attempts
of solution per each step of the ODV streaming pipeline, from acquisition to the
�nal user rendering experience. Chenet al.[15] have mainly explored the most recent
projections methods aimed at improving video coding and transmissions, and reducing
video quality distortions. More insights on system design and implementations have
been described in [17,20,23]. In particular, both Fanet al. [17] and Yaqoobet
al. [20] have examined existing protocols and standards together with optimal ODV
streaming solutions. Ruanet al. [23] have instead investigated solutions for VR
systems but mainly from a network services perspective. Visual quality artefacts have
been deeply investigated by Azevedoet al. [19] describing their sources and features
at each step of the system; authors have also presented an overview of existing tools
for quality assessment (objective and subjective). Similarly, a deep focus on visual
quality assessment, together with attention models and compression, is given by Xu
et al. [22]. Authors have highlighted the importance of predicting where viewers
mainly put their attention during immersive navigation (i.e., saliency maps) to bene�t
the entire system since users are the �nal consumers. They have also partially
addressed the need of understanding behavioural features to help in modelling user
attention presenting the main outcomes from existing navigation dataset analysis.
Following this direction, the recent work presented by Chiarotti [24] has showed
the importance of estimating navigation path also for quality evaluation, neglecting
however the behavioural analysis. To the best of our knowledge, these are the only
existing surveys which explicitly brings out the importance of the new role of users
in ODV streaming applications, and thus the need of understanding their behaviour.
As shown in Table 1.1, behavioural analysis has been highly overlooked. One of the
main contributions of this chapter is to �ll in this gap by discussing in-depth the role
of the user in ODV streaming strategies.

The remaining of this chapter is structured as follows: Section 1.2 describes recent
advances in video streaming towards supporting ODV, from services popularisation to
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Table 1.1 Surveys related with ODV streaming systems. Level of investiga-
tion per each topic: mentioned; su�cient; deep.

Survey Acquisition Compression Delivery Rendering
Quality

Prediction
Behavioural

Assessment Analysis

Chenet al. [15]

He et al. [16]

Fan et al. [17]

Zink et al. [18]

Azevedoet al. [19]

Yaqoob et al. [20]

Sha� et al. [21]

Xu et al. [22]

Ruan et al. [23]

Chiarotti [24]

Our chapter

standardising. Section 1.3 provides an overview of coding and delivery strategies for
the system-centric streaming, especially introducing di�erences between viewport-
independent and viewport-dependent methods. Section 1.4 highlights the role of the
user behaviour in ODV streaming and lists datasets for ODV user analyses. Section 1.5
describes how such novel interactivity can drastically improve the status quo using
user-centric streaming. To conclude, we present �nal remarks and highlight new
directions in Section 1.6.

1.2 Streaming Pipeline: Evolution Towards ODV
In this section, we provide an overview of the ODV streaming pipeline. We start
with an historical overview of ODV to contextualize the �rst steps that opened the
gate to ODV streaming research, which is the main focus of this current chapter, we
then conclude by explaining how key components of the streaming pipeline, from
acquisition to rendering, have evolved and have been standardized to enable ODV
services.

Table 1.2 depicts the historical evolution that led to current technology used on
ODV systems. This evolution has been characterised by three key components: 1)
large-scale utilization of ODV applications; 2) ODV displaying technology; 3) tech-
nological advances in the streaming pipeline. The �rst service that appeared in
2007 based on omnidirectional content was the Google Maps Street View, which
allows users to virtually navigate on a street using a sequence of omnidirectional im-
ages [25]. After this, the ODV market has grown signi�cantly mainly when YouTube
and Facebook (and Vimeo) allowed the upload and share of 360-degree content on
their platforms in 2015 (in 2017) [29,30,36]. The interest in ODV systems then has
been grown exponentially: for example, BBC and the French cultural network ARTE
used 360-video for immersive documentaries. Now, 360-degree content is widely
used across multiple sectors (e.g., e-culture, entertainment, retail, live sports) ampli-
�ed even further from recent attention to metaverse applications. This widespread
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Table 1.2 ODV streaming historical timeline

2007 � Google launches Street View [25]
2011 � ISO publishes MPEG-DASH[26]
2014 � Google launches Cardboard and Facebook acquired Oculus. [27,28]
2015 � YouTube and Facebook social platforms allow ODV upload [29,30]

� MPEG standardised MPEG-DASH SRD to support tiled streaming[31]
2016 � BBC and ARTE begin sharing ODV content [32,33]

� Facebook proposes Pyramid projection [34]
� MPEG standardised HEVC encoding with Motion Constrained Tile Set[35]
� First viewport prediction algorithms

2017 � Vimeo platform allows ODV upload [36]
� YouTube proposes equiangular cubemap projection [37]
� First user navigation datasets for User Behavioural Analyses

2019 � MPEG standardised OMAF[38]
2021 � Facebook promotes VR towards metaverse applications [39]

of ODV services was further pushed by the advances on HMDs: in 2014 Google
proposed a a�ordable mobile-based HMD called Cardboard, while Facebook made a
two-billion-dollar acquisition of the HMD company Oculus. This has led to an ever-
growing desire for the users to experience ODV systems, highlighting the compelling
need for research advances and even standardising steps on ODV streaming pipeline.
The well known MPEG-dynamic adaptive streaming over HTTP (DASH)�de-facto
streaming solutions standardised in 2011 [26]� has been improved to enable ODV
systems ( italic and blue text in Table 1.2). Moreover, new sphere-to-plane projections
were proposed from Facebook and YouTube, namely pyramid (2016) and equiangular
cubemap (2017), to map the spherical content into 2D domain.

In parallel, DASH streaming was extended to the tile-based encoding that has
played a key role in viewport dependent streaming. The video content is spatially
cropped in di�erent bitstreams named tiles, each of those independently coded from
the other tiles, allowing for unequal quality levels [40]. This is possible thanks to
the HEVC Motion-Constrained Tile Set(MCTS) technology [35], which eliminates
dependencies between tiles, restricting the encoding of visual objects motion, also
called motion vectors (MV), at tile boundaries. Tiles from di�erent encoding quality
can therefore be combined in a single HEVC bistream and the reconstructed bitstream
is HEVC compliant and requires only a single decoder for the playback. The other
key aspect of tile-based streaming is the DASHSpatial Relationship Description
(SRD) [31], which enables the transmission of only a portion of the video to display
devices. This, in combination with multi-quality tile-based coding allows us to send
at high quality only the portion of interest to the VR user. This will be a key advance
in viewport-dependent streaming technologies (discussed in Section 1.3.2).

These above DASH extensions were then consolidated onOmnidirectional Media
Format (OMAF)[38], the �rst international standard for storage and distribution of
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ODVs; a result of the e�orts of MPEG, 3GPP and VR Industry Forum (VRIF)[41].
OMAF speci�es tile-based streaming, ensuring that the OMAF player rewrites the
encoded tiles syntax structures to merge them and decode them as one single bit-
stream [38,42]. Several tools have been proposed to experiment with OMAF: as
encoding tools, the Kavazaar [43] that easily supports tile sets; as players, the Fraun-
hofer OMAF.js1 and Nokia2. OMAF allowed the inclusion of other media types
beyond ODVs such as still images, spatial audio, associated timed text, multiple
viewpoints, and even a 2D video overlayed on the ODV [44]. These technological
advances and standardization pushed research e�orts to improve even further the
ODV pipeline to achieve better services in terms of bandwidth, storage, networking
caching, and perceived user quality. In the following, we describe the entire pipeline
from acquisition to rendering to show how this has been adapted from classical 2D
video to ODV streaming. Then, in the following sections, we provide an overview of
the main technological advances mainly from the coding and streaming perspective.
Initial e�orts were mainly focused on system-centric streaming, see Section 1.3. At
the same time, some researchers focused their studies on understanding how users
navigate within VR content (bold and green text in Table 1.2). By analysing users'
trajectories, these studies were able to develop viewport prediction algorithms (2016)
and make them available to the community with datasets of user navigation patterns
(2017). These datasets are intensely described in Section 1.4. These initial works
opened the gate to user-centric system research, described in depth in Section 1.5.

1.2.1 Adaptive ODV Streaming Pipeline

We now describe each processing step of the ODV streaming pipeline, focusing
mainly on MPEG-DASH [26]3, and highlighting the main novelties from classical
video streaming pipeline to ODV. Figure 1.3 depicts the adaptive ODV streaming
pipeline, with dash dotted green boxes characterizing the system-centric streaming
(on what we are going to focus on at the moment) and solid line blue boxes identifying
further evolution of ODV streaming toward user-centric ones � described in Section
1.5.

As already discussed in Chapter 3 of this book [46], the �rst step is theAcquisition,
which is di�erent from the 2D video counterpart due to the spherical nature of the
media format. Most ODV cameras currently capture an entire 360-degree �eld of
view using multi-sensor systems, in which the �nal picture is generated from multiple
inputs signals. These signals are then processed by a stitching algorithm where the
overlapping regions between the camera views are aligned and then warped in sphere
surface. To be processed by existing 2D media processing tools, the spherical content
is projected into a planar representation, which is usually calledPanorama. This is

1https://github •com/fraunhoferhhi/omaf •js
2https://github •com/nokiatech/omaf
3It is worth mentioning that other ODV streaming protocols (not purely DASH based) have been pro-
posed [45], however we mainly focus on DASH advances as this conceptually covers the majority of the
works.
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