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Resumo
Nos últimos anos, a popularidade do vídeo omnidirecional tem crescido de forma dramática, devido ao
aumento da capacidade de processamento dos computadores e dispositivos móveis, aumento das
capacidades gráficas 3D e devido ao aparecimento ecrãs de elevada densidade de pixéis. Atualmente,
um utilizador comum, com acesso a uma câmara de vídeo omnidirecional consegue produzir imagens
e vídeo omnidirecionais e transmitir este tipo de conteúdo através da Internet para ser visualizado em
head-mounted displays, tais como o Google Cardboard ou os Oculos Rift.
O vídeo omnidirecional requer ritmos de transmissão de dados muito elevados devido à sua alta
resolução, e idealmente, elevados frame rates para proporcionar uma experiência imersiva. Contudo,
as soluções atuais de codificação de vídeo não foram desenvolvidas para vídeo omnidirecional e por
isso, imagens e vídeo omnidirecionais ou esféricos são codificados com os codificadores standard, tais
como H.264/AVC e HEVC, depois de aplicada uma projeção retangular 2D. Portanto, esses
codificadores devem ser adaptados para se tornarem mais eficientes para este tipo de imagens e vídeo.
Deste modo, esta Tese de Mestrado tem a finalidade de desenvolver, implementar e avaliar uma
solução de codificação de imagem e vídeo com melhorias de performance em termos de compressão
ao usar uma solução adaptativa de codificação, onde as regiões mais importantes são codificadas com
melhor qualidade, enquanto as regiões menos importantes são codificadas com pior qualidade sendo
este processo controlado por um controlo apropriado do passo de quantização. Para determinar a
importância de várias regiões, é adaptado um modelo de deteção de saliência de aprendizagem
automática para imagens omnidirecionais que é capaz de identificar as regiões mais salientes, onde os
utilizadores fixam a sua atenção.
A solução proposta atinge ganhos de compressão com melhorias de qualidade quando uma métrica
apropriada é usada para a avaliação. Esta métrica objetiva de avaliação de qualidade é validada por
testes subjetivos cujos resultados estão altamente correlacionados com a métrica proposta.

Palavras-Chave: vídeo omnidirecional; HEVC; deteção de saliência; compressão de vídeo; codificação
adaptativa.
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Abstract
In the recent years, omnidirectional video popularity has been dramatically increasing, motivated by the
rising processing capacity of computers and mobile devices, 3D graphics capabilities and also the
emergence of high-density displays. Currently, a common user, with access to an omnidirectional
camera, can produce omnidirectional images and video and broadcast this type of content through the
Internet to be visualized in Head-Mounted Displays such as Google Cardboard and Oculus Rift.
Omnidirectional video requires very high bitrates due to its required high spatial resolution and, ideally,
high frame rates to provide an immersive experience. However, the current video coding solutions were
not designed for omnidirectional video and thus omnidirectional or spherical images and video are coded
with the available standard codecs, such as H.264/AVC and HEVC, after applying a 2D rectangular
projection. Therefore, these codecs should be adapted to become more efficient for this type of images
and video.
Motivated by this situation, this Thesis aims to design, implement and assess an omnidirectional
image and video coding solution with improved compression performance by using an adaptive coding
solution where the more important omnidirectional video regions are coded with higher quality while less
important regions are coded with lower quality with this process controlled by the appropriate control of
the quantization parameter. To determine the importance of the various regions, a machine-learning,
adapted omnidirectional image saliency detection model is proposed which is able to identify the salient
regions where the viewers fixate their attention.
The proposed solution achieves considerable overall compression rate gains with improved quality
when an appropriate quality metric is used for the assessment. This objective quality metric is validated
by formal subjective assessments where very high correlations with the subjective tests scores are
achieved.

Keywords: omnidirectional video; HEVC; saliency detection; video compression; adaptive coding.
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Chapter 1

Introduction
This chapter will present the context and motivation of this Thesis as well as its main objectives. Finally,
the structure of this report will be presented.

1.1. Context and Motivation
Omnidirectional video, also known as immersive video, spherical video and 360º video, is a video format
where visual information is acquired in every scene direction at the same time, see Figure 1(a). As it
covers all the directions around a specific point, the viewer position, it is possible to have an experience
where the viewer is able to navigate through any direction.
Naturally, this type of system requires a different technology from conventional video. The
omnidirectional video acquisition systems typically consist in multiple lenses which together cover a very
wide region or the entire horizontal and vertical 360º ranges, see Nokia Ozo in Figure 1(b). However,
the way the content is displayed, is perhaps the key reason for the existence of omnidirectional video.
Although it is possible to visualize an omnidirectional video in a regular screen, the main target is to be
reproduced in a Head-Motion Display (HDM) to provide the viewer a very immersive experience. This
type of devices is worn on the viewer head to boost the immersion experience, with the content displayed
very near the viewer’s eyes. Simultaneously, the viewer is able to change the viewing regions anytime
to have the sensation of physical presence inside the scene.

(a)

(b)

Figure 1 – (a) Omnidirectional video [1]; and (b) Nokia Ozo omnidirectional camera [2].
The first omnidirectional video system was developed in 1961, by Comeau and Bryan, two Philco
Corporation engineers, who built a system with a video screen for each eye and a magnetic motion
tracking system, which was linked to a closed-circuit camera [3], see Figure 2(a). Moreover, the head
movements would move a remote camera, allowing the viewer to naturally look around the environment.
1

After that, a few attempts on omnidirectional video and virtual reality systems have been made but never
with a great impact until the decade of 2000, when some omnidirectional cameras have been launch,
notably the Ladybug in 2005 [4], see Figure 2(b), and the Microsoft RoundTable in 2007 for
videoconferencing [5]. However, the big boom arrived with the rising processing capacity of computers
and mobile devices, high-density displays and 3D graphics capabilities, which led to the launch of
several Head Mounter Displays (HMDs), notably Oculus Rift [6], see Figure 2(c), released to the public
in 2014 and, later, others like HTC Vive [7] and Google Cardboard [8] which are also able to run Virtual
Reality (VR) applications and games.

(a)

(b)

(c)

Figure 2 – (a) Comeau and Bryan HMD [3]; (b) Ladybug camera [4]; and (c) Oculus Rift [6].
Omnidirectional video may be adopted in a wide range of applications due to the benefits it can
bring to the viewers. Currently, omnidirectional video is mostly popularized for entertainment and
broadcasting purposes which includes, for example, sports events, concerts and cinema. Yet, the
common user can also produce this type of content and broadcast it through the Internet using mobile
apps and social networks as Facebook [9] and YouTube [10].
This technology may also be used for training and simulation of real environments in industries like
military, medical and the space industry; for example, it may be useful in the engineering and
architecture domains for product design and assessment like cars, airplanes and ships, as well as for
civil engineering and construction through computed generated images; virtual tours are another
application that may be valuable for example in real estate, business stores, tourism, museums and
monuments; additionally, omnidirectional video may be suitable for surveillance and video conferencing.
Yet, omnidirectional video still faces some challenges, notably the required bitrates for a good
quality/resolution omnidirectional video are very high as it requires high spatial resolution, e.g. up to 8K,
high frame rates and at the same time the video can be stereoscopic or even multiview. As a term of
comparison, YouTube recommends the upload of 4K videos with a bitrate of 35 to 45 Mbps [11] while
the global average connection speed at the end of 2016 was 7 Mbps and only 25% of the global Internet
connections achieved an Internet speed higher than 15 Mbps [12]. This means that most of the current
connections cannot play a 4K YouTube video without interruptions and, naturally, this is even more
critical for omnidirectional video.
Additionally, low resolution is one of the most typical viewer complaints [13] in omnidirectional video
services. It is argued that, for a high quality experience, the currently adopted resolutions are not enough
and high quality omnidirectional video will only be achieved if a set of conditions is reached, notably the
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HMDs should have a screen with 40 pixels per degree omnidirectional video, the triple of the resolution
of 4K, around 12K, and a frame rate of 90 Hz [14].
In summary, omnidirectional video already requires very high data rates and these might increase
even more if the objective is to achieve a really high quality omnidirectional video experience. For this
reason, omnidirectional video requires efficient compression tools to accomplish the current and future
requirements.

1.2. Objectives
As previously referred, omnidirectional video has demanding bitrate requirements. Moreover, due to the
sudden growing popularity of omnidirectional video in the recent years, there are no efficient coding
tools specifically designed for omnidirectional video. For this reason, the currently available standard
video codecs, e.g. H.264/ Advanced Video Coding (AVC) and High Efficiency Video Coding (HEVC),
are used for omnidirectional video coding but this requires that the omnidirectional video is converted to
a 2D rectangular representation through 2D projections before coding. As a consequence, the encoder
input is a distorted representation of the omnidirectional video, which is not coding-friendly and at the
same does not exploit specific omnidirectional video characteristics.
For these reasons, the objective of this Thesis is to study the omnidirectional video characteristics
and current video coding solutions and develop tools that might be used in the currently available video
coding standard with the purpose of increasing their compression performance and final viewer
experience. This may include a clever allocation of the rate and quality considering the different viewer
impact of the various regions in the image, e.g. as expressed by an appropriate saliency map.
The proposed solution is a content adaptive codec that, by considering the output of a saliency
detection model that intends to identify the regions where the viewer tends to fixate his/her attention, is
able to reduce the bitrate for a target quality or increase the quality for a target rate by adaptively
allocating the rate/quality within the image, notably penalizing the regions that are less likely to be watch.

1.3. Report Structure
This Thesis is divided into five chapters, including this first one that introduces this Thesis motivation
and objective.
Chapter 2 presents a review of the existing technologies used for omnidirectional video and the
current omnidirectional video main coding solutions and tools.
Chapter 3 proposes a saliency detection model developed for omnidirectional video, including the
overall architecture, description of its processing modules as well as the performance assessment of
the proposed saliency detection model.
Chapter 4 describes the proposed omnidirectional video coding solution and presents its
performance using an appropriate assessment methodology, and meaningful test conditions and
metrics. A new objective quality metric based on the saliency maps is proposed and subjective tests are
performed to evaluate the proposed coding solution and the correlation between the subjective tests
and the objective quality metric scores.
Chapter 5 presents the final conclusions and suggest future work directions.
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Chapter 2

Omnidirectional

Video:

Basics

and

Main

Processing and Coding Solutions
This chapter has the objective to provide an overview on technologies for omnidirectional video. With
that purpose, first the basic omnidirectional video processing architecture is presented. And then, there
is review of the existing technologies used for omnidirectional video and the current omnidirectional
video main coding solutions and tools.

2.1. Basic Omnidirectional Video Processing Architecture
This section describes the adopted basic architecture to process omnidirectional video from acquisition
to visualization, see Figure 3. The processing is divided in a sequence of modules to make the
description of tools and solutions more structured and understandable.

Acquisition

Stitching

Projection

Coding

Visualizati
on

Viewport
Rendering

Decoding

Transmissi
on/
Storage

Figure 3 – Omnidirectional video system architecture.
At this stage, the modules in the adopted architecture are briefly introduced as:
•

Acquisition - Content has to be acquired what involves the use of a camera, and thus lenses and
additional hardware and/or software to allow different, relevant capture modes and functionalities.
Since a single lens is not able to capture a 360º horizontal and vertical view, more than one lens is
normally necessary, and multiple images need to be stitched, this means appropriately glued
together; for more limited angles, one lens may be enough or not depending on the target angle of
view. Yet, it is worth to refer that video may have different Field of View (FOV), be stereoscopic or
not and also audio can be mono, stereo and multi-channel.

•

Projection - The projection relates to the technique which is applied in order the acquired image
data may be represented in a rectangular format which is more appropriate to be coded, notably
with available standard codecs. After the projection, which is basically a transformation of the
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stitched image, the image is not spherical anymore and some areas may have been significantly
stretched, thus creating distorted zones. For example, this happens on the top and bottom of the
images transformed into equirectangular projections. This process may affect the coding efficiency
obtained with the available standard video codecs which are adapted to non-distorted images.
•

Coding - The coding regards the process where data is compressed to minimize the rate for a target
quality; currently mostly available standard video codecs are used. Other functionalities such as
random access may have to be also considered. As uncompressed video would require a very high
bitrate for the appropriate number of frames per second, it is even more relevant to compress video
with a 360º FOV; as this type of video considers a wider viewing angle comparing with common
videos, it requires a higher resolution to reach an acceptable quality, and consequently even higher
bitrates.

•

Transmission/Storage - Video is then transmitted from the source to the receiver, for example over
the Internet, or simply saved on a storage device to be reproduced later. Both systems have limited
rate capacity and thus the need for efficient coding.

•

Decoding - When the viewer wants to reproduce the content, the video needs to be decoded. This
is a process that ‘inverts’ the previously used coding technique although it typically involves much
less complexity as the most sophisticated and complex operations are performed at the encoder
when deciding how to ‘invest’ the available rate.

•

Rendering and Viewport Selection – Before the coding stage, the video had to be converted using
a certain map projection; however, the displayed format is not the same that is coded. Therefore,
rendering is necessary to transform the decoded video into a different format to be exhibited.
Naturally, since omnidirectional video has a wide FOV, the objective is not to watch the whole area
at the same time but instead to navigate on a reduced viewing area, having an immersive sensation;
thus, the viewing area selected by the viewer has to be extracted from the decoded data and only
that area is displayed. This process may depend on the type of content, e.g. stereoscopic video
needs a special treatment to handle both views.

•

Visualization - At the end, the viewer needs a display where the content is exhibited; the type and
sophistication of this device will determine the quality of the experience provided to the viewer. For
example, omnidirectional videos may be seen in a Head-Mounted Display, which allows the viewer
to control the viewing angle, e.g. by simply turning around, while the video is being played; the
viewer must be able to change the viewing angle whenever he/she wants without noticeable
displaying delays as these delays are one of the main reasons for viewer sickness and dizziness.

2.2. Omnidirectional Acquisition: Reviewing Available Cameras
Since the interest in omnidirectional video and Virtual Reality (VR) has been increasing in recent years,
companies began to develop cameras to produce appropriate content. Despite the purpose to capture
video panoramas with wide vertical and horizontal FOV, there are cameras with different characteristics,
notably spatial resolution, viewing angle, and image/video coding format.
To better understand the status quo, a review of the most relevant cameras in the with their main
characteristics is presented in this section. To make it easier to follow, the cameras are sorted according
5

to the number of lens as this is a main characteristic in defining the cameras capabilities and final viewer
experience with an impact also on the price. Quality and viewer experience are affected, for example,
when cameras use fisheye lenses which may create distortions close to the limit of the lens. This is
common in cameras with one to four lenses where each lens may target a large viewing angle.
As a main characteristic of these cameras is their FOV, this camera parameter is here precisely
described and illustrated, Figure 4. FOV is the angle, in the horizontal and vertical directions (H x V),
corresponding to the area captured by the lens or camera. Naturally, a full 360 o video representations
corresponds to 360o × 360o.

Figure 4 – Vertical and horizontal fields of views [15].

1) Single Lens
Kodak SP360 4K
Kodak SP360 4k, see Figure 5(a), is a camera with a 360º x 235º FOV that is able to produce full 360º
video with a dual camera base mount while stitching the video with PIXPRO SP360 Stitch Software.
Several capture modes are available such as photo, video, burst shots, time lapse, loop recording and
high speed movie. The main characteristics of this camera are:
•

Size and Weight: cubic shape with 48 mm x 50 mm x 52.5 mm and 128 g weight;

•

Lens: single Complementary Metal–Oxide–Semiconductor (CMOS) lens with 360º x 235º FOV,
12.76 megapixels, minimum focus distance at 50 cm and relative aperture 1 of F2.8.

•

Image: 2880 x 2880 pixels in Joint Photographic Experts Group (JPEG) format;

•

Video: 2880 x 2880 pixels at 30 fps in round 2 video and 3840 x 2160 pixels at 30 fps in flat3
video, saved in MP4 format with H.264/AVC (Advanced Video Coding) video compression and
bitrate reaching 60 Mbps;

•

Audio: stereo Advanced Audio Coding (AAC);

•

Storage: Micro SD/SDHC/SDXC up to 128GB;

•

Connectivity: Wi-Fi, Near Field Communication (NFC), Universal Serial Bus (USB) 2.0 and
Micro High-Definition Multimedia Interface (HDMI);

•

Battery: Lithium-ion (Li-ion) battery with 1250 mAh capacity, equivalent to approximately 55
minutes video recording [16];

1

Relative aperture (or f-number) is the ratio of the lens's focal length to the diameter of the entrance
pupil.
2 Image representation in round shape which is padded to fill a square shape.
3 Image representation in rectangular shape.
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•

Other characteristics: splash proof, shockproof, dustproof, freeze proof as action camera;

•

Price: $US 449.99 [16].

The most positive aspects of this camera are the considerable resolution for its FOV, the capability to
build full 360º video with an extra camera, base mount and the available stitching software. However,
this additional equipment duplicates the price and full 360º view becomes expensive.

360 Fly 4K
360 Fly 4K, see Figure 5(b), is a wide lens camera able to take photos as well as record video, timelapses and burst shots. With some action camera specifications, the main characteristics of this camera
are:
•

Size and Weight: similar to a flattened sphere, it has a height of 56.5 mm by 61 mm diameter
and 172 g weight;

•

Lens: single fisheye lens with 360º x 240º FOV, minimum focus distance at 30 cm and relative
aperture of F2.5;

•

Image: 3456 x 3456 pixels in JPEG format;

•

Video: 2880 x 2880 pixels at 30 fps saved in MP4 format with H.264/AVC video compression,
achieving a rate of 50 Mbps [17];

•

Audio: omnidirectional audio through two microphones; audio is saved in AAC Stereo at 48
KHz, 96 Kbps;

•

Storage: 64 GB internal memory;

•

Connectivity: Wi-Fi and Bluetooth 4.0;

•

Battery: Lithium-ion Polymer (LiPo) battery with a capacity of 1780 mAh, can record up to 1.5
hours;

•

Other characteristics: dustproof, shockproof and including sensors such as accelerometer, ecompass, non-assisted Global Position System (GPS) and gyroscope;

•

Price: $US 499.99 [17].

As a strong point, this camera combines a considerable resolution with some action camera
features. Price can be a weakness, especially considering it is a single lens camera.

(a)

(b)

Figure 5 – Single lens cameras: (a) Kodak SP360 4K [18]; and (b) 360Fly 4K [19].

2) Two Lenses
Samsung Gear 360
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Samsung Gear 360, see Figure 6(a), is a full 360º FOV camera that is able to capture photos as well as
record video, time-lapses and looping video. The camera itself stitches the videos to be watched and
streamed in Samsung VR Headset and Samsung smartphones. The main characteristics of this camera
are:
•

Size and Weight: similar to a flattened sphere, with 66.7 mm x 56.3 mm x 60.1 mm and 152 g
weight;

•

Lenses: two 15 megapixels CMOS fisheye lenses with relative aperture of F2.0;

•

Image: single lens generates 2560 x 1440 pixels and 7776 x 1728 pixels with dual lenses mode
in JPEG format;

•

Video: the stitched video has 3840 x 1920 pixels at 30 fps saved in MP4 format with High
Efficiency Video Coding (HEVC) compression;

•

Audio: stereo coding with MP3, AAC, M4A and OGG;

•

Storage: MicroSD card up to 128GB;

•

Connectivity: Wi-Fi and Bluetooth 4.1;

•

Battery: 1350 mAh Li-ion battery;

•

Other characteristics: gyro and accelerometer sensors and water and dust resistant [20];

•

Price: $US 349.99 [21].

The main disadvantage of this camera is that it is only compatible with Samsung devices; however,
in case of having compatible equipment, file transfer, sharing on social networks and streaming become
rather simple.
Ricoh Theta S
Ricoh Theta S, see Figure 6(b), is a camera able to capture full 360º video with automatic stitch and
noise removal for photos, video and time-lapse video. Automatic live streaming is possible via a
computer to be played on YouTube, for example. The main characteristics of this camera are:
•

Size and Weight: rectangular shape with 130 mm x 44 mm x 22.9 mm and 125 g weight;

•

Lenses: two 12 megapixels CMOS fisheye lenses 360º x 190º FOV, minimum focus distance
at 10 cm and relative aperture of F2.0;

•

Image: 5376 x 2688 pixels in JPEG format;

•

Video: 1920 x 1080 pixels at 30 fps saved in MP4 format with H.264/AVC video compression
at 16 Mbps bitrate;

•

Audio: stereo AAC;

•

Storage: 8 GB internal memory;

•

Connectivity: HDMI and USB 2.0 (1280 x 720 pixels video at 15 fps), both for live streaming;

•

Battery: built-in Li-ion battery with capacity of 950 mAh;

•

Other characteristics: additional information is not available;

•

Price: $US 349.99 [22].
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It is a viewer friendly camera that can share the content and broadcast in real-time on social
networks; however, the video resolution is low compared with competing cameras and considering
omnidirectional video.
LG 360 Cam
LG 360 Cam, see Figure 6(c), achieves full 360º video and photos with its two lenses. The stitching is
automatic thus allowing to easily share content on social networks like Facebook or YouTube. The main
characteristics of this camera are:
•

Size and Weight: rectangular shape with 97 mm x 40 mm x 25 mm and 77 g weight;

•

Lenses: two 13 megapixels lenses with 360º x 200º FOV with relative aperture of F1.8;

•

Image: 5660 x 2830 pixels in JPEG format;

•

Video: 2560 x 1280 at 30 fps saved in MP4 format with H.264/AVC video compression;

•

Audio: three microphones record the sound and produce 5.1 channels in AAC format;

•

Storage: internal storage of 4GB capacity with a micro SD card up to 2 TB;

•

Connectivity: Bluetooth 4.1, Wi-Fi, and USB 2.0 for remote control;

•

Battery: capacity of 1200 mAh allowing to record for 70 minutes;

•

Other characteristics: additional information is not available;

•

Price: $US 199.99 [23].

LG 360 Cam is the cheapest, lightest and smallest omnidirectional camera. Yet, the capture modes
are more limited than for other cameras and live streaming is not available, despite being possible to
share the content on some social networks.
Insta360 4K
Insta360 4K, see Figure 6(d), captures full 360º photos and video that are stitched in real time and
available for live streaming. The main characteristics of this camera are:
•

Size and Weight: rectangular shape with 158 mm x 74.5 mm x 48 mm and 445 g weight;

•

Lenses: two 8 megapixels CMOS sensors with 360º x 230º FOV and relative aperture of F2.0;
each sensor produces a 2048 x 2048 pixels resolution;

•

Image: 4096 x 2048 pixels in JPEG format;

•

Video: 4096 x 2048 pixels at 15fps or 3008 x 1504 pixels at 30fps; videos are stored in a
proprietary manufacturer’s format, that can be played and exported to MP4 through the
Insta360’s software studio;

•

Audio: Mono AAC 48 kHz, 128 kbps;

•

Storage: Micro SD card up to 32 GB;

•

Connectivity: Wi-Fi and USB.

•

Battery: capacity of 5000 mAh which means up to 100 minutes of video [24];

•

Other characteristics: gyro and accelerometer sensors;

•

Price: $US 600 [25].

This camera has higher video resolution than other cameras. Still, its price is considerably higher than
other cameras in the same range and its larger dimensions and weight are drawbacks as well.
9

(b)

(a)

(c)

(d)

Figure 6 – Two lenses cameras: (a) Samsung Gear 360 [26], (b) Ricoh Theta S [22], (c) LG 360 Cam
[23] and (d) Insta360 4K [24].

3) Six Lenses
Sphericam 2
Sphericam 2, see Figure 7(a), records full 360º videos with lossy and lossless compression up to 60 fps.
Stitching can be automatically processed in real-time by this camera and videos can be recorded
separately and stitched on a computer. Sphericam can broadcast a stitched panorama compressed in
H.264/AVC or 6 unstitched videos at a bitrate close to 800 Mbps through a USB-C port to a computer.
The main characteristics of this camera are:
•

Size and Weight: spherical shape with 65 mm diameter (87 mm with the aluminium housing)
and 400 g weight;

•

Lenses: six lenses where each sensor achieves 1280 x 960 resolution;

•

Image: photo mode not available;

•

Video: when stitched video is desired in real-time, 4096 x 2048 resolution is obtained, in 10-bit
colour, with approximately 800 Mbps bitrate [27]. For professional usage, Sphericam can
capture in nearly lossless quality up to 60 fps in cinema Digital Negative (DNG), and, at 30 fps,
entirely lossless. For compressed videos, it uses Motion JPEG (MJPEG) with a bitrate up to 800
Mbps or H.264/AVC with bitrate up to 150 Mbps;

•

Audio: four channels in MP3 or AAC format;

•

Storage: six micro SD cards with a limit of 768 GB (6 x 128 GB); with the highest quality (nearly
lossless raw quality at 12-bit) it can record for 85 minutes; it can also store the recorded video
into the computer’s internal disk;

•

Connectivity: Wi-Fi, USB and a general 8 pin port (RS422);

•

Battery: non-removable Lithium Iron Phosphate (LiFePo4) rechargeable battery with capacity
of 2600mAh, which corresponds to 60 to 90 minutes of operation; for longer operation times,
the camera can connect via USB-C to charge the battery and operate simultaneously;

•

Other Characteristics: internal motion sensor and GPS, especially useful for street view type
applications;

•

Price: $US 2,499 (in pre-order) [27].
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The strongest point is its flexibility in terms of quality and modes like lossy or lossless compression,
automatic stitching or post processing (and manual stitching) and live broadcasting. Yet, there are much
cheaper cameras with the same video resolution.
GoPro Omni
GoPro Omni, see Figure 7(b), is a cubic base mount with six GoPro HERO4 Black Cameras (one per
each side). Since video is recorded separately by these cameras, the stitching has to be done via
computer with the recommended Kolor video-stitching software. The main characteristics of this camera
are:
•

Size and Weight: cube with 120 mm x 120 mm x 120 mm (weight information not available);

•

Lenses: each camera records 2704 x 1520 pixels with relative aperture of F2.8;

•

Image: information not available;

•

Video Resolution: 7940 x 3970 pixels at 30 fps or 5638 x 2819 pixels at 60 fps in MP4 format
with H.264/AVC video compression up to 45 Mbps bitrate;

•

Audio: six channels in Pulse-code Modulation (PCM) 48 kHz, 96 kHz;

•

Storage: six MicroSD cards up to 128 GB each;

•

Connectivity: six mini-USB ports and a smart remote for remote control;

•

Battery: six rechargeable Li-ion batteries with capacity of 1160 mAh;

•

Other Characteristics: Additional information not available;

•

Price: The whole bundle with the rig and cameras costs $US 4,999.99 [28].

As advantage, GoPro cameras are known for their high quality, especially in action environments,
which together with its relatively high resolution regarding most of the other cameras, should capture
high quality videos. The disadvantage is the price which is high regarding other cameras with the same
purpose; moreover the streams are recorded in separate memory cards and it may become difficult to
transfer the files and stitch them.

(a)

(b)

Figure 7 – Six lenses cameras: (a) Sphericam 2 [27] and (b) GoPro Omni [28].

4) Eight Lenses
Nokia Ozo
Nokia Ozo, see Figure 8(a), is the first omnidirectional video camera specially designed for professional
viewers, like Hollywood directors, with features as live streaming preview. While the video is full 360º,
the stereoscopic view has 260º horizontal and 130º vertical FOV (top, bottom and back of the camera
are not stereoscopic). The main characteristics of this camera are:
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•

Size and Weight: spherical shape with 264 mm x 170 mm x 238 mm dimensions with camera
mount and 4.2 kg weight;

•

Lenses: eight lenses capturing 195º, horizontal and vertical, FOV at a minimum distance of 50
cm with relative aperture of F2.4; the lenses are spaced 86 mm between each other.

•

Image: information not available;

•

Video: files in MOV format containing eight channels with video compression wavelet-based
raw at 30.00 fps; each lens generates a Digital Picture Exchange (DPX) file with 2000 x 2000
pixels and 10-bit in (standard Red Green Blue) sRGB colour space; when stitched, the output
becomes stereoscopic with 3840 x 2160 pixels per eye;

•

Audio: omnidirectional with full-spherical area coverage originating eight channels of PCM
audio;

•

Storage: with 500 GB, it can record for 45 minutes, but external storage is able too;

•

Connectivity: Wi-Fi (Ozo Remote application for remote control) and HDMI;

•

Battery: rechargeable Li-ion;

•

Other characteristics: additional information not available;

•

Price: $US 60,000 [2].

First advantage is that this camera is maybe the only true camera specially designed for professional
purposes with features as live previews, useful for the directors. In terms of disadvantages, 30 fps seems
not to be enough according to the price and objective, especially considering this is a camera with
professional purposes. In addition, the stereoscopic video does not cover the whole FOV.

5) Sixteen Lenses
GoPro Odyssey
GoPro Odyssey, built by GoPro and Google, is a cylindrical rig with 16 synchronized GoPro HERO4
Black cameras, see Figure 8(b). Video is recorded and saved in separate memory cards to be later
uploaded to the Google’s Jump platform that builds the stereoscopic 360º horizontal and 240º vertical
FOV video (top and bottom parts are not captured). The main characteristics of this camera are:
•

Size and Weight: cylindrical rig with 65.8 mm height, 294.6 mm diameter and 6.57 kg
weight;

•

Lenses: each lens has 2704 x 1520 pixels video resolution in 4:3 aspect ratio with FOV of
195º and relative aperture of F2.8; the minimum imaging distance is 40 cm;

•

Image: photo mode not available yet;

•

Video: 8192 x 8192 pixels, via Jump, in MP4 format with H.264/AVC compression, reaching
a bitrate of 600 Mbps;

•

Audio: 16 channels (information about format is not available);

•

Storage: each camera has its own microSD card;

•

Connectivity: 16 mini-USB ports and port for an external microphone;

•

Battery: Li-ion 1160 mAh battery with support for external power to longer recording times;

•

Other characteristics: additional information is not available;
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•

Price: kit with rig, cameras and software costs $US 15,000 [29].

This is one of the few cameras able to capture stereoscopic video with a resolution higher than all
the other options. However, the 16 separate streams need to be processed and uploaded; if the Jump
platform is used, it can be time consuming since high amounts of data have to be transferred.

(a)

(b)

Figure 8 – Eight lenses cameras: (a) Nokia Ozo [2]; Sixteen lenses camera: (b) GoPro Odyssey [29].

6) Summary of existing omnidirectional cameras
The first conclusion to be drawn is that most of the cameras are aimed to common users, with automatic
stitching, sharing functionalities and reduced dimensions. On the other hand, there are not many
cameras focused on high-end consumers like movie directors. This is reflected on the prices that divide
the cameras into two main categories: less and higher than $US 1000. In general, more expensive
cameras can achieve higher resolutions and/or frame rates, lossless compressed videos and
stereoscopic video.
A more detailed description about image and video processing capabilities was desirable; however,
for most the cameras, only information about the formats and codecs is available. Still, it is clear that all
the cameras use JPEG to compress the images because compression is not so important, since image
files sizes are much smaller than video files, and JPEG decoders are nowadays present in any device.
In terms of video codecs, most the cameras use the H.264/AVC or HEVC standards due to their high
efficiency as the omnidirectional video resolutions are rather high. Audio is mostly compressed in MP3
and AAC format also due to the efficiency and compatibility of these formats.
Although the number of cameras is growing, there are still some limitations. First, line artifacts due
to stitching may be visible, mainly when the processing is automatic or when objects are close to the
camera. Also, the resolution that is good enough for regular rectangular videos may be insufficient for
omnidirectional videos leading to poorer quality [30].
Summarizing, omnidirectional cameras are evolving very quickly and new solutions are expected to
appear in the future with new functions, improved characteristics, eventually new coding methods for
omnidirectional video, video players and network and storage capacities.
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2.3. Mapping Projections: from Spherical Video to 2D Rectangular
Video
After their acquisition and stitching, omnidirectional videos need to be coded. However, as most
common video codecs (notably the standard ones) only code rectangular frames, so it is first necessary
to map the omnidirectional video into a 2D rectangular shaped video. The transformation from a
spherical to a rectangular shape implies that the video information has to be stretched in some parts
which implies that a unitary area on the sphere typically has a different, non-unitary, size on the
rectangle. As some spatial distortion is created in this process, the current standard video codecs such
as H.264/AVC and HEVC may show performance weaknesses since some tools may become less
efficient and optimized for this type of content. While omnidirectional video can be coded without special
care about the projection used, this issue has recently attracted significant attention to overcome as
much as possible the eventual coding weaknesses. Studies about the impact of various projection in
terms of coding efficiency has concluded that a more conscious choice and design of the adopted
projections should be made [31]. The most commonly used projections used before video coding are
described in this section, organized according to the type of projections involved; it is relevant to highlight
that only some of the projections here described consider in their design the eventual coding issues.
To understand the projections defined next, it is first important to present a definition of the spherical
and rectangular coordinates. Considering that the several video frames corresponding to the various
views are stitched together on a base sphere, it is appropriate to define a sphere with latitude 𝜙 ∈
[−𝜋/2 , 𝜋/2] and longitude 𝜆 ∈ [−𝜋, 𝜋]. The sphere surface reference point is assumed to be at 𝜙 = 0
and 𝜆 = 0; this is a point on the equator that should not suffer distortion with projections and it is placed
in the center of the projected image. The sphere is to be mapped to a 2D rectangular area, where 𝑥 is
the horizontal position and 𝑦 is the vertical position where the (0,0) position is at the center of the
projected image. When projected, the sphere pixels assumed with unitary area (1 × 1) are stretched
according to factors ℎ and 𝑘, the so-called stretching scale factors defined along a meridian of latitude
and a parallel of longitude on the projection, respectively, see Figure 9 [32]; this means in practice that
a spherical area with size 1×1 becomes a rectangular area with size ℎ×𝑘. Naturally, when the stretching
scale factor is lower than 1, shrinking and not stretching occurs instead. The projection coordinates are
assumed to be based on the spherical coordinates, meaning 𝑥 ∈ [−𝜋, 𝜋] and 𝑦 ∈ [−𝜋/2 , 𝜋/2], however,
these intervals may be larger or smaller due to stretching or shrinking. When the projected image is
finally created, it has to be converted to a specific spatial resolution in pixels.
𝑦
ℎ

1
1

𝑥
𝑘

Figure 9 – (a) Sphere surface with latitude and longitude coordinates projected into a 2D rectangular
format with stretching scale factors ℎ and 𝑘 [33].
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2.3.1. Cylindrical Projections
The cylindrical projections are generally described as having the meridian lines in the spherical world
mapped equally spaced in a rectangular format. Several cylindrical projections variations exist but only
the most popular will be described here.

Equirectangular
The Equirectangular projection (ERP) is very likely the most used projection used to convert spherical
video into a rectangular format before coding with standard image and video codecs. Since every vertical
line from the top to the bottom of the projected image represents the exact same distance in the sphere
surface (from the north to the south poles), this is called an equidistant projection. On the other hand,
the projected image is more stretched the closer a region is to the poles since the perimeter of the
circumference at latitude 𝜙 that has to be represented, gradually decreases from the center to the poles
and still the full (and constant) rectangle width has to be filled, see Figure 10(a). In this figure, the Tissot’s
indicatrix of deformation illustrates how distortion affects the different regions in the projection, from well
shaped circles in the areas with less distortion to ‘badly’ shaped circles, this means ellipses, in the areas
with unbalanced distortion. Theoretically, while the pole is a single point in the sphere, it needs to be
infinitely stretched to fill the full rectangle width. This implies that the stretched content occupies more
pixels to represent some specific sphere areas, thus increasing the number of pixels to code which is
naturally not positive from the compression point of view [34]. Assuming the sphere definition at the
beginning of this section with unitary radius, the ERP may be defined as:
𝑥=𝜆
𝑦=𝜙
ℎ=1
{𝑘 = 1⁄cos 𝜙

(2.1)

While vertically the rectangular coordinate is identical to the sphere coordinate since ℎ = 1,
horizontally, the circle perimeter at latitude 𝜙 that has to be mapped varies as 2𝜋 cos 𝜙; whereas at the
equator (𝜙 = 0), the circle has a perimeter of 2𝜋, that is equivalent to the rectangle width, far from the
equator there is horizontal stretching equivalent to 𝑘 = 1⁄cos 𝜙, tending to infinite at the poles.
The main strength of this projection is that it is a relatively simple transformation and it is a friendly
format to preview video containing the whole FOV. The main drawback is that the associated distortion
is considerable, notably for the polar areas, thus affecting the performance of standard coding methods,
especially due to the larger number of redundant pixels representing small areas near the poles.

Lambert Cylindrical Equal-Area
The Lambert Cylindrical Equal-Area projection is also a popular projection for image and video. The
basic idea is to preserve the real area of the sphere in the projected rectangle by compensating the
horizontal stretching of the ERP with some equivalent vertical shrinking, such that the real area stays
constant across the image, see Figure 10(c) [34]. Near the poles, the points are infinitely stretched in
the horizontal direction and infinitely shrunk in the vertical direction. The result is that the number of
pixels to represent a certain spherical image area remains the same independently of the area location.
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Assuming the sphere definition at the beginning of this section with unitary radius, the Lambert
Cylindrical Equal-Area projection is defined by:
𝑥=𝜆
𝑦 = sin 𝜙
ℎ = cos 𝜙
{𝑘 = 1⁄cos 𝜙

(2.2)

While there is the same horizontal stretching as for the previous projections, there is now equivalent
vertical shrinking designed to compensate the horizontal stretching, therefore ℎ = 1/𝑘. Now due to the
shrinking, each original point at latitude 𝜙 placed at 𝑦, is closer to the center than for the ERP.
While a good feature is that the number of necessary pixels to represent the image is equal in
spherical and projection forms, avoiding the creation of redundant pixels, visually the distortion near the
poles seems even higher than before, and again affects the efficiency of common coding schemes.

(a)

(b)

Figure 10 – (a) Equirectangular; and (b) Lambert cylindrical Equal-Area projections with Tissot’s
indicatrix of deformation [35].
The main difference between these projections mostly regards how the objects in the image are distorted
depending on their position, e.g. from the horizontal line at the middle of the image to the top and bottom
lines close to the poles. A comparison between the two projections for the same image is presented in
Figure 11. While the vertical stretching is visible from Figure 11(a) to Figure 11(b), the vertical shrinking
is evident from Figure 11(a) to Figure 11(b).

(b)

(a)

Figure 11 – Projected images: (a) Equirectangular; and (b) Lambert cylindrical Equal-Area projection
[36].

2.3.2. Pseudo-Cylindrical Projections
In the Pseudo-Cylindrical projection, the central meridian is a straight line, while the other meridians are
sinusoids, ellipses or other forms, depending on the projection.

Sinusoidal
The Sinusoidal projection is a type of equal-area projection that tries to minimize the involved distortion
by bending the meridians poles towards the center of the projection [37]. The vertical lines behave like
sinusoids, resulting in a shape like two sinusoids in opposite phases, while the horizontal lines remain
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straight, see Figure 12. Assuming the sphere definition at the beginning of this section with unitary
radius, the Sinusoidal projection is defined as:
𝑥 = 𝜆 cos 𝜙
𝑦=𝜙
{
ℎ = [1 + 𝜆2 sin2 𝜙]1/2
𝑘=1

(2.4)

As, 𝑘 = 1, there is no stretching in the longitude but it occurs along the projection meridians (here
they are not vertical lines). The vertical coordinate 𝑦 is directly obtained through the latitude 𝜙, while 𝑥
is obtained by multiplying the longitude 𝜆 by the cosine of the latitude 𝜙, originating the meridians with
sinusoidal form.
The main strength is that it is an equal-area projection, meaning that areas are preserved by the
projection; moreover, the poles distortion is reduced regarding the Cylindrical projections. The main
disadvantage is that padding (this means pixel filling) is required to obtain a rectangular layout; this may
introduce artificially sharp edges and deteriorate the compression performance of standard codecs if
too simple padding solutions are applied.

(a)

(b)

Figure 12 – (a) Sinusoidal projection with Tissot’s indicatrix of deformation [35]; and (b) Sinusoidal
projected image [36];

2.3.3. Multi-Surface Projections
The previous projections distort the image mapped in a sphere in different ways to fit a specific surface,
e.g. the ERP horizontally stretches the polar areas to fill the rectangle width. Meanwhile, new projection
approaches have emerged where the initial sphere is placed inside a 3D solid, the content is stretched
to fill its faces completely and, finally, unmounted to build a 2D rectangle. Here, only the projections
more used before video coding will be described, notably differing on the type of 3D solid used, notably
a cube [38], a pyramid [39] , octahedron [40] and a dodecahedron [31]. Some less known projections,
e.g. using an icosahedron [41] were already been reported but the details are not available.

Cube
The Cube projection is a very popular projection for omnidirectional video [34], e.g. adopted by
Facebook before coding [38]. Basically, the projection starts by inserting the spherical video inside a
cube and then stretching the sphere to cover the faces of the cube completely. This implies that the
content has to be stretched close to the cube edges and corners but not as much as for the ERP, notably
near the poles, see Figure 13(a). After this, the six faces of the cube contain video information, see
Figure 13(b), and have to be re-organized to obtain a rectangular layout, see Figure 13(c).
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(a)

(b)

(c)

Figure 13 – (a) ERP; (b) Cube projection; and (c) Output of Cube projection [38].
The cube projection re-organization is a rather arbitrary step as the faces can be either simply placed
in two rows, see Figure 14(a), or the resolution of each face may be selectively adjusted to build a
rectangular layout filled with squares with different resolutions, see Figure 14(b).

(a)

(b)

Figure 14 – Cube projection: (a) when every face has the same resolution; and (b) when some faces
have different resolutions [42].
The main advantage regarding other projections is that the geometric distortions are smaller (less
stretching) than for example, in cylindrical projections; moreover, this projection may be content
adaptive, e.g. the faces corresponding to the parts of the sphere which are usually most often viewed
may have more spatial resolution than others. However, the edges and corners on the projected image
created at the cube faces joins may affect the coding performance, unless separate streams are used
to code each cube face to get around this problem. Also, if a preview video version is desirable for quick
watching, this is not a friendly format in terms of visual experience.

Pyramid
The pyramidal projection starts from the same idea as the cubic projection but has been more
recently developed [39]. In this case, the spherical image is placed inside a pyramid, see Figure 15(a),
and then stretched to fill its faces. After, the pyramid is unmounted, see Figure 15(b), and all the faces
are stretched and joined to form a square, see Figure 15(c). Again, each face of the pyramid can use a
different spatial resolution and the faces may be organized in different ways to fill the rectangle layout,
thus providing some freedom in terms of processing, depending on the characteristics of the 360º
content.
The first advantage is that the transitions between the different faces are smooth and thus easier to
code with reduced distortion; second, as for the cubic projection, the projection process may be content
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adaptive. The disadvantages regard the different types of distortion that may occur in different parts of
the projected image.

(b)

(a)

(c)

Figure 15 – (a) Sphere inside a pyramid output; (b) unmounted pyramid; and (c) the output of a
pyramid projection [39].
A known variation is the Truncated Square Pyramid projection, which has a face at the top of the
pyramid instead of a vertex, see Figure 16(a) [42]. This projection selects specific zones of the sphere
to be coded with higher or lower resolution according to its importance while there is just a smooth
transition the pyramid faces, see Figure 16(b) and (c). Yet, the viewers may notice variations on quality
for different regions of the video.
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Figure 16 – (a) Sphere inside a Truncated Square Pyramid; (b) the output of a Truncated Square
Pyramid; and (c) the difference of quality between the faces at different resolutions belonging to the
projection [42].

Octahedron
The Octahedron projection [40] is related to another geometrical solid which should contain the video in
spherical form to be expanded after to fill the solid faces, see Figure 17(a). After, the octahedron is
unmounted to form an output with rectangular shape with several possible ways to group the faces. The
output can be the square in Figure 17(b) or the rectangle in Figure 17(c), for example.
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(a)

(b)

(c)

Figure 17 – (a) Octahedron solid; (b) the output with squared shape; and (c) the output with
rectangular shape the for Octahedron projection [40].
The advantage is that the faces joints are between adjacent faces which implies there are no sharp
edges created as for the Cube projection; however, there is still some distortion for each solid face which
together with the convergence of face corners may be harmful to the standard codecs compression
performance.

Rhombic Dodecahedron
The Rhombic Dodecahedron projection [31] is based on the same principle as before where the sphere
is placed inside a rhombic dodecahedron, see Figure 18(a). After, the spherical content is stretched to
fill the dodecahedron which is divided into its 12 parts, see Figure 18(b). Each three parts form a
continuous viewing area that is previously stitched. At the end, four separate images are obtained and
placed in a rectangle, see Figure 18(c).

(a)

(b)

(c)

Figure 18 – (a) Rhombic Dodecahedron [43]; (b) Sphere to Rhombic Dodecahedron projection [31]
and (c) the rectangle output [31].
The strongest point of this projection is the reduced shape distortion regarding the Cube projection
[31]; however, since four images are created at the end, three sharp edges are produced when they are
put together which may affect the coding performance; otherwise, as for the Cube projection, this four
resulting images may be coded separately as well.

2.3.4. Tiling
Another approach is to divide the obtained projected image into several tiles, see Figure 19. It should
be applied to the projected image depending on the amount of stretching, to reduce the resolution for
the more stretched blocks and encode and process them separately. This solution has been proposed
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in [44] for the ERP where the areas near the poles are allocated with lower resolution. Theoretically, this
process can also be applied for other projections, while naturally appropriately adjusting the tiles to the
differently distorted areas.
There are some advantages in using these tiles. First, there is freedom to choose how the image is
divided and what spatial resolution is allocated to each tile; naturally, this can be adapted according to
the content and viewing probability of each (spatial) part of the video, such that a very adaptive scheme
is obtained. However, as the various tiles have different resolutions, their coding has to be independent
which may lead to some performance losses (e.g. prediction cannot occur between tiles). This process
may also lead to distinguishable video quality differences between the various tiles, although it may be
possible to attenuate these differences by using overlapping tiles and combining the intersecting regions
[44].

Figure 19 – Example of Tilling with ERP [44].

2.4. Viewport Selection and Rendering
Omnidirectional video is different from non-omnidirectional video since it allows the viewer to move along
the three rotational Degrees-of-Freedom (DoF). Therefore, at this point, it is necessary to select the
region that the viewer wants to visualize after the decoding and send it to the display. Note that there
are six DoF divided into three translation DoF (up/down, left/right and forward/backward) and three
rotational DoF which are equivalent to the rotation around each translation axis or simply mentioned as
yaw, pitch and roll, see Figure 20.
The region that is presented to the display is often referred as the viewport. It is defined by horizontal
and vertical FOV, resolution and viewing direction corresponding to the center of the viewport that is
controlled by the viewer.

Figure 20 – The 6-DoF are represented where each color is assigned to a single DoF [45].
Remember that, before coding, the omnidirectional video is usually converted to some type of
projection as Equirectangular, so the decoded omnidirectional video is represented using the same
projection. Therefore, initially it is necessary to convert the projected omnidirectional video to the
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spherical domain. Then, knowing the viewport characteristics, a plane segment ABCD tangential to the
sphere is defined, where the intersection is at center of the viewport O’, see Figure 21. Finally, the
sphere is projected into the plane segment ABCD using a rectilinear projection to be displayed.
In [34], the projection from the spherical domain to the viewport is described. First, the reference
head direction is defined in the negative z-axis. Then, the head rotation relative to the reference is
defined by R, while RT is equivalent to the same rotation, however considering the head is kept fixed
while the sphere is rotating. The whole process from 3D coordinates to the 2D plane can be modeled
as
𝑓𝑥
𝐊 = [0
0

0
𝑓𝑦
0

𝑐𝑥
𝑐𝑦 ]
1

(2.5)

where 𝑐𝑥 and 𝑐𝑦 are the viewport pixel coordinates of the center O’, while the 𝑓𝑥 and 𝑓𝑦 are the focal
length in pixels that follow the relation
𝑊
𝑓𝑜𝑣𝑥
= tan (
)
2𝑓𝑥
2
𝑓𝑜𝑣𝑦
𝑊
= tan (
)
2𝑓𝑦
2

(2.6)
(2.7)

where 𝑊 is the width of the viewport in pixels and 𝑓𝑜𝑣𝑥 and 𝑓𝑜𝑣𝑥 are the horizontal and vertical FOV.
The projection from the sphere to the viewport is written as
𝑤 ∙ 𝐞′ = 𝐊 ∙ 𝐑𝐓 ∙ 𝐄

(2.8)

𝑇

where 𝑤 is a scale factor, 𝐄 = [𝑥, 𝑦, 𝑧] represents a point on the sphere in the current visible region and
𝐞′ represents its equivalent viewport pixel coordinates. Using this formulation, the projection (from the
viewport to the sphere) can be expressed as
𝑬=𝐑∙

𝐊 −𝟏 𝐞′
‖𝐊 −𝟏 𝐞′ ‖2

(2.9)

The viewport has uniform pixel spacing, for each viewport pixel is determined using the
corresponding position in the sphere. Naturally, this mapping may occur between non-integer positions
which is solved through interpolation.

Figure 21 – Example of a viewport [34].

2.5. Displays for Omnidirectional Video Review
Nowadays there are already several ways to display 360º content in an immersive way. The most
straightforward way, although not so immersive, is through a regular computer moving the viewport
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around with a mouse or a keyboard. Using a smartphone is another possibility, with the data obtained
from motion sensors allowing the viewer to control the viewport by just moving around the device.
Another scenario is through dome theaters and large theaters, where video is projected on the inside
walls generally with up to 360º x 180º FOV; this creates an immersive environment where the viewers
are free to look to different parts of the content. Currently, these domes and rooms are mostly present
on amusement parks or built for special events. There are also projects in the entertainment and military
industry to build this type of domes, allowing the viewer to interact with the VR environment with the
help of several sensors [46].
Due to its simplicity, the first two solutions (laptops and mobile devices) are still the most often used
to consume 360º and omnidirectional content. However, recently, Head-Mounted Displays (HMDs), also
known as VR headsets, have emerged as a strong alternative to experience this type of content. These
devices are worn on the viewer’s head to provide an immersive experience, with the content displayed
very near the viewer’s eyes. While the term VR may have many slightly different meanings, it most often
refers to an environment that is presented to the viewer in such a way that the viewer accepts it as a
real environment although it is not physically present there. As VR technology is currently very hot, with
many companies are using it for marketing purposes although the actual devices mostly reproduce
omnidirectional video, mono or stereo. This solution provides the viewer with only 3-Degrees of Freedom
(DoF) in his/her motion and not 6-DoF as in real life. In practice, 3-DoF devices (where no change of
video information is associated to the other 3-DoF) give the viewer a limited experience in comparison
with real life as the available content does not allow all types of navigation. Yet, nowadays, the HMDs
attract great attention due to the immersive experiences they create, despite being frequent to find
viewers with sickness symptoms such as general discomfort, headache, nausea or even vomits caused
by the wrong perception of self-motion and high motion-to-photon latency.
The video data processing can be handled only by the HMD or through an additional device such
as a computer or a smartphone, having built-in sensors or not. Many of the HMDs are able to reproduce
mono and stereo omnidirectional video and photos and run VR games and applications such as street
view and real estate related apps. Some VR HMDs are even prepared for Augmented Reality (AR). AR
is a direct or indirect view of the real-world environment augmented with computer-generated additional
elements such as video, images and data. The real-world environment can be seen directly while the
additional AR elements are simply overlaid on the viewer’s view; alternatively, the real world is indirectly
captured with cameras to be visualized by the viewer on a screen.
Smartphones can be very useful for the VR HMDs because they fulfil some very critical requirements
at a relatively reduced price. For example, the screens have high resolution, with many of them able to
play full High Definition (HD) video; in addition, smartphones are already equipped with sensors as
accelerometers and gyroscopes which allow to display a part of the content (viewpoint) as the viewer
moves the head.
As VR HMDs are devices especially currently the most exciting and challenging devices displaying
omnidirectional video, this review of displays is focused on VR HMDs. The AR HMDs are not part of this
review as captured omnidirectional video is less relevant for these devices.
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The quality of experience provided by a VR HMD is mostly affected by the screen characteristics
and the motion-to-photon latency. First, the screen should offer a FOV that is wide enough to give the
viewer a good immersive perception; second, the spatial and temporal resolutions have to be sufficiently
high to make the content look real and well defined, such that pixels go unnoticed; third and last, latency
must be rather low, notably lower than 20 ms [14] to convince the viewer’s mind that he/she is in another
place. For all this to happen, the sensors must be accurate and highly responsive, the screen need to
provide a high refresh rate, the video must follow quickly and accurately the viewer head motion, and
the time to process and propagate the information related with motion must be reduced.
This section intends to briefly review the most relevant, currently available HMDs; for this purpose,
they are divided into tethered and non-tethered HMDs as this is a major differentiating factor. While
some parameters could be better described, sometimes there are unfortunately not enough details
available to have fully coherent details among solutions. For example, the FOV is many times not clear
or not officially announced; when a single FOV value is available, it is typically the horizontal or the
diagonal FOV, measured from corner to corner. Moreover the FOV may vary, especially when a
smartphone is the screen, depending on its screen size and the distance between the eyes and the
screen.

2.5.1. Tethered HMDs
The tethered VR HMDs require some wires to transmit the information between a server and the HMD.
Typically, the HMDs are tethered to exploit the high processing power that may be available at the server
to which those wires are connected. This is useful to have access to higher processing power or to
reduce the complexity, price and weight of the HMD itself. Due to their high processing capacity, the
servers can provide the tethered HMDs some additional features such as motion tracking to interact
with the VR environment directly through body movements. Naturally, the wires limit the viewer motion
freedom.

Oculus Rift CV 1
The Oculus Rift Consumer Version (CV) 1, see Figure 22(a), requires a high-end computer and it is
mainly targeting VR games; other applications are available using the Oculus Home platform. In this
HMD, the Inter Pupillary Distance (IPD) is adjustable between 58 mm and 72mm which may be relevant
to adjust to different viewers and reduce sickness problems. The major characteristics of this HMD are:
•

Size and Weight: 470 g (information about size is not available);

•

Display Resolution: 2160 x 1200 pixels (1080 x 1200 per eye);

•

Display Refresh Rate: 90 Hz;

•

Display FOV: 110º [47];

•

Audio: integrated 3D audio headphones and microphone;

•

Controller: Oculus Touch (with buttons and motion sensors) via Bluetooth;

•

Sensors: accelerometer, gyroscope, magnetometer and 360º positional tracking [47];

•

Connectivity: HDMI, USB 2.0 and USB 3.0;

•

Price: $US 600 [47];
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The biggest advantage of this device is the large FOV and the high display resolution; yet, it is still
expensive, despite cheaper than some direct competitors.

HTC Vive
The HTC Vive HMD, see Figure 22(b), has been developed by HTC and Valve, one of the most important
gaming companies. A high-end computer and controllers are required for gaming using the Valve’s
SteamVR platform; this device allows to adjust the IPD between 60.9 mm and 73.6 mm. The major
characteristics of this HMD are:
•

Size and Weight: 555 g (information about size is not available);

•

Display Resolution: 2160 x 1200 pixels;

•

Display Refresh Rate: 90 Hz;

•

Display FOV: 110º [47];

•

Audio: built-in 3D audio;

•

Controller: SteamVR controller (with buttons and motion sensors) or any computer compatible
gamepad via Bluetooth;

•

Sensors: accelerometer, gyroscope, laser position sensor and front-facing camera;

•

Connectivity: HDMI, USB 2.0 and USB 3.0;

•

Price: $US 800 [47];

Similar to Oculus Rift, HTC Vive biggest advantage is the high FOV and spatial resolution, thus
providing a better immersive experience; however, this is an expensive HMD, even more than some
direct competitors.

PlayStation VR
The PlayStation VR HMD, see Figure 22(c), has been developed by Sony to provide immersive
experiences in the context of PlayStation 4 gaming and multimedia in general. The major characteristics
of this HMD are:
•

Size and Weight: 187 × 185 × 277 mm and 610 g;

•

Display Resolution: 1920 x 1080 pixels (960 x 1080 per eye);

•

Display Refresh Rate: 120 Hz;

•

Display FOV: 100º [48];

•

Audio: 3.5 mm audio output jack with support for 3D audio and microphone input;

•

Controller: PlayStation Move or Dualshock 4 controller via Bluetooth;

•

Sensors: accelerometer, gyroscope and PlayStation eye tracking system;

•

Connectivity: HDMI and USB;

•

Price: $US 400 plus a $US 300 PlayStation 4, a $US 30 Move controller and a $US 60
PlayStation eye camera [49].

As PlayStation is a gaming-oriented console, the video refresh rate is high but has a smaller FOV
comparing to Oculus Rift and HTC Vive. On the other hand, for now, the HMD compatibility is reduced
to the PlayStation console.
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(a)

(b)

(c)

Figure 22 – (a) Oculus Rift [6]; and (b) HTC Vive [7]; and (c) Playstation VR [48].

2.5.2. Non-tethered HMDs
The VR HMDs may also be wireless without any need for an external server, power supply, etc. Usually,
most of these HMDs are less powerful in terms of processing than the tethered HMDs despite some
promising devices being prepared to be released with powerful processing units built-in.
Most of the non-tethered HMDs require a smartphone and exploit their processing, screen and
sensors, giving the smartphone a critical role on the overall VR system quality. As in many cases
smartphone screen and sensors were not designed especially targeting VR, this may lead to lower video
quality, increased latency and head tracking flaws. On the other hand, the simplest HMDs are essentially
shells with lenses, made of cardboard or plastic that differ on the available extra accessories to increase
the comfort.

Samsung Gear VR
The Samsung Gear VR HMD, see Figure 23(a), has been developed by Samsung with Oculus
collaboration. It requires a smartphone to process the content and to display it, while the sensors are
built-in. Only a few Samsung smartphones are compatible with this HMD (Samsung Galaxy S6, S6
Edge, S6 Edge+, Note 5, S7 or S7 Edge); all these have the same screen characteristics. The major
characteristics of this HMD are:
•

Size and Weight: 92.6 x 201.9 x 116.4 mm and 318 g without the smartphone;

•

Display Resolution: 2560 x 1440 pixels (1280 x 1440 per eye);

•

Display Refresh Rate: 60 Hz;

•

Display FOV: 96º [50];

•

Audio: 3.5 mm audio output jack for 3D audio and microphone;

•

Controller: a back button, a home button and a volume button on the HMD; also a controller
can be connected to the smartphone via Bluetooth;

•

Sensors: accelerator, gyro meter, geomagnetic and proximity sensors.

•

Connectivity: Micro USB;

•

Price: $US 99 plus a compatible Samsung smartphone [50].

The main advantage is the overall resolution which is even higher than for some high range VR
HMDs. The disadvantage is the narrow smartphone compatibility, in this case limited to a few Samsung
smartphones.

Google Cardboard v2
26

The Google Cardboard HMD, see Figure 23(b), is a very low-cost solution as it basically consists on
some cardboard and two lenses. Naturally, it requires a smartphone with 4 to 6 inches screen size, to
be placed in front of the lenses. There is also a front aperture for the smartphone camera to enable AR
applications. Naturally, better screens and more accurate sensors can achieve better immersive
experiences but this is a truly simple solution and a good first step for beginners. The major
characteristics of this HMD are:
•

Size and Weight: 150 x 90 x 55 mm and 96 g without the smartphone;

•

Display Resolution: depends on the smartphone;

•

Display Refresh Rate: depends on the smartphone;

•

Display FOV: not announced officially but some sources refer it may go up to 100º depending
on the smartphone [51];

•

Audio: depends on the smartphone;

•

Controller: a magnetic button and a controller can be connected to the smartphone via
Bluetooth;

•

Sensors: uses the smartphone sensors;

•

Connectivity: no connections, only those from the smartphone;

•

Price: $US 15 [8].

Google Cardboard is the HMD with the highest compatibility and the lowest price. The main
disadvantage is that it uses very cheap components and thus the resulting quality of experience is likely
lower when compared to other HMDs.

(a)

(b)

Figure 23 – (a) Samsung Gear VR [50]; and (b) Google Cardboard [8].

2.6. Omnidirectional Video Coding: Quality Evaluation Metrics
There two main types of video quality evaluation: objective and subjective. The objective metrics are
mathematical models that aim to obtain results which approximate the subjective assessment quality by
definition the most reliable, if appropriately performed. The objective evaluation metrics are based on
variables and parameters that are effectively measured without human intervention. Thus, objective
models with the same input data and parameters always have the same output while human subjects
may have different quality perceptions. On the other hand, the subjective evaluation approach performs
quality assessment using some methodology/protocol involving human subjects and the direct
perception of the video content, both processed and original (double stimulus) or only processed (single
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stimulus). To avoid specific viewer biases, subjective testing must involve a minimum number of subjects
for the results to be statistically significant.
While subjective assessment is, in principle, more reliable as it directly involves the human
perception mechanisms, it is generally rather expensive in time and human resources. Thus, the
objective metrics are typically more used as they are much easier to apply.
Besides the types of distortion which commonly appear in video coding, e.g. block effect, blur, and
ringing, omnidirectional video is also often affected by other types of artifacts such as stitching lines,
distinguishable quality differences associated to the projections used before coding, color correction
problems within the entire omnidirectional video and latency on viewport selection [52].
Omnidirectional video requires different quality metrics when compared to non-omnidirectional
video, notably because the viewer does not see the decoded content directly but only after some
processing in the viewport rendering module. This implies that the whole FOV is acquired and coded
but only a limited region is reproduced at any time, depending on the interaction between the viewer
and the content (e.g. head position in the HMD). Consequently, the non-omnidirectional video quality
assessment metrics may be ineffective for this type of content.
One of the most common objective metrics is the well-known Peak-to-Noise-Ratio (PSNR);
however, as it is a pure mathematical error, it does not fully capture the distortion perceived by the
human eyes as it is does in any way take into account any specific characteristics of the human visual
system. While everybody recognizes its quality assessment limitations, the PSNR is still the basis for
most the objective quality metrics used to assess the omnidirectional video quality as it happens for nonomnidirectional video. The PSNR is obtained by directly comparing the decoded video with the original
video as follows:
𝑀𝐴𝑋𝑓
𝑃𝑆𝑁𝑅 = 20 log10 (
)
√𝑀𝑆𝐸

(2.10)

where 𝑀𝐴𝑋𝑓 is the maximum signal value, e.g. 255 for 8-bit representations, and the Mean Square Error
(𝑀𝑆𝐸) corresponds to:
𝑚−1 𝑛−1

1
𝑀𝑆𝐸 =
∑ ∑ ||𝑓(𝑖, 𝑗) − 𝑔(𝑖, 𝑗)||2
𝑚𝑛
0

(2.11)

0

where 𝑓 is the original image, 𝑔 the decoded image, 𝑚 the number of rows with 𝑖 as the row index and
𝑛 the number of columns with 𝑗 as the column index.
As the most relevant international standardization group dealing with omnidirectional video is the
Joint Video Experts Team (JVET), a joint collaboration of MPEG and the Video Coding Experts Group
(VCEG), the objective quality metrics adopted by this group for omnidirectional video are presented in
the following [53]:
•

Craster Parabolic Projection (CPP)-PSNR – The PSNR is computed by comparing the original
and decoded videos projected using the Craster Parabolic Projection, a Pseudo-Cylindrical EqualArea projection. This projection is similar to the Sinusoidal projection, where the meridians are not
sinusoids but have a slightly different shape. This projection has uniform spatial frequency
distributions along the vertical and horizontal axes and the original area is preserved in the
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projection, i.e. it is an Equal-Area projection [54]. It is assumed here that both videos, original and
decoded, have the same spatial resolution.
•

Weighted to Spherically uniform PSNR (WS-PSNR) – As the projections create distortion
regarding the spherical representation, a weighted PSNR is computed directly from the projected
omnidirectional video where the distortion impact of each pixel is weighted depending on the
distortion associated to its position [55]. For example, for the regions where stretching occurs and
thus a higher number of pixels exist compared to the spherical representation, the pixels have a
lower weight regarding pixels in non-stretched regions. The weight for the pixel in position (𝑖, 𝑗) can
be expressed as:
𝑤(𝑖, 𝑗) =

𝑊(𝑖, 𝑗)
𝑛−1
∑𝑚−1
𝑖=0 ∑𝑗=0 𝑊(𝑖, 𝑗)

(2.12)

where 𝑊(𝑖, 𝑗) is the area scaling factor for the pixel is located in position (𝑖, 𝑗) in the adopted
projection. For example, the scaling factor for to ERP can be written as:
𝑊(𝑖, 𝑗) = 𝑐𝑜𝑠 ((𝑗 −

𝑎 1
𝜋
+ )× )
2 2
𝑎

(2.13)

where the ERP has a 2𝑎 × 𝑎 resolution. Finally, the WS-PSNR metric can be written as:
𝑊𝑆-𝑃𝑆𝑁𝑅 = 10 𝑙𝑜𝑔 (

𝑀𝐴𝑋𝑓 2
)
𝑊𝑆-𝑀𝑆𝐸

(2.14)

where 𝑀𝐴𝑋𝑓 is the maximum signal value and
𝑚−1 𝑛−1

𝑊𝑆-𝑀𝑆𝐸 = ∑ ∑ ||𝑓(𝑖, 𝑗) − 𝑔(𝑖, 𝑗)||2 × 𝑤(𝑖, 𝑗)

(2.15)

𝑖=0 𝑗=0

where 𝑓 is the original image, 𝑔 the decoded image, 𝑚 the number of rows with 𝑖 as the row index
and 𝑛 the number of columns with 𝑗 as the column index. This metric has the advantage of not
requiring to change the video representation to evaluate the quality while considering the spherical
representation.
•

Spherical-PSNR (S-PSNR) – For this metric, the projected video has to be reconstructed to the
spherical representation where the PSNR is finally computed [34]. As the pixels have to be mapped
between different representations, pixel interpolation is typically necessary to obtain pixel values in
some specific positions. However, different interpolation filters may result in different S-PSNR
values. For this reason, two S-PSNR metric variations are defined:


S-PSNR-I – The 6-taps Lanczos interpolation filter is used when the pixels are mapped from
the projected video to the spherical domain.



S-PSNR-NN – The Nearest Neighbor interpolation is used when the pixels are mapped from
the projected video to the spherical domain.

However, the objective quality metrics defined above do not take into account some relevant
omnidirectional video characteristics. First, the viewer never sees the whole omnidirectional video at the
same time; and second, the viewer sees a single viewport (2D plan) of the sphere which depends on
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the way he/she navigates the scene. Thus, an alternative approach to assess the quality is to consider
only the regions that are visualized by the viewer, i.e. according to the navigated trajectory (e.g. head
movements):
•

Viewport-based PSNR (V-PSNR) – In this V-PSNR metric, only the pixels present in the rendered
viewport are considered to compute the PSNR [34] as the remaining pixels are not seen. However,
this metric can only be computed if the viewer’s head motion trajectory is known and different
viewers will likely follow different trajectories in the omnidirectional video.
Despite the unknown motion trajectories, studies have revealed that there is a tendency for the

viewers to watch specific regions from the spherical video more often than others. In this context, it is
reasonable to assume that some regions may have a higher impact than others in the final viewer
experience [34]. Due to this evidence, there are several metrics taking into account the different viewing
probabilities for the various parts of the omnidirectional video, notably:
•

Weighted Spherical (WS)-PSNR also known as WeightSph-PSNR – The PSNR is computed in
the spherical domain while associating to each pixel a specific weight depending on the relative
frequency of accessing/visualizing each video position. This metric is able to take into account that
not only the poles, but also the regions on the back part of the main action are less likely to be seen
[34]. Moreover, it has been shown that this metric approximates the viewport-based quality
evaluation, which depends on the content that is really displayed [34]. This metric uses the same
WS-PSNR acronym as the JVET metric defined above; however, from now on, the WS-PSNR
acronym will be used to designate the JVET defined metric.

•

Latitude weighted spherical PSNR (L-PSNR) also known as LatSph-PSNR – The PSNR is
computed in a similar way to the previous metric but now with weights taking only into account the
relative visualization frequency of each latitude [34]. The intuition behind this metric is that there are
specific latitudes that are less likely to be seen, notably the latitudes near the poles (while interesting
actions may happen for any longitude).

A last omnidirectional video quality metrics that is worth to mention is:
•

Quad PSNR – The PSNR is computed by comparing the original and decoded videos when both
are mapped using the same ERP [34]. This metric is motivated by the high popularity of this
projection when capturing and stitching the omnidirectional video. Naturally, it is assumed that both
videos have the same spatial resolution. Its main disadvantage is not accounting for the different
amounts of distortion in the different parts of the projected video.

2.7. Main Omnidirectional Video Processing and Coding Solutions
Review
This section presents the main omnidirectional video systems recently studied in the literature with
special focus on the differences relative to the basic omnidirectional video architecture presented in
Section 2.1.
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2.7.1. H.264/AVC Compliant Coding of Omnidirectional Video using 2D
Projections
Objective
One of the first and simplest approaches to deal with omnidirectional video is to transform the
spherical video into a 2D rectangular layout and code the result with one of the available standard video
codecs. Several studies have been made on the impact of using different types of projections in this
compliant coding process. This section reports the experiments performed by Yu et al. [34] with the
objective of studying the impact on the compression performance of using different projections while
using appropriate quality assessment metrics and coding the projected video with the H.264/AVC
standard.
As the current coding solutions have been developed for non-omnidirectional video, with some
coding tools being highly improved and fine-tuned over many years to reach the current compression
performance, it is possible that omnidirectional projected video and its associated specific
characteristics has an impact on the compression performance. As it is naturally desirable to minimize
the necessary bitrates for omnidirectional video, it may make sense to ‘adapt’ the omnidirectional
content to make it better matching the existing standard coding solutions.

Architecture and Walkthrough
Since the work reviewed in this section adopts the H.264/AVC standard as the coding solution, the focus
is not on the coding module but rather on the projection module, this means on the way the
omnidirectional content is processed and represented to ‘friendly’ match the existing coding solutions,
in this case the H.264/AVC standard. As shown in Figure 24, the omnidirectional video is acquired and
stitched using the EPR. After, the Equirectangular projected video is converted into other different
projections, namely the Lambert Cylindrical Equal-Area, Cube and Dyadic projections. The Dyadic
projection corresponds to the ERP while reducing the resolution by half for the regions near the poles,
notably where the latitude is higher than 60º (|𝜙| > 60º); in practice, this is a tiling scheme with different
spatial resolutions. After the projection conversion, the video is coded using a H.264/AVC codec.
Following storage or transmission, the decoded video is rendered for the viewport selected by the viewer
and, finally, the content is visualized using the Oculus Rift Development Kit (DK) 2.
Stitching with
ERP

Acquisition

Projection
Conversion

H.264/AVC
Encoding
Transmission/
Storage

User
HMD Display

Viewport
Rendering

H.264/AVC
Decoding

Figure 24 – System architecture.

Main Tools
The main characteristics of the tools used in the most relevant modules in Figure 24 are now briefly
reviewed:
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•

Stitching with ERP – After the acquisition, the various elementary videos are stitched to create a
single rectangular video using the ERP; this is the most common stitching and projection procedure
currently used to represent omnidirectional video.

•

Projection Conversion – As mentioned above, the selected projection may have an impact on the
compression performance as it impacts the characteristics of the projected content to be coded, in
this case the projected omnidirectional video. While the ERP is the reference projection as the most
used, other projections may behave better from the compression point of view and thus a the
stitched, equirectangular projected content may be converted to another projection. The work here
reviewed has studied the following projections as the second projection: Lambert Cylindrical EqualArea, Cube and Dyadic. The main characteristics of these projections are described in Section 2.3.

•

H.264/AVC Codec – In this work, the projected omnidirectional video is coded with a standard
H.264/AVC codec. This coding standard includes tools to exploit some important video
characteristics, notably temporal redundancy using motion compensation; spatial redundancy with
Intra prediction and transform coding; irrelevancy through quantization; statistical redundancy with
entropy coding; and deblocking filters to attenuate the block effects caused by the transforms with
quantization and motion compensation [56];

•

Viewport Rendering – The viewport assumes a rectangular shape and corresponds to a limited
area of the spherical video. Thus, the visible area in the sphere has to be converted from the
spherical domain to a 2D rectangle to be visualized. This process is detailed in Section 2.4.

•

HMD Display – The Oculus Rift DK 2 is used by the viewers for the viewport visualization.

Performance Assessment
The test content is composed by a dataset of 10 omnidirectional videos with a length of 10 seconds with
a 4K x 2K spatial resolution; a variety of scenes/environments is considered (action, indoor, outdoor,
etc.). The viewport-based PSNR is computed to measure the Bjøntegaard Delta (BD)-Rate between the
relevant solutions. The BD-Rate measures the average bitrate variation (in %) between two projectioncoding solutions for a same PSNR; a negative BD-Rate value implies that the solution under assessment
spends less rate than the reference solution. The trajectories to compute the viewport-based PSNR
were automatically obtained using the Oculus Rift DK 2.
Table 1 shows the BD-Rate for various projections, notably Equal-Area, Cube and Dyadic, using as
reference the ERP; for all cases, the H.264/AVC coding process is the same. As the BD-Rate values
are negative, the conclusion is that some bitrate may be saved by using other projections after the ERP.
In summary, the major conclusions are: (i) the ERP performs worse than the other studied projections;
the Equal-Area, Cube and Dyadic projections provide BD-Rate gains of 8.33%, 3.09% and 7.29%,
respectively; (ii) for specific video sequences, the best projection on average is not necessarily the best
solution; for example, for the London sequence, the ERP offers a bitrate saving regarding the other
projections. This behavior suggests that the type of content is important as it affects the coding
performance associated to each projection.
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Table 1 – BD-rate for various projections relative to the ERP using the V-PSNR metric [34].

Highlights
In this work, compliant H.264/AVC coding is adopted to code omnidirectional video projected using
different projections. When assessing the objective quality using the viewport-based PSNR, it may be
concluded that, on average, the Equal-Area, Dyadic and Cube projections offer some bitrate savings
comparing to the ERP although this is not necessarily always true for every single piece of content. This
fact could justify the adaptive usage of different projections depending on the content characteristics.

2.7.2. Content Adaptive Representation of Omnidirectional Videos
Objective
A content adaptive solution for the representation of omnidirectional videos is proposed by Yu et al. in
[44]. The objective of this solution is to create an adaptive method to define regions with different viewer
importance and use after a matching tiling solution able to exploit the different content characteristics to
appropriately control some standard video codec, e.g. in terms of spatial resolution or
quality/quantization step. The proposed tiling techniques divide a frame into the so-called tiles where
each tile size is adjusted according to its properties, notably the distortion associated to the projection,
or the tile spatial resolution is reduced for the less likely viewed regions, thus overall providing bitrate
reduction.

Architecture and Walkthrough
It is known that for most projections the projection distortion varies for different video regions;
simultaneously, the viewing probabilities of different regions are also different. In this context, the work
here reviewed attempts to exploit the content characteristics to appropriately tile it and treat each tile in
a well-adapted way. As shown in Figure 24, the omnidirectional video is acquired and commonly stitched
using the ERP. After, the video is divided into 𝑁 tiles using an adaptive tiling technique. Different ways
to define the tiles are proposed considering different criteria, notably compression performance and
processing complexity. At the end, every tile may have a different size and may be coded at different
resolution, resulting into several separate and adapted H.264/AVC streams.
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Figure 25 – Omnidirectional video system architecture.

Main Tools
The main characteristics of the tools used in the most relevant modules in Figure 25 are now briefly
reviewed:
•

Stitching with ERP – The proposed tiling schemes are applied over Equirectangular projected
video since this is the most commonly used projection and most the available omnidirectional video
is stored in this format.

•

Adaptive Tiling – The video is divided into 𝑁 tiles where each tile has 𝑀 options in terms of size
and spatial resolution, resulting in a problem with complexity 𝒪(𝑀𝑁 ). The key question is how to
determine the appropriate size and spatial resolution for each tile targeting using the ‘ideal’ bitrate.
The proposal is to define these parameters under bitrate and sampling constraints while maximizing
the Rate-Distortion (RD) performance. A few tiling definition techniques are proposed, notably:


Sampling-Bitrate Optimization
The first tiling proposal considers a tiling approach with sampling constraints, e.g. in terms of
the number of pixels, and bitrate, while minimizing the distortion. Assuming a bitrate budget 𝑅0
and a sampling budget 𝑅1 for the entire image containing the set of tiles, the problem may be
mathematically formulated as:
𝑁

min

𝑥(𝑖)∈{1 ,⋯, 𝑀},∀𝑖

∑ 𝑑(𝑖, 𝑥(𝑖))
𝑖=1

(2.16)

𝑁

Subject to ∑ 𝑟(𝑖, 𝑥(𝑖), 𝑘) ≤ 𝑅𝑘 ,

𝑘 = 0 ,1

𝑖=1

where 𝑑(𝑖, 𝑥(𝑖)) is the distortion, 𝑟(𝑖, 𝑥(𝑖), 0) and 𝑟(𝑖, 𝑥(𝑖), 1) are the bitrate and the number of
samples for coding the tiling option 𝑥(𝑖) in the set of options for tile 𝑖; this set of options is
referred as the tile group 𝑖. When 𝑘 = 0, (2.16) refers to the bitrate constraint, while, if 𝑘 = 1,
(2.16) refers to the sampling constraint. The distortion is computed for each tile independently
using the L-PSNR quality metric.


Sampling Optimization
The various tiling solutions may be computed recurring to brute force search, notably by
comparing all the possible combinations for every tile; however, as this is a high complexity
problem, some simplifications are needed. Thus, initially only the sampling constraint is imposed
with 𝑘 = 1 in (2.16); after, the bitrate constraint is also applied but only to the tiling solutions
previously chosen. The resulting formulation is:
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𝑁

min

𝑥(𝑖)∈{1 ,⋯, 𝑀},∀𝑖

∑ 𝑑(𝑖, 𝑥(𝑖))
𝑖=1

(2.17)

𝑁

Subject to ∑ 𝑟(𝑖, 𝑥(𝑖), 1) ≤ 𝑅1
𝑖=1



Lagrangian Optimization
A more computationally efficient solution may be defined as an approximate Lagrangian
technique. Considering the Lagrangian multiplier 𝜆, the Lagrangian expression for tiling group 𝑖
is written as:
min

𝑥(𝑖)∈{1 ,⋯, 𝑀},∀𝑖

𝑑(𝑖, 𝑥(𝑖)) + 𝜆 ∙ 𝑟(𝑖, 𝑥(𝑖))

(2.18)

The optimization depends on the chosen Lagrangian multiplier 𝜆 that is assumed to be the same
for every tile group. The Lagrangian multiplier is determined using heuristics or binary search to
find a point near the sampling target, 𝑅1 . While the Lagrangian multiplier could be computed for
each tile, this method would make the overall solution very complex. Moreover, while the
number of options would increase exponentially, the compression performance improvements
regarding a brute-force search would be minimal.


Average Tile Configuration
Another tiling definition solution is proposed where a fixed tiling configuration to be used with
any possible video sequence is found, assuming the same number of 𝑁 tiles. The average tile
size is previously learned using a Lagrangian Optimization method from a dataset composed
by 𝐾 images or video sequences. The tiles width and height are given by 𝑊𝑗𝑘 and 𝐻𝑗𝑘 ,
̂𝑗 and height 𝐻
̂𝑗 for each tile is
respectively, for tile 𝑗 and sequence 𝑘. Then, the average width 𝑊
computed as:
𝐾

̂𝑗 =
𝑊

1
∑ 𝑊𝑗𝑘 ,
𝐾
𝑘=1

𝐾

̂𝑗 =
𝐻

1
∑ 𝐻𝑗𝑘
𝐾

(2.19)

𝑘=1

Finally, the resulting average sizes define the fixed tiling configuration to be used for any sequence.


Overlapping Tiles
The use of independent tiles may create distinguishable edges in the decoded video
corresponding to the tile boundaries. To avoid or minimize these effects, tile overlapping may
be used, notably making these boundaries smoother. Now, each tile contains some overlapping
area, meaning that a fraction of two neighbor tiles corresponds to the same image area.
However, these overlapping fractions are not considered when the distortion is computed to
define the tile configuration; in other words, overlapping is not part of the optimization schemes
described but it is a complement valid for any of the tile definition schemes above when defining
the tiling area to be coded.

•

H.264/AVC codec – The tiles are coded independently using the H.264/AVC standard.
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Performance Assessment
To evaluate the proposed tiling methods, two datasets have been used. The first dataset contains 10
equirectangular omnidirectional images with 6K x 3K spatial resolution while the second dataset
contains 10 omnidirectional videos (eight at 4K x 2K and two at 6K x 3K resolutions) at 30 fps with a
duration of 10 seconds. The content covers a variety of scenes e.g. concert, outdoor sports, etc. A
sampling constraint is imposed corresponding to one-fourth of the original samples, e.g. a 6K x 3K image
with 18 million pixels leads to a sampling constraint of 4.5 million pixels. The tiles resolution is between
0.25 and 0.75 times the total width and height. For video, the tiling configurations are defined only for
the first frame (and used for the remaining ones) to reduce the computational complexity. Finally,
H.264/HVC is used to code the images and video and the quality evaluation is made using the L-PSNR
quality metric. The compression performance is evaluated using the BD-rate by comparing several tiling
definition solutions with the Equal-Area projection, as it proved to be a better solution than the ERP in
Yu et al. [34]. Negative BD-rate values express bitrate savings for a tiling solution regarding the
reference Equal-Area projection.
The tested tiling definition solutions were:
•

B10-0: Sampling Optimization using 10 resolution and 4 bitrate choices per tile. No (0%) overlap
between adjacent tiles.

•

B10-2: Sampling Optimization using 10 resolution and 4 bitrate choices per tile. 2% overlap
between adjacent tiles.

•

L10-2: Lagrangian Optimization using 10 resolution choices per tile. 2% overlap between
adjacent tiles.

•

L50-2: Lagrangian Optimization using 50 resolution choices per tile. 2% overlap between
adjacent tiles.

•

Avg-2: Average tile configuration. 2% overlap between adjacent tiles.

Table 2(a) shows the BD-Rate savings for the various configurations regarding the Equal-Area
projection for a set of images. The main conclusions are: (i) the overlapping introduces some
compression performance loss, notably BD-Rate of -18.7% with B10-0 vs BD-Rate of -15.4% with B102; (ii) the Sampling optimization method performs better than the Lagrangian Optimization method under
similar conditions, i.e. BD-Rate of -15.4% with B10-2 vs BD-Rate of -14.0% with L10-2) however,
computationally, the Lagrangian optimization method is significantly more efficient, thus more tiling
options may be considered; (iii) using more tiling options for the Lagrangian Optimization method, the
BD-Rate improves to -18.0 % using configuration L50-2; (iv) on average, configuration Avg-2 performs
similarly to the Sampling and Lagrangian Optimization schemes with a BD-Rate of -14.0%.
Table 2(b) shows the BD-Rate savings for the various configurations regarding the Equal-Area
projection for the video sequences. The L50-2 configuration was analyzed because this was assumed
as the best performing method; also, the Avg-2 configuration was analyzed as it is a fixed tiling
configuration defined for every video sequence. The main conclusions are: (i) on average, the L50-2
configuration shows a BD-rate of -12.2%; however, this gain varies with the specific sequence, notably
between a BD-Rate of 4.2% (Sequence 7) and -31.9% (Sequence 9); (ii) the L50-2 performance for
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video sequences drops in comparison with the corresponding performance for images (average BDRate of -12.2% for video vs -18.0% for images); this may be related with the fact that the optimization
only occurs for the first frame; a possible solution is to optimize the tiling configuration at periodic time
intervals; (iii) the Avg-2 performance for video sequences drops significantly; in some cases, it is close
to the remaining adaptive schemes but sometimes performs much worse as for Sequence 6 where Avg2 has a BD-Rate of 41.0%, a considerable bitrate increasing regarding the Equal-Area projection. While
it is possible to find a single configuration that performs well for most cases, it may also happen that this
configuration performs very poorly for some specific content.

Table 2 - BD-rate for various tiling definition solutions relative to the Equal-Area projection using the LPSNR metric. (a) Image dataset; (b) Video dataset.

(a)

(b)

Highlights
The results state that the Lagrangian optimization solution with overlapping (L50-2) is the best in terms
of compression performance, while a fixed tiling configuration proved to work well for certain types of
content but may achieve sometimes poor performance, suggesting that content adaptive solutions are
more promising, despite increasing the system complexity.

2.7.3. Coding of Pseudo-Cylindrical Omnidirectional Video
Objective
In [57], Youvalari proposes a coding solution using a Pseudo-Cylindrical projection which despite not
being very common for omnidirectional video coding has some specific advantages. The Pseudocylindrical projection aims to minimize the distortion near the poles and hence it does not suffer from
severe overstretching and distortion as the ERP, for example. Also the latitudes are preserved and the
projected video has a sampling density similar to the original sphere. The coding solution itself is based
on the HEVC standard, although some modifications have been added to address some specific
weaknesses. As the Pseudo-Cylindrical projection does not have a rectangular layout, padding has to
be applied, which leads to most of the coding problems associated to this solution. As padding impacts
the performance of the Intra and Inter coding tools, some coding modifications are suggested to
minimize the negative RD performance impact.
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Architecture and Walkthrough
As shown in Figure 26, the content is initially acquired and stitched using the ERP. Then, the it is
converted to a Pseudo-Cylindrical projection. As some weaknesses exist with this type of projection,
some changes in the projected content and the coding solution are proposed in this work. Therefore, a
Pre-processing stage is added to the system architecture, where basically the content is adjusted to be
more HEVC standard friendly. Finally, the video is encoded with a modified version of the HEVC
standard. After transmission, the video is decoded and post-processed to remove the extra data
generated with pre-processing.

Acquisition

Postprocessing

Stitching with
ERP

PseudoCylindrical
Conversion

Modified
HEVC
Decoding

Transmission/
Storage

Preprocessing
Modified
HEVC
Encoding

Figure 26 – Omnidirectional video system architecture.

Main Tools
The main characteristics of the tools used in the most relevant modules in Figure 26 are now briefly
reviewed:
•

Pseudo-Cylindrical Projection Conversion – Before coding, a Pseudo-Cylindrical projection is
applied to take benefit of its advantages. For example, the distortion is smaller than in the Cylindrical
projections while maintaining a pixel distribution similar to the spherical representation. From the
various Pseudo-Cylindrical projections tried, the Sinusoidal projection has specific advantages,
notably it is an equal area projection, implying that the area of the sphere is preserved.

•

Pre-processing – Pre-processing changes the content to minimize coding issues related to the
projection. For example, padding is necessary to build a rectangular layout for the projected content
and, therefore, it impacts the compression performance of selected coding solution.
The problem affecting Intra coding is related to the padding which introduces some artificial sharpedges, see Figure 27(a). This reinforces the high-frequency components for the blocks at the
boundaries which is undesirable for current standard codecs as rate should increase for the same
quality. A good solution is to remove these sharp edges by increasing the correlation within these
blocks. In this Pre-processing stage, two tools are proposed to increase the Intra coding
performance:
1) Padding the boundary samples – The pixels at the boundary blocks that are not originally
entirely filled with content are filled row-wise with a replica of the closest pixel to the borders
belonging to the effective image area, see Figure 27(b). To simplify the notation, this process
will be referred as Padding from now on.
2) Copying and Padding the Boundary Samples from the Opposite-Side – The alternative
solution is to fill the block by copying parts from the block on the opposite side of the effective
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image area, since they are adjacent, assuming the video has 360º horizontal FOV, see Figure
27(c). However, the poles may limit the impact of this technique as they are represented with a
reduced number of samples, which may be too few to fill the blocks entirely, thus eventually
creating strong high-frequency components. Therefore, an improved solution based on the first
method is proposed: after copying the blocks with pixels from the opposite side of the effective
image area, the partially filled blocks are detected and the closest pixel to the boundary is
replicated to complete the block. To simplify the notation, this process will be referred as
Copying and Padding from now on.

(a)

(c)

(b)

Figure 27 – Original Sinusoidal projected image; (b) projected image after Padding method; and (c)
projected image after Copying and Padding method [57].
•

Modified HEVC Standard – Standard HEVC coding with some changes, notably in the Inter coding
tools, is proposed for this omnidirectional video system.
Again, the problems are related with padding, notably associated to the blocks close to the
boundaries. For example, it may happen that there is a mismatch due to incomplete blocks in the
boundaries of the effective image area. Considering a coding situation with motion, when initially an
object is partially inside the effective image area and is moving towards the effective image area,
the prediction block will only contain that fraction of the object while the rest of the object is missing,
see Figure 28(a-c); the opposite is also possible, meaning that a complete object that after is only
partially inside the effective image area results in a prediction block containing unnecessary
samples, see Figure 28(d-f). These examples lead to a higher prediction error and thus bitrate
increasing.

(a)

(b)

(c)

(d)

(e)

(f)

Figure 28 – Black rectangle with motion toward the effective image area: (a) Boundary block in current
picture; (b) Prediction block from reference frame; (c) Prediction error samples; Black rectangle with
motion toward the outside of the effective image area: (d) Boundary block in current picture; (e)
Prediction block from reference frame; (f) Prediction error samples [57].
The additional coding tools to add to HEVC are now described:

39

1) Reference Frame Manipulation – Initially, the boundary blocks are copied to the opposite side
of the effective image area that is incomplete since the boundaries are actually adjacent, thus
maintaining the continuities. The data from the opposite side of the effective image area is now
available for prediction, which may produce a smaller prediction error.
2) Residual Manipulation – Residual information for the prediction blocks outside the effective
image area is created. As this would spend additional bitrate, these motion compensated
residuals are replaced by zero values. Then, the area outside the effective image area is coded
with fewer bits.
3) Distortion Computation – As the Residual Manipulation affects the distortion cost computed
at the encoder, the pixels outside the effective image area should not be taken into account for
the distortion computation in the context of processes such as motion estimation and mode
decision.
4) Sample Adaptive Offset (SAO) Modification – The SAO is a filtering technique used in HEVC
after the Deblocking Filter and aims to reduce the distortion considering the mean sample
distortion. However, if the area outside the effective image area is considered by the SAO
module, this may lead to huge offset values and bitrate increasing. These offsets become then
unnecessary and thus the SAO should be disabled at the encoder.
Figure 29 shows the improved encoder and decoder block diagrams, notably a HEVC architecture
extended with the proposed Inter coding tools. During the encoding process, see Figure 29(a), the
reconstructed frame is passed to the Reference Frame Manipulation (RFM) to be filtered (F) and
stored in the RFM; this is the module where the frame used for Inter-prediction is stored. The SRZ
module is responsible for the Residual Manipulation, before the transform (T) and quantization (Q)
are applied and it only occurs at the encoder. The decoding process, see Figure 29(b), follows a
similar process to the encoding but in the reverse order.
•

Post-processing – At the end, before the display, the decoded frame has to be cropped to obtain
the output in Pseudo-Cylindrical projected format, thus eliminating the residual errors outside the
effective image area. This process occurs at the Output Cropping (OC) module, see Figure 29(b),
and uses a predefined mask containing the original projection boundaries, thus allowing the samples
outside the effective image area to be set to the initial values before coding.

(a)

(b)

Figure 29 – (a) Encoder and (b) Decoder block diagram proposed for inter frame prediction [57].
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Performance Assessment
The performance experiments involve a dataset composed by eight video sequences with 100 frames
at different spatial resolutions, notably 4096 x 2048, 3584 x 1792 and 2048 x 1024. The novel coding
tools were introduced in HM version 16.6, the HEVC reference software [58]. The coding has been
performed with quantization parameter values of 23, 28, 33 and 38. The RD performance impact has
been evaluated using the BD-Rate, considering the PSNR values of the effective image area, and using
as reference a fully compliant HEVC standard solution. BD-Rate negative values are associated to
bitrate savings for the proposed solution regarding compliant HEVC coding using the same PseudoCylindrical projection.
Table 3 compares the various proposed coding solutions, notably Intra, Inter and Intra + Inter coding,
with the HEVC standard. For Intra coding, the Padding technique reaches an average BD-rate of -7.19%
while the Copying and Padding technique reaches a smaller BD-rate gain, notably -1.19%, on average.
This occurs because the padding result is a uniform texture, thus resulting in strong low-frequency
coefficients. The Copying and Padding performance improves more considerably when the content has
a uniform texture near the boundaries. By combining the Intra (with Padding since these tools achieve
better performance) and Inter coding tools, using an Intra period of 32 frames (in total 4 Intra and 96
Inter frames), an average BD-rate of -4.70% is achieved.
Table 3 – BD-rate for Intra coding (Padding and Copying and Padding) and Inter + Intra coding
regarding standard HEVC coding [57].
Sequence
Kremelin
Lisboa
Moscow
Ghost Town Sheriff
Bear Attack
Daisy
VRC Concert
MyShelter Moving
Camera
MyShelter Stationary
Camera
Average

Intra: Padding [%]
-2.41
-12.77
-4.20
-5.41
-5.30
-16.52
-5.80

Intra: Copy&Pad [%]
3.29
-10.76
-0.01
1.61
-0.80
-6.43
5.70

Intra + Inter [%]
-1.01
-7.22
-1.13
-3.30
-4.20
-8.80
-2.71

-5.21

1.63

-6.23

-7.10

-4.81

-7.70

-7.19

-1.18

-4.70

Highlights
This works proposes an omnidirectional video coding solution using the Pseudo-Cylindrical projection
and some changes to the Intra and Inter coding tools in the HEVC standard. In comparison with the
standard HEVC, a BD-Rate gain of -4.70% is obtained for the complete solution. While this is not a huge
bitrate saving, some ideas can be taken into account for future work, notably using different projections.
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2.7.4. Reduced Area Tiling Definition Scheme for Omnidirectional Video
Objective
In [59], Li et al. propose a tiling definition method which aims to minimize the total area to be coded.
Some projections, notably the most commonly used ERP, stretch the image relative to the spherical
domain. This means that redundant content is generated and thus more pixels have to be used to code
the image which is undesirable from the compression point of view, hence the use of tiling.

Architecture and Walkthrough
This work follows the idea that the total image area should be minimized to reduce the number of coded
samples and consequently the coding bitrate. As shown in Figure 30, the omnidirectional video is
acquired and stitched using the ERP. Then, the projected video is divided into several horizontal tiles,
see Figure 31.
Acquisition

Stitching with
ERP

Tiling

HEVC
Decoding
x265

Transmission/
Storage

HEVC
Encoding
x265

Figure 30 – Omnidirectional video system architecture.
Finally, all the tiles are placed in the same rectangular layout and coded using a single HEVC
standard stream.

Figure 31 – Example of tile segmentation.

Main Tools
The main characteristics of the tools used in the most relevant modules in Figure 30 are now briefly
reviewed:
•

Stitching with ERP – After the acquisition stage, the content is stitched using the ERP.

•

Tiling – The spherical video is divided into several horizontal tiles. The tiles at poles are reshaped
into circles which are placed in squares padded in black outside the circles while the remaining tiles
are unfolded and each placed in a rectangle, see Figure 31. A brief description of the tiling process
follows:


Minimizing the representation area – Using appropriate tiling, the total area to be coded may
be reduced since each tile may be adjustable, e.g. in its size, to reduce the stretching effects.
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By using a very high number of tiles, the degrees of freedom are also very high and thus it
should be possible to compensate the stretching effects completely, thus resulting in a
representation equivalent to an equal-area Sinusoidal projection. The projected area
corresponding to a spherical hemisphere when using tiling is given by:
𝑛

𝑆ℎ𝑒𝑚𝑖𝑠𝑝ℎ𝑒𝑟𝑒 = 𝑆𝑝𝑜𝑙𝑒 + ∑ 2𝜋𝑟 2 cos 𝜃𝑖−1 (𝜃𝑖 − 𝜃𝑖−1 )

(2.20)

𝑖=1

where

𝑆𝑝𝑜𝑙𝑒

𝜋
𝜋 ( − 𝜃𝑝 ) 𝑟 2
= { 𝜋2
4 ( − 𝜃𝑝 ) 𝑟 2
2

, Circle Pole
(2.21)
, Square Pole

where 𝜃1 , 𝜃2 , … , 𝜃𝑛 are the latitudes where the tiling boundaries are located. The north hemisphere
𝜋

denotes 𝜃1 , 𝜃2 , … , 𝜃𝑛 ∈ (0, ) where 𝜃1 < 𝜃2 < ⋯ < 𝜃𝑛 = 𝜃𝑝 . The last boundary, at 𝜃𝑛 , corresponds to
2

the bottom boundary 𝜃𝑝 of the tile that contains the pole while 𝜃0 = 0 corresponds to the equator. The
poles can be represented in various forms. The Circle Pole referred in (2.21) represents the pole in a
circular shape that after is black padded to fill a square, while the Square Pole stretches the poles to
make squares without need of padding. Considering that a single hemisphere is divided into 𝑛
boundaries, the result is a representation with 2𝑛 + 1 tiles.
The best tiling scheme can be found by minimizing the tiling area corresponding to a spherical
hemisphere using boundaries at {𝜃1 , … , 𝜃𝑛 } and may be defined as:
Θ𝑛 = {𝜃1 , … , 𝜃𝑛 } =

arg min
0<𝜃1 <⋯<𝜃𝑛<

𝜋
2

𝑆ℎ𝑒𝑚𝑖𝑠𝑝ℎ𝑒𝑟𝑒

(2.22)

It is shown in [59] that while a higher number of tiles can reduce the total image area to be coded,
in practice, having many tiles independently coded may reduce the coding efficiency as small areas are
coded separately and thus less correlation is exploited.


Overlapping – This tiling scheme can create edge artifacts at the tile boundaries, especially for
lower bitrates. To solve or reduce these artifacts, it is suggested to use tile overlapping.
However, as this is going to increase the total area to be coded which is the opposite of the
initial target, overlapping should be used in a parsimonious way. With overlapping, the tiling
problem in (2.22) may be expressed as:
𝑆ℎ𝑒𝑚𝑖𝑠𝑝ℎ𝑒𝑟𝑒 (𝜎) = 𝑆𝑝𝑜𝑙𝑒 (𝜎) + 2𝜋𝑟 2 (𝜃1 +

𝜎𝜋
)
2

𝑛

(2.23)

+ ∑ 2𝜋𝑟 2 cos 𝜃𝑖−1 (𝜃𝑖 − 𝜃𝑖−1 + 𝜎𝜋)
𝑖=1

where

𝑆𝑝𝑜𝑙𝑒

𝜋
𝜎𝜋
𝜋 ( − 𝜃𝑝 + ) 𝑟 2
2
2
={ 𝜋
𝜎𝜋 2
4 ( − 𝜃𝑝 + ) 𝑟
2
2

, Circle Pole
(2.24)
, Square Pole
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and
Θ𝑛,𝜎 = {𝜃1 , … , 𝜃𝑛 } =

arg min

𝜎𝜋
𝜋−𝜎𝜋
<𝜃1 <⋯<𝜃𝑛<
2
2

𝑆ℎ𝑒𝑚𝑖𝑠𝑝ℎ𝑒𝑟𝑒

Θ𝜎 = {𝜃1 , … , 𝜃𝑛 } = arg min 𝑆ℎ𝑒𝑚𝑖𝑠𝑝ℎ𝑒𝑟𝑒

(2.25)
(2.26)

Θ𝑛,𝜎

where 𝜎 is the percentage of overlapping relative to the video height, e.g. a 1080 pixels video with 0.5%
overlap would correspond to 5 pixels overlapping using tiling boundaries at {𝜃1 , … , 𝜃𝑛 } for one sphere
hemisphere.


Coding layout – Finally, the tiles are readjusted to fit all in a rectangular layout and coded all
together in a single stream, see Figure 32; this guarantees perfect coding standard compatibility
as a single compliant stream is created and thus a regular compliant decoder is needed.

(a)

(b)

Figure 32 – (a) Layout with 3-tiles; and (b) Layout with 5-tiles.
The tile scheme optimization results on the specifications included in Table 4 based on (2.26),
notable for the cases of 3-tiles and 5-tiles with different overlapping percentages.
Table 4 – Proposed tiling solutions based on optimization in (2.26) using ERP.

•

x265 HEVC coding – For the experiments, the open-source HEVC x265 encoder was used
with default settings [60]. The HEVC standard achieves an average bitrate saving of 50%
comparing with its H.264/AVC predecessor for the same subjective quality. This results from an
increased complexity, notably at the encoder [61].

Performance Assessment
Initially, a set of image and video sequences were chosen to evaluate the different tiling solutions. The
first 10 sequences are images with 9K resolution and the last two sequences are videos with 4K
resolution. The quality evaluation metrics are L-PSNR and S-PSNR which allow obtaining BD-rate
results using as reference the plain ERP. Negative percentages mean that there are bitrate savings
regarding the ERP.
There are two proposed tiling schemes: with 3-tiles and 5-tiles as defined in Table 4. This tiling
technique is compared with the adaptive tiling techniques proposed in Yu et al. [44] (described in Section
2.7.2) and also with the case where the cube projection is used instead of tiling. The proposed schemes
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are referenced as P3, using 3-tiles. and P5, using 5-tiles. The cube projection is labelled as (CP) and
the adaptive tiling with 3-tiles and 5-tiles are labelled as Y3 and Y5, respectively.
Table 5(a) presents the BD-rate results regarding the ERP. On average, P3 achieves a BD-rate of
-20.1% and P5 a BD-rate of -19.7% comparing with the ERP. The adaptive tiles achieve lower
performance: while Y3 shows an average BD-rate of -13.0%, Y5 obtains a BD-rate of -14.1%; finally,
the cube projection reaches an average BD-rate of -14.6%. These results are content dependent and it
is important to keep in mind that only two of these sequences are video. Moreover, also the effect of tile
overlapping in P3 and P5 was evaluated. As the bitrate increasing is not very significant, tile overlapping
may be a useful solution to reduce the subjective impact of boundary artifacts related with tiling.
Table 5 – (a) BD-rate for various tiling techniques using L-PSNR regarding the ERP; and (b) BD-rate
for 0.5% overlapping regarding 0% overlapping.

(a)

(b)

Highlights
A tiling scheme is proposed which main objective is to reduce the overall coding area. Two specific tiling
schemes were evaluated, 3-tiles and 5-tiles, and finally compared with the ERP. A considerable bitrate
saving has been obtained with P3 regarding the ERP. This suggests that the total coding area is an
important criterion to consider while maximizing the compression performance.

2.7.5. JVET Activities on Omnidirectional Video Coding
Objective
As mentioned before, JVET is a joint group between MPEG and VCEG which has the main target to
work towards the next video coding standard, the HEVC successor. However, with the emergence of
omnidirectional video as a hot topic in video coding, JVET also decided to dedicate its attention to the
objective of maximizing the RD performance when coding omnidirectional video, very likely compliantly
using the HEVC standard. In this context, the following closely related objectives have been defined:
•

“Study the effect on compression of different projections formats, resolutions, and layouts of the
input 360 video.

•

Discuss refinements of common test conditions, test sequences, and evaluation criteria.

•

Generate anchors and a reporting template for the common test conditions.

•

Study viewpoint generation methods and evaluation criteria, and viewport-dependent video coding
and streaming.
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•

Study coding tools dedicated to 360 video, and their impact on compression efficiency and
subjective quality.”
This section will briefly review some of the tools under study in JVET and the adopted test metrics

and methodologies which are fundamental to guarantee a fair evaluation of the various solutions.

Architecture and Walkthrough
The architecture in Figure 33 has been recently adopted as the reference architecture to evaluate
omnidirectional video coding tools [60]. After acquisition, omnidirectional video is stitched using the ERP
and converted to a spherical representation. Then, this content is projected to the projection format used
for coding purposes, eventually again the ERP. Several projections are under studied and this is perhaps
the most studied module of the omnidirectional video system architecture. Yet, there are other modules
for which tools are proposed. One of them is Geometric Padding although it requires modifications at
the encoder/decoder what may not be desirable if standard compliant coding is targeted.
The projected video is encoded using a HEVC codec, and decoded, naturally with the same
projection format used before coding. Finally, video is converted to a spherical representation and the
selected viewport is rendered for viewer visualization.

Figure 33 – JVET omnidirectional video system architecture [60].

Main Tools
The main characteristics of the modules/tools used or under study for the most relevant modules in
Figure 33 are now briefly reviewed:
•

Test materials with ERP – Currently, the acquired content is typically stitched to obtain the
omnidirectional video, using the ERP. Usually, 4K or 8K resolutions are used for the projected video,
but it is arguable that these resolutions may be insufficient to fulfill omnidirectional video
requirements [14]; hence priority is given to 8K resolution.

•

Sphere 8K – Conceptually, to convert the Equirectangular projected video to another projection, the
video is reverted to the spherical representation. This is not only an intermediate stage used for
conversion between different projections but also a relevant stage for objective video quality
assessment using the S-PSNR and CPP-PSNR metrics.

•

Projection – The set of projections under JVET study include: Equirectangular, Equal-Area, Cube,
Icosahedral, Octahedron, Truncated Square Pyramid and Segmented Sphere projections. The
projections that divide the sphere into several perspective plans (e.g. Cube projection) have some
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variations depending on the way the various faces are organized. The faces can be rotated and
placed in a compact layout, where the coded rectangular frame is fully used with useful information
(eventually at different resolutions) or a native layout may be used where the same resolution is
adopted for all the faces and part of the coded rectangular frame is effectively empty, see Figure
34. The Segmented Sphere projection corresponds to the solution in Section 2.7.4.

(a)

(b)

(c)

Figure 34 – Cube projection: (a) native layout; (b) compact layout [62]; and (c) layout with faces at
different resolutions [63].
Moreover, it is necessary to use interpolation filters to map the pixels between different projections
as these projections have different distortions associated and thus pixels cannot be directly mapped
to integer positions. While it is currently possible to use Bilinear, Cubic and Lanczos filtering, JVET
recommends that the 6-tap Lanczos filter is used for luma components and the 4-tap Lanczos filter
for chroma components [60].
•

Encoding/Decoding – The projected video is coded using the HEVC HM software. It is worth
referring that Geometric Padding has been studied as a new coding tool by He et. al. [64]. This tool
proposes to extend the borders of the ERP video using samples from the opposite side to improve
motion prediction. For the Cube projection, this tool extends each cube face with data from the
adjacent faces, again to improve motion prediction, since every face represents a different
perspective (eventually with different distortions for the various faces). Yet, this solution adds new
coding tools what may compromise the compliant coding.

•

Viewport Rendering – In [65], He et. al. propose to obtain the rendered viewport content as the
projection of the spherical content into a 2D rectilinear plan tangent to the sphere, where the central
point of the viewport is the direction the viewer is looking at and the intersection point between the
plane and the sphere. As the 2D plan pixels are distorted relatively to the sphere, interpolation may
have to be used to map the pixels from the sphere to the viewport plane. Some interpolation filters
have been studied, notably Nearest Neighbor, Bilinear, Bicubic and Lanczos [65], but Bilinear
interpolation was agreed to be the reference for viewport rendering [60].

Performance Assessment
There are currently many experiments being performed by multiple partners in the context of JVET
activities. Naturally, these experiments are related to different modules of the omnidirectional video
system architecture. From the multiple experiments, two have been selected for presentation here.
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1. RD performance depending on the projection
In [66], Vishwanath et. al. study the RD performance of omnidirectional video coding when different
projection formats are used. The experiments have been performed using the (HEVC) HM version 16.12
for coding and a set of eight omnidirectional videos with 8K resolution. The BD-rate regarding the ERP
using the S-PSNR metric is computed for the several sequences but only the average results are
presented; remind that negative percentages imply that there is a bitrate saving regarding the ERP.
Table 6 presents the BD-rate achieved by several projections, where the S-PSNR and V-PSNR metrics
assess the objective quality [66].
When S-PSNR is used, the Cube projection achieves similar average performance comparing with
the ERP while the remaining projections show considerably worse performance. Table 6 shows that the
results are highly dependent on the content and the average does not express well the results for specific
video sequences. In fact, there are rather large BD-rate variations and different projections perform the
best depending on the video sequence.
When the V-PSNR is used, the evaluated viewport is fixed with a FOV 60º x 60º. The Equal-Area
projection obtains better results than the ERP, notably for the V-PSNR metric, while the Octahedron and
Icosahedral projections obtain very poor performances. Again, the BD-rates are highly content
dependent [66].
Table 6 – BD-rate relative to ERP using S-PSNR and V-PSNR metrics [66].

Cube projection
Equal-Area projection
Octahedron projection
Icosahedral projection

Average BD-rate (S-PSNR)
Y
U
V
1.5%
0.6%
0.4%
3.2%
-4.5%
-3.8%
11.7%
18.4%
18.5%
5.6%
7.7%
8.5%

Average BD-rate (V-PSNR)
Y
U
V
10.1%
6.9%
7.3%
-12.1%
-13.1%
-12.7%
6.7%
6.6%
8.4%
----------------------------

2. Segmented Sphere projection RD performance depending on the projection
In [67], Zhang et. al. study the Segmented Sphere projection and compared it with the very common
Equirectangular and Cube projections. In fact, this is the same approach proposed in Section 2.7.4,
using both the 3-tiles and 5-tiles solutions. The BD-Rate performance is evaluated for eight video
sequences using the CPP-PSNR metric for objective quality assessment; the information about the
number of tiles and the codec used is not explicitly available but the HEVC codec is likely used. The
BD-Rate negative values imply here that there are bitrate savings when using the Segmented Sphere
projection regarding the Cube and Equirectangular projections. The obtained BD-rates are presented in
Table 7 and they show that, on average, a slightly improvement is obtained regarding the Cube
projection and a slightly loss regarding the ERP. Again, the results show considerable variations
between sequences what may suggest that the best projection is content dependent.
Table 7 – BD-rate using Segmented Sphere projection relative to Equirectangular and Cube
projections using S-PSNR and V-PSNR metrics [67].

abyss_great_shark
Bicyclist

SSP vs CMP
2.11%
-4.46%

SSP vs ERP
10.86%
0.21%
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Glacier
GT_Sheriff
paramotor_training
skateboarding
timelapse_basejump
timelapse_building
Average

2.30%
-9.03%
3.97%
-2.38%
6.62%
-9.33%
-1.28%

-10.35%
-1.42%
14.27%
3.99%
10.20%
-2.95%
3.10%

3. Test Conditions for future experiments
For further studies and experiments, JVET agreed to define specific test conditions in order to have
fair comparisons between experimental results [60]. The content should use 4K or 8K resolution and be
represented with the ERP where the frame height is half the frame width. A set of sequences is made
available which fulfill these criteria with 8 and 10 bit-depth and 4:2:0 YUV sampling. Moreover, it has
been agreed to use the HEVC HM version 16.9 for most experiments while for 360-specific coding tools
the JEM4.0 software (the software framework to develop the next video coding standard) is
recommended. The quantization parameter values to be used are 22, 27, 32 and 37, while the objective
quality should be assessed using the WS-PSNR, CPP-PSNR, S-PSNR-I and S-PSNR-NN metrics. The
360Lib software should be used for projection conversions and quality assessment.

Highlights
Most of the current JVET studies are related to the impact of the projections; as the used projection may
have to be signaled to the received, a future standard may include projection related metadata. There
are many comparisons available between projections where the results show some trends but the main
highlight is that the RD performance is highly dependent on the content; this seems to indicate that the
projection may have to be selectively adapted to each specific content.
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Chapter 3

Saliency Detection in Omnidirectional Images
This chapter intends to propose a solution to efficiently detect saliency in omnidirectional images. First,
the concept of saliency is explained as well as its relation with the coding solution to be proposed in
Chapter 4. Then, the architecture, the relevant maps and the several processing modules will be
presented. Finally, the performance of the proposed algorithm will be presented and analyzed using an
appropriate metric.

3.1. Saliency Detection Models
Saliency scores should characterize the various parts of a scene regarding how they appear to an
observer in terms of standing out relative to their neighboring parts [68]; in practice, they should express
the intensity with which each area of the image calls the viewer attention. These scores are represented
by means of a Saliency Map (SM) that should express the intensity the viewers fixate their attention on
the various regions in an image, often referred as eye fixation regions. The SM is generated using a
Saliency Detection Model (SDM) which defines the fixation regions based on the image characteristics.
The early SDM approaches were mostly based on edge detection, thus extracting object edge
descriptors in the image, following the idea that edges are more significant and important to human
attention than other parts of the image [69]. For example. Koch and Ullman [70] introduced a basic
biologically inspired architecture for visual saliency, so-called Koch and Ullman model and Itti et al. [71]
proposed a computational architecture to implement and verify the same model [72]. Here, several lowlevel features were combined, exploiting features like luminance, color and textures defined in an
architecture where: first, low-level feature extraction is performed; second, feature maps are built from
the extracted features; and, finally, the feature maps are combined and normalized [73]. Later, these
low-level maps evolved forwards the extraction of medium and high-level features such as text, faces,
scene context, faces, objects and actions [74].
The current SDMs exploit low to high level features and have received great attention due to the
major advances in this area during the last years and its utility for a wide number of applications, like
image and video compression, object detection and action guidance in robotics [75]. These advances
are highly related to the increasing usage of neural networks and machine learning tools in this type of
systems, thus allowing the systems to learn and be optimized from previously given information/data
[76].
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Despite being an active research area, the SDMs have been mostly studied for non-omnidirectional
images, which means the current available models may not be appropriate for omnidirectional images
and may need to be adapted to omnidirectional content characteristics.
The objective is thus to develop a saliency detection model for omnidirectional images to be used
in an adaptive omnidirectional content coding solution, notably defining regions-of-interest that are
encoded with higher quality while less salient/important regions are encoded with lower quality, naturally
targeting bitrate savings.

3.2. Architecture and Algorithms
Figure 35 shows the architecture of the SDM for omnidirectional images designed and proposed in this
Thesis. Naturally, the architecture needs some content as input and, in this case, the omnidirectional
dataset provided in the context of the Salient360!: Visual attention modelling for 360ºImages Grand
Challenge organized at ICME’2017 has been adopted [77]. This dataset includes both a set of
omnidirectional images and their ground truth saliency maps with experimentally obtained fixation maps
(see Section 3.3.1 for more details).
The architecture in Figure 35 considers three branches:
1. Ground truth branch - The left branch represents the ground truth in terms of saliency for each
omnidirectional image, in this case expressed by means of the so-called Viewport integrated Head
Direction Map (VHDM) defined below; this is the experimental data that the proposed SDM should
estimating in the most reliable way.
2. Proposed SDM - The center branch represents the proposed SDM, and it is image-specific as it
determines the saliency considering the specific characteristics of a certain, 𝑛-th, omnidirectional
image; its saliency scores are represented in the Latitude biased Viewport integrated Saliency Map
(LVSM) defined below.
3. Latitude driven SDM - The right branch represents an alternative SDM which is NOT image-specific
and only considers the latitude impact represented by means of the a so-called Viewport based
Latitude Importance Map (VLIM) which expressed the viewer relevance of different latitudes for
human subjects as computed from a representative set of ground truth maps with experimentally
measured latitude viewing intensities. Ideally, the proposed SDM should perform better than this
Latitude driven SDM as it is image-specific.
The proposed image-specific SDM starts with the detection of saliency using a regular 2D image
SDM; this saliency map is after processed to better fit the omnidirectional image characteristics, which
ideally should be as close as possible to the experimentally obtained VHDM which plays here the role
of a ground truth. To adjust some algorithm parameters in the SDM designing process, the final output
LVSM may be compared with the experimental VHDM using metrics that shall evaluate how
close/correlated are the automatically computed and experimental maps. In a coding perspective, the
idea is to use the LVSM as a quality impact map indicating the regions that should be coded at higher
and lower qualities.
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Figure 35 – Architecture of the proposed Salient Detection Model for omnidirectional images.

3.2.1. Saliency Maps Definition
For better understanding of the proposed framework, a set of map definitions used in this chapter is
here presented, notably:
•

Viewport integrated Head Direction Map (VHDM) – This experimental map represents the
importance of each image region considering not only a single direction but also the fact that viewers
access/view a full viewport. Remind that the viewport is the region in the omnidirectional image that
is displayed to the viewer, while the head direction corresponds only to the center of the viewport.
As the probability of looking to the center of the viewport is higher than looking to the borders, a
foveation function is applied to give higher importance to the viewport center and a fading out
importance to the borders. This map is typically computed based on a Head Direction Map (HDM)
experimentally measured and serves as ground truth for the automatic SDM.

•

Viewport based Latitude Importance Map (VLIM) – This map should express the different viewer
attention intensity the viewers give to the various latitudes already considering the viewport access;
this map expresses the fact that viewers don’t have the same probability to look to all latitudes. This
map is experimentally measured using the viewer’s latitude access frequency as expressed by the
experimentally VHDM for a set of different omnidirectional images or it may be analytically
expressed using some appropriate function derived from experimental data.

•

Saliency Map (SM) – This map is automatically generated by a SDM and should identify the most
salient regions in the image; these regions should largely correspond in practice to the eye fixation
regions.
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•

Viewport Integrated Saliency Map (VSM) – This map derives from the SM to identify the most
salient regions while also considering the viewport access that is typically not considered by the
saliency map algorithm; ideally, it should represent the head+eye fixation regions, which following
the same logic as for eye fixation regions, indicate regions where the viewers tend their eyes when
the head is fixed at a certain position.

•

Centered Viewport Integrated Saliency Map (CVSM) – This map derives from the VSM to take
into account that for certain regions the eyes may be not look at the center of the viewport (e.g. for
the top pole, viewers may have their head turned to a latitude below the pole, while the eyes are in
fact, looking at the pole, in the upper part of the viewport).

•

Latitude biased Viewport Integrated Saliency Map (LVSM) – This map expresses the final
saliency intensity considering not only the viewport access effect but also the different importance
of the various latitudes, which is significant for omnidirectional images.
The algorithms for the several steps in the proposed SDM are presented in the following sections

after presenting the latitude driven SDM which will also integrate the proposed SDM in a final fusion
module.

3.2.2. Latitude driven SDM: VLIM Generation
This module determines a saliency map only based on a set of experimental VHDMs, in this Thesis the
ICME 2017 Grand Challenge Salient360 [77] dataset. The set of VHDM for each image in the dataset
allow to extract some global statistics to globally characterize the importance of each latitude, in this
case already independently of each specific input omnidirectional image. This map is computed through
the average fixation intensity for each latitude (considering all longitudes) for the full set of the available
VHDMs, computed as:
𝑁

𝑊

1
𝑄(𝑖) =
∑ ∑ 𝑉𝐻𝐷𝑀𝑛 (𝑖, 𝑗)
𝑁×𝑊

(3.1)

𝑛=1 𝑗=1

where N is the number of available VHDMs (and thus images in the dataset) and W is the width of the
VHDMs. This process is cumulative for the 𝐻 rows in the VHDM. Finally, the 𝑄(𝑖) score for each latitude
expresses its corresponding viewer relevance, in this case independently of 𝑗-th longitude.
Figure 36(a) shows the resulting weights depending on the latitude for the selected dataset. As
shown in Figure 36(b), the Q weights are converted into a 2D weight map that only varies in terms of
the latitude.
According to [78], the probability of a viewer fixating a region on a specific latitude in an
omnidirectional image is well-described by a Laplacian distribution, which defines a latitude bias that
should be considered by SDM. In this case, the result does not fit exactly a Laplacian distribution
because the experimental maps VHDMs provided were built applying a foveation function modelled by
a Gaussian distribution to the region around the head direction, which should express the fading
importance around a fixation point.
The function in Figure 36(a) proves that there is a strong tendency for the viewers to navigate around
the equator in omnidirectional images. Moreover, the maximum importance is not exactly at 0º, while
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the south pole has slightly higher importance than the north pole; yet this behavior is not very relevant
and may need to be better studied, notably using a larger dataset.

(a)

(b)

Figure 36 – (a) Latitude weight as a function of the latitude; and (b) final VLIM.

3.2.3. Proposed SDM: Saliency Map Generation
The first step in the proposed SDM is to adopt an available 2D SDM to generate a SM for the input
omnidirectional image. However, it is essential to consider that the available SDMs have been
developed for non-omnidirectional images. A good list of these SDM is available at the MIT Benchmark
[79] which also includes a performance comparison between the available SDMs for different datasets
and objective metrics.
The MLNET proposed by Cornia et al. [80] is one of the top scored SDM for which software is
available. This model combines features extracted at low, medium and high levels of a Convolutional
Neural Network (CNN). Considering its great performance and the availability of software, this SDM
has been adopted for usage in this Thesis. First, the features are extracted to be used on a network that
builds saliency-specific features where feature weighting functions are learned to generate saliencyspecific feature maps and producing a temporary saliency map. Finally, a learned prior is considered to
build the final saliency map that typically also considers the center bias, see Figure 37.
The learning consists on a training process for the SM extraction algorithm based on a large set of
images and corresponding ground-truth saliency maps that adjusts the extracted features and the
learned priors, forcing the network to minimize a square error loss function through Stochastic Gradient
Descent (SGD); this is a stochastic approximation of the gradient descent optimization method for
minimizing an objective function that is written as a sum of differentiable functions. In other words, SGD
tries to find minima or maxima, iteratively [81].
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Figure 37 – Architecture of the MLNET 2D SDM [80].
For the purposes of the omnidirectional image SDM to be designed in this Thesis, the MLNET pretrained model is used. The model was trained on the SALICON dataset [82] which includes 10000
training images, 5000 validation images and corresponding ground-truth saliency maps. Those images
are non-omnidirectional but training the model with omnidirectional images is out of question as a high
number of omnidirectional images would be required for training and these images are not available.
So, here the MLNET input is, in fact, an ERP omnidirectional image which has been zero-padded to fit
a 4:3 aspect ratio and then resized to a 640x480 resolution which is the maximum size of the
convolutional layers that are responsible for the feature extraction.
The ERP distorts the real content and may affect the saliency detection performance; however, the
most affected regions are the poles which generally are not the most important/salient regions of the
image. Another solution would be to divide the image into several parts, so-called patches; however,
the image would not be analyzed considering the whole context. In other words, while each patch would
still correspond to a SM with intensities in the range [0,1], yet it would not consider that the different
patches may actually have different relative importance. The SM for image P4 from the Salient360
dataset in Figure 39(a) is represented in Figure 39(b).

3.2.4. Proposed SDM: Saliency Map Viewport Integration
The previous SM module should identify eye fixation regions. However, although usually the viewers
look at the center of the viewport, eye and head directions are not always the same and this effect has
to be taken into account (this means the viewers move the eyes around even when the head is fixed).
Thus, to move from eye fixations regions to head fixation regions some processing has to be performed
in this SM Viewport Integration module. The basic idea is that, for every head direction, a saliency value
is obtained to consider the head+eye direction based on the saliency within the viewport for a specific
head direction, considering the saliency as expressed by the SM.
Figure 38 represents the architecture of the SM Viewport Integration algorithm which considers the
following steps:
1) Conversion to Spherical Domain - For every pixel in the SM, its position is converted to spherical
coordinates as longitude and latitude.
2) Viewport Extraction - Then, this position is assumed as the head direction and, using the same
approach as for rendering, the viewport is computed.

55

3) Weighted Saliency Computation - After, the weighted average of the viewport saliency intensities
is computed with weights defined by a foveation function, in this case a 2D Gaussian distribution
with a standard deviation 𝜎 = 4o regarding the center of the viewport. The chosen standard deviation
was determined as the value minimizing the RMSE between the VHDM and the LVSM which play
here the roles of (experimental) ground truth saliency and computed saliency, see Section 3.3.3.
4) ERP Conversion - The obtained result in the previous step is placed at the same position as in
Step 1. At the end, when the process is repeated for every position, the resulting VSM is represented
in a ERP.
Viewport Integration
(ERP) SM

Conversion
to Spherical
Domain

Weighted
Saliency
Computation

Viewport
extraction

ERP
Conversion

VSM

Figure 38 – Viewport Integration module architecture.
The resulting VSM of image P4 is shown in Figure 39(c).

(a)

(b)

(c)

Figure 39 – (a) P4 omnidirectional image; (b) SM; and (c) VSM.

3.2.5. Proposed SDM: Saliency Map Centering
The SM Centering module intends to take into account that the viewers do not move the head completely
to fixate areas close to the poles, and instead the viewers complete the fixation by moving the eyes. For
example, considering the viewer looks at the north pole, typically the head is turned to a lower longitude
relative to the top pole while the eye direction is at the upper part of the viewport. In practice, the detected
salient regions should become closer to the equator to consider this effect. Thus, to take this effect into
account, the designed SDM should include a processing module that moves the VSM rows to a latitude
closer to the equator. It is important to refer that this creates a shrinking effect towards the equator.
Meanwhile, to keep the resolution and avoid creating any empty areas close to the poles, it is necessary
to use some form of padding, e.g. copying some rows corresponding to the (top and bottom) poles in
VSM to the CVSM rows that would not have any assigned saliency after the rows are moved closer to
the Equator. To assure that every row is filled and there are no empty areas, each final CVSM
coordinates are associated to some VSM coordinates implying that the corresponding saliency are
allocated following this correspondence.
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Assuming the coordinates (𝑖, 𝑗) = (0,0) at the image top left corner, the CVSM to VSM coordinates
correspondence is defined by (naturally, only the i coordinates change as this is only a latitude move,
not longitude):
𝑖𝑉𝑆𝑀 =

1
𝑖
𝑐 𝐶𝑆𝑀

(3.2)

where 𝑐 varies with the distance between the Equator (𝑖 = 𝐻/2 in the map representation) and the
farthest very salient point with the relation given by
𝑐 = 𝑐𝑚𝑎𝑥 −

1
𝑑𝑚𝑎𝑥
𝐻/2 𝑐𝑚𝑎𝑥 − 𝑐𝑚𝑖𝑛

(3.3)

while 𝑑𝑚𝑎𝑥 is the distance between the Equator and the farthest very salient point expressed as
𝑑𝑚𝑎𝑥 = max (|𝑖𝑉𝑆𝑀(𝑖,𝑗) >𝑟 − 𝐻/2|)

(3.4)

where 𝑖𝑉𝑆𝑀(𝑖,𝑗)>𝑟 represents the latitude of the farthest highly salient region to the Equator and 𝑟 = 0.8,
𝑐𝑚𝑎𝑥 = 1.3 and 𝑐𝑚𝑖𝑛 = 1. The 𝑟 value is here the threshold defining whether a region is very salient or
not. When 𝑟 = 0.8, the most salient regions in the image include all the areas with a saliency down to
80% of the maximum intensity. The 𝑐𝑚𝑖𝑛 and 𝑐𝑚𝑎𝑥 values limit the effect of this centering effect. The 𝑐𝑚𝑖𝑛
value was defined considering that, if there is a very salient region near the poles, it is likely that the
viewer navigates around that region and it is also likely that the head movement may include the pole,
so a great change (large centering effect) on the map is not desired; if 𝑐 = 𝑐𝑚𝑎𝑥 , the map is not changed
at all. On the other hand, 𝑐𝑚𝑎𝑥 limits the effect of this processing module; the selected value avoids that
the resulting saliency map becomes featureless due to exaggerate shrinking/centering; as reference,
𝑐 = 𝑐𝑚𝑎𝑥 = 1.3 results a CVSM where the top pole values move from the 90º to approximately 69º. The
CVSM for image P4 is represented in Figure 40(a).

3.2.6. Proposed SDM: CVSM and VLIM Combination
Despite the initially determined salient regions, the regions near the Equator are (statistically speaking)
the most viewed regions in the image, as shown in Figure 36, and the computed SDM still does not
considers this fact which is represented by the VLIM. The objective of this processing module is to
introduce a latitude bias, where the saliency scores vary depending on the latitude. Although related,
this effect should not be confused with the SM Centering effect which only has the objective of
approximating the already existing salient regions to the equator.
Therefore, as already explained, the VLIM expresses precisely the statistical latitude bias
(experimentally computed), it is proposed here that the SM results from a combination between the
computed CVSM and the experimental VLIM, more precisely by computing a weighted average of
CVSM and VLIM:
𝐿𝑉𝑆𝑀 = 𝑤 × 𝐶𝑉𝑆𝑀 + (1 − 𝑤) × 𝑉𝐿𝐼𝑀

(3.5)

where 𝑤 = 0.8 is the value minimizing the RMSE between the VHDM and the LVSM which should be
as close as possible, see Section 3.3.3. This parameter setting should allow to increase the similarity
between the LVSM and VHDM, as desired. This is also a safety measure for coding when the SDM is
less accurate, as it increases the importance of the regions near the equator, a fact that has strong
experimental validation.
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The example of LVSM for image P4 is presented in Figure 40(b), which ideally should be similar as
possible with the VHDM, represented in Figure 40(c).

(a)

(b)

(c)

Figure 40 – (a) CVSM; (b) LVSM and; (c) VHDM of image P4.

3.3. SDM Performance Assessment
This section intends to assess the performance of the proposed SDM regarding VHDM ground truth
using as benchmark the latitude driven SDM.

3.3.1. Experimental Data
The image dataset and experimental data provided in the context of the Salient360!: Visual attention
modelling for 360ºImages Grand Challenge organized at ICME’2017 [77] has been adopted for the
experiments to be performed in this Thesis. This Grand Challenge targets advancing the state-of-theart on saliency detection modeling for omnidirectional images and, thus, the participants are asked to
submit their SDM solutions to be assessed with the set of omnidirectional images provided by the
organizers. The dataset contains a set of omnidirectional images and experimental maps, indicating the
most salient regions considering the head direction. The set of images includes diversified content with
different characteristics in terms of textures, colors, context and existence of people, see Figure 41.
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Figure 41 – Images from Salient360 dataset: (a) P2; (b) P3; (c) P4; (d) P5; (e) P6; (f) P7; (g) P10; (h)
P11; (i) P12; (j) P13; (k) P14; (l) P15; (m) P17; (n) P21; (o) P22; (p) P23; (q) P24; (r) P25; (s) P27; and
(t) P28 (the numbers in the naming are not continuous as certain initial images were not finally
selected for the Grand Challenge).
These maps were obtained through experiments in which the viewers head and eye trajectories are
experimentally measured and stored. The viewers used a HMD Oculus Rift-DK2, which has a 75Hz
frame rate, 960x1080 per eye spatial resolution and 100º vertical and horizontal FOV. While the HMD
registers the head direction, an eye tracking camera from Sensomotoric Instruments (SMI) was installed
to register the eye direction within the displayed viewport [77].
The subjects should have a free-viewing behavior and, for this reason, there was a training session
to familiarize them with this type of experience. Each image was shown during 25 seconds with an
interval of 5 seconds between each image showing a gray screen, with the subjects seated in a turnchair. They were able to rotate the head and eyes within a 360º horizontal and vertical ranges and move
the chair in the room. The initial position for each image was reset to the equirectangular image center,
independently of the subject position, to ensure that all the subjects were in the same conditions.
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The provided maps were processed, notably to determine the region corresponding to the viewport
for each head direction by applying a 2D Gaussian foveation function with a standard deviation of two
degrees to allocate the highest importance to the viewport center and a decaying importance when the
position gets away from the center of the viewport.

3.3.2. SDM Performance Metric
The good performance of the proposed SDM should correspond to similar LVSM and VHDM, meaning
that the computed saliency maps could replicate the experimental obtained saliency scores. As a
performance reference/benchmark, the VHDM is also compared with the VLIM which is only driven by
the latitude bias; in theory, it is expected that the LVSM achieves better performance than the VLIM
when both maps are compared with VHMD, since the VLIM statistically characterizes a whole set of
images only in terms of head direction and not any specific image in particular.
To compare the proposed LVSM and the VLIM, it is used the Root Mean Square Error (RMSE)
metric. It measures the root average of the squared differences between two variables, often one to be
estimated and its corresponding estimator. In this context, it measures the difference between the two
maps under comparison. Additionally, the RMSE must be adapted to perform its assessment
considering the spherical domain and not the ERP stretching. Computing the RMSE for the two saliency
maps is performed with the following expression:
𝜋

1
𝑅𝑀𝑆𝐸 = √ ∑
𝑁

𝜋/2

∑ (𝐿𝑉𝑆𝑀(𝜃, 𝜑) − 𝑉𝐻𝐷𝑀(𝜃, 𝜑))2

(3.6)

𝜃=−𝜋 𝜑=−𝜋/2

where 𝜃 is the longitude, 𝜑 is the latitude and 𝑁 is the number of samples used to represent the spherical
domain which depends on the granularities of 𝜃 and 𝜑. The spherical domain consists in a spherical
grid where the points are equally spaced; according to the 360Lib software [83], the spherical grid has
a total of 655362 points.

3.3.3. Performance Driven Parameter Adjustment
The algorithm has a few parameters that may be adjusted. For example, in the SM Viewport Integration,
the foveation applied to the SM may significantly impact the final SDM performance. This foveation is
controlled by the standard deviation σ used to model the Gaussian distribution. Another parameter that
may affect the SDM algorithm performance is the weight 𝑤 that controls the weighted average between
the LVSM and VLIM.
For this reason, σ and 𝑤 should be adjusted to minimize the RMSE between the VHDM and LVSM.
With this purpose in mind, the RMSE between the VHDM and LVSM was computed considering the 20
images available in the Salient360 dataset.
The RMSE as a function of σ and 𝑤 is presented in Table 8. The results show the RMSE reaches
its minimum when 𝑤 = 0.8 and 𝜎 = 4º. This is why 𝜎 = 4º is adopted in SM Viewport Integration
processing module and 𝑤 = 0.8 is used in the CVSM and VLIM Combination.
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To be fully fair, the values for these parameters should be ‘optimized’ for a certain dataset and used
to measure the performance assessment with another dataset but there were not enough
omnidirectional images available to proceed in this ideal way.
Table 8 - RMSE for different values of w and σ;

0.5

0.55

0.6

0.65

W
0.75

0.7

0.8

0.85

0.9

0.95

1

2 0.1817 0.1708 0.1613 0.1535 0.1476 0.1440 0.1427 0.1438 0.1474 0.1531 0.1608

σ [º]

3 0.1814 0.1704 0.1608 0.1529 0.1469 0.1431 0.1417 0.1427 0.1461 0.1518 0.1594
4 0.1812 0.1701 0.1604 0.1523 0.1462 0.1423 0.1408 0.1417 0.1449 0.1505 0.1580
5 0.1844 0.1738 0.1645 0.1570 0.1513 0.1477 0.1465 0.1475 0.1509 0.1563 0.1638
6 0.1855 0.1749 0.1657 0.1582 0.1525 0.1488 0.1475 0.1484 0.1515 0.1568 0.1640

3.3.4. Performance Results and Analysis
To start with an example of the obtained saliency maps along the several processing modules, Figure
42(a) shows a specific original omnidirectional image in the ERP domain, for which the saliency maps
are generated; next, Figure 42(b) presents the SM resulting from the MLNET SDM, while Figure 42(c)(d) represent the VSM and CVSM, respectively; the combination of CVSM with VLIM in the LVSM is
represented in Figure 42(e), which ideally should be as similar as possible to the Grand Challenge
experimental VHDM shown in Figure 42(f).

(a)

(b)

(c)

(d)

(e)

(f)

Figure 42 – (a) Original equirectangular image P3 and corresponding (b) SM; (c) VSM; (d) CVSM; (e)
LVSM; and (f) VHDM.
Generally, after each processing module the resulting map should become more similar to the
experimental VHDM. This is confirmed in Table 9, where the average RMSE considering the entire set
of images decreases after each processing module.
Table 9 - Average RMSE between the VHDM and the maps VLIM, VSM, CVSM and LVSM.
VLIM
Average RMSE

0.3298

VSM
0.1638

CVSM
0.1538

LVSM
0.1348
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Naturally, the proposed SDM solution performance varies depending on the content. First, it
depends on the MLNET performance when it initially detects the saliency regions but it also depends
on the adaptation made for omnidirectional images along the remaining processing modules, notably
when the focus of attention is close to poles.
Figure 43 presents the RMSE between the VLIM and the VHDM and between the LVSM and the
VHDM for the full set of omnidirectional images. Comparing both cases, the LVSM RMSE is significantly
lower than the VLIM RMSE for all the images in the dataset.

Figure 43 - RMSE for the set of images in the dataset of VLIM and LVSM regarding VHDM.
In conclusion, not only the LVSM RMSE is much lower but also the visual inspection allows to
conclude that the proposed SDM could appropriately detect the most salient regions which is promising
for future SDMs developed for omnidirectional content. The LVSM may be now integrated in a video
codec to allocate the rate and quality within the omnidirectional image in order to maximize the
subjective impact by considering the different viewer relevance of the various image parts. This will lead
to the adaptive coding solution to be proposed in Chapter 4.
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Chapter 4

Adaptive HEVC Coding of Omnidirectional
Image and Video
This chapter proposes a content-adaptive omnidirectional image and video coding solution based on
the saliency of the omnidirectional visual content. First, the HEVC standard is briefly described. Next,
the adaptive coding solutions are described. Then, the objective metrics used to evaluate the
omnidirectional coding performance and the test conditions used in the experiments are described.
Finally, the results are presented and analyzed using objective quality metrics. To evaluate whether
these objective quality metrics express the human quality perception, subjective tests are conducted
and the correlation between the objective and subjective evaluation results is assessed.

4.1. The HEVC Standard
The High Efficiency Video Coding (HEVC) standard was developed by the Joint Collaborative Team on
Video Coding (JCT-VC) which has been formed by the ITU-T Video Coding Experts Group (VCEG) and
the ISO/IEC Motion Picture Experts Group (MPEG).
HEVC is capable of efficient video coding with high resolutions (e.g. 4k x 2k and 8k x 4k) compared
to previous video coding standards, e.g. H.264/Advanced Video Coding (AVC), notably around 50%
rate reduction for the same subjective quality. Naturally, this codec is suitable for omnidirectional video
at high resolutions and high frame rates, if a rectangular projection is first applied; the most common
projection currently used is the Equirectangular projection (ERP). If stereoscopic omnidirectional video
has to be coded, one of the two HEVC multiview video extensions may be used (MV-HEVC and 3DHEVC).
The HEVC basic processing unit is the Coding Tree Unit (CTU) also called Largest Coding Unit
(LCU) which is equivalent to the macroblock in previous video coding standards. The CTU size may
vary between 16x16, 32x32 and 64x64 pixels and all CTUs within an image have the same size. Initially,
the HEVC divides the image into CTUs which are then divided for each luma/chroma component into
coding tree blocks (CTBs) with the same size as the CTU; for high resolutions, larger image partition
sizes typically enable better compression [84]. Depending on the content of the various parts of the
image/video frame, the CTB may be too big to decide whether inter-picture prediction or intra-picture
prediction should be performed; thus each CTB may be differently split into multiple coding blocks (CBs)
and each CB becomes the decision making point in terms of prediction type (intra or intra prediction).
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The prediction type is defined and coded at coding unit (CU) level which consists on three CBs (for
Y, Cb, and Cr) and associated syntax elements. The CBs can also be divided into prediction units (PUs)
depending on the temporal and/or spatial predictability. The CBs are also divided into transform blocks
(TBs) for residual coding with a Discrete Cosine Transform (DCT) or similar. PB size is from 64×64 to
4×4 samples, while the TB may have a size of 4×4, 8×8, 16×16, and 32×32. TBs and PBs do not need
to have the same size. An example of a HEVC coding structure in is shown in Figure 44.

(b)

(a)

Figure 44 - Example of a coding structure in HEVC. (a) The coding structure of a LCU. A black square
in the LCU denotes an 8×8 CU is encoded as the 4×4 PU type. (b) The corresponding representation
of the LCU [85].

4.2. Adaptive Quantization Parameter Selection
One of the most important parameters to control the rate and the obtained quality in HEVC coding is the
quantization parameter (QP) as it defines how much distortion is inserted in the coding process.
Naturally, using a quantization parameter which is adaptive to the image/video characteristics may allow
achieving better compression at the price of some additional encoder complexity.

4.2.1. QP Selection based on the Saliency Map
A major objective of this Thesis is to use the final saliency map created in the previous chapter to create
a content adaptive coding solution by appropriately reducing the quality of less important regions of the
image for bitrate saving purposes.
The most well-known solution is to adjust the quality through the quantization parameter (QP), thus
varying the quantization step to control the video quality and the coding rate.
The HEVC standard allows defining the QP at the CU level but it is necessary to design an
appropriate model to select the QP depending on the saliency map, e.g. depending on the average
saliency for each CU. Moreover, it will be necessary to change the reference software encoder to
compute the QP based on the saliency map intensity.
In [86], a QP selection model based on saliency maps is proposed for the H.264/AVC standard
where the QP may vary at the macroblock level.
The same QP selection model is here applied to HEVC coding, notably to the Largest Coding Unit
(LCU). It is applied at the LCU level and not at the CU level because the saliency map does not usually
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have drastic intensity variations within the LCU and thus it is not necessary to increase the system
complexity. The QP for the 𝑖-th LCU is given by:
𝑄𝑃𝑖 = 𝑟𝑜𝑢𝑛𝑑 (

𝑄𝑃𝑠𝑙𝑖𝑐𝑒
√𝑤𝑖

)

(4.1)

where 𝑄𝑃𝑠𝑙𝑖𝑐𝑒 is the default QP defined for the current slice (which defines the target quality). Slices are
sub-divisions of a frame used for independent coding/decoding; it is also common to select a default QP
for the entire frame independently if the number of slice it contains or to define a single slice in each
frame. The 𝑤𝑖 is a sigmoid function defined by
𝑤𝑖 = 𝑎 +

𝑏
1 + exp(−𝑐(𝑆(𝑋𝑖 ) − 𝑠̅)/𝑠̅

(4.2)

where 𝑎 = 0.7, 𝑏 = 0.6 and 𝑐 = 4, basically the same parameters as in [86], 𝑠̅ is the average saliency
for all the set of LCU within the current frame, and 𝑆(𝑋𝑖 ) is the average saliency in the 𝑖-th LCU. The 𝑄𝑃𝑖
function depends on 𝑠̅ (a frame level characteristic), which typically varies around 0.15, and 𝑆(𝑋𝑖 ) (a
LCU level characteristic).
For a better understanding, the QP variation, ∆𝑄𝑃𝑖 , at the 𝑖-th CU level is qiven by
∆𝑄𝑃𝑖 = 𝑄𝑃𝑖 − 𝑄𝑃𝑠𝑙𝑖𝑐𝑒

(4.3)

Figure 45(a) represents 𝑤𝑖 , Figure 45(b) represents the relation 1⁄√wi and Figure 45(c) represents
the 𝑄𝑃𝑖 depending on the specific 𝑆(𝑋𝑖 ) in the LCU, assuming 𝑠̅ = 0.15 and 𝑄𝑃𝑠𝑙𝑖𝑐𝑒 = 32.

(a)

(b)

(c)

Figure 45 – Variation of: (a) 𝑤𝑖 ; (b) 1⁄√𝑤𝑖 ; and (c) 𝑄𝑃𝑖 depending on 𝑆(𝑋𝑖 ) for 𝑠̅ = 0.15 and 𝑄𝑃𝑓 = 32.

4.2.2. QP Selection based on Spatial Activity
The HEVC reference software includes a CU level luminance-based perceptual quantization technique
known as AdaptiveQP. It perceptually adjusts the QP of a 2N×2N CU based on the spatial activity of the
pixel data in the four N×N sub-blocks constituent of a luma CB [87]. More specifically, it quantifies the
spatial activity based on the pixel intensities variance in the sub-blocks of a luma CB. Therefore, a higher
QP value (lower quality, lower rate) is applied to the luma CBs where the variance is high as human
viewers are able to better masking the quantization noise. On the other hand, a lower QP value is applied
to luma CBs where the variance is low. The objective is to reduce the quality for the regions where the
Human Visual System (HVS) is less sensitive while smooth regions have increased quality through a
QP reduction.
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The QP for the 𝑖-th CU, denoted as 𝑄𝑃𝑖 , varies around the reference QP, QPslice, e.g. defined at the
slice level. 𝑄𝑃𝑖 is given by
𝑄𝑃𝑖 = 𝑄𝑃𝑠𝑙𝑖𝑐𝑒 + [6× log 2 𝑛]

(4.4)

where QPslice corresponds to the slice level QP and 𝑛 refers to the normalized spatial activity of the CB
samples. The variable 𝑛 is computed as:
𝑛=

𝑓∙𝑙+𝑡
𝑙+𝑓∙𝑡

(4.5)

where 𝑓 is a scaling factor associated to the Uniform Reconstruction Quantization (URQ) QP adaptation
range, 𝑙 corresponds to the spatial activity of the pixel values in a luma CB, and 𝑡 refers to the mean
spatial activity for all 2N×2N CUs. Basically, 𝑓 defines the maximum and minimum QP as follows: when
𝑙 ≫ 𝑡, the local variance is very high and 𝑛 tends to 𝑓 which increases QP; when 𝑙 ≫ 𝑡, the local variance
is very low and 𝑛 tends to 1/𝑓. The variable 𝑓 is computed as
𝑓 = 2𝑎/6

(4.6)

where 𝑎 = 6 is the default value in HEVC reference software, regardless of the YCbCr color channel and
the 𝑙 is given by: .
2
𝑙 = 1 + min(𝜎𝑌,𝑘
),

where k=1,…,4

(4.7)

2
where 𝜎𝑌,𝑘
denotes the spatial activity of the pixel values in sub-block 𝑘 (of size N×N) in a luma CB
2
(2Nx2N). Variable 𝜎𝑌,𝑘
regards the luma samples variance, which is computed as
𝑍

2
𝜎𝑌,𝑘

1
= ∑(𝑤𝑖 − µ𝑌 )2
𝑧

(4.8)

𝑖=1

where 𝑧 denotes the number of samples in the luma CB 𝑘, while 𝑤𝑖 corresponds to the 𝑖𝑡ℎ sample in the
luma CB 𝑘 and 𝜇𝑌 refers to the mean sample intensity of luma CB 𝑘, which is computed as:
𝑍

1
𝜇𝑌 = ∑ 𝑤𝑖
𝑍

(4.9)

𝑖=1

4.2.3. QP Selection based on Saliency Map and Spatial Activity
Despite being a known rate and quality control approach, QP variations within an image may degrade
the quality perceived by the viewer as they may create visual artifacts due to the associated quality
variations. This means QP variations have to be applied appropriately.
As the HVS is especially sensitive to distortion in smooth regions, it is proposed here that, based on
the spatial activity, a lower QP is used for these regions. Since the objective is also that non-salient
regions are coded with lower quality for bitrate saving, the saliency map shall also have an impact by
increasing the QP for at the less sensitive regions. The basic idea is that the non-salient regions which
should have allocated a rather high QP may have a reduced QP increasing if they are smooth.
For this reason, the QP Selection based on the saliency map is adapted to consider also the
normalized spatial activity 𝑛 defined in (4.5) for the low variance regions; this is applied by means of a
threshold 𝑙 computed as in (4.7), which corresponds to the spatial activity of the samples in a luma CB.
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2
Following the approach in Section 4.2.2, when 𝑙 is low, 𝜎𝑌,𝑘
is also low which implies that the

corresponding region is smooth in terms of luminance. Therefore, it is proposed here that (4.2) is
modified to
𝑏
1 + exp(−𝑐(𝑆(𝑋𝑖 )/𝑛 − 𝑠̅)/𝑠̅
𝑤𝑖′ =
𝑏
𝑎+
1
+
exp
(−𝑐(𝑆(𝑋
𝑖 ) − 𝑠̅ )/𝑠̅
{
𝑎+

, 𝑖𝑓 𝑙 ≤ 10
(4.10)
, 𝑖𝑓 𝑙 > 10

where 𝑛 is the CU normalized spatial activity. The thresholding region 𝑙 ≤ 10 (assuming a bit depth of 8
bits) considers both the regions were the content is completely smooth as well as the regions where the
luminance varies with a slow gradient, usually the most penalized regions by high QP values in terms
of subjective quality. The QP for the 𝑖-th LCU denoted as 𝑄𝑃𝑖′ is given by
𝑄𝑃𝑖′ = 𝑟𝑜𝑢𝑛𝑑 (

𝑄𝑃𝑠𝑙𝑖𝑐𝑒
√𝑤𝑖′

)

(4.11)

As before, ∆𝑄𝑃𝑖 is the QP variation regarding a reference QP for the 𝑖-th CU given by
∆𝑄𝑃𝑖′ = 𝑄𝑃𝑖 − 𝑄𝑃𝑠𝑙𝑖𝑐𝑒

(4.12)

According to (4.10), high salient regions, corresponding to the upper asymptote of 𝑤𝑖′ , are only
influenced by their saliency, which means ∆𝑄𝑃𝑖′ = Δ𝑄𝑃𝑖 , because 𝑛 < 1, for low variance regions. So,
only the regions where 𝑤𝑖′ is below the upper asymptote are actually affected by the spatial activity
where ∆𝑄𝑃𝑖′ < Δ𝑄𝑃𝑖 . On the other hand, if a region is not salient at all, 𝑆(𝑋𝑖 ) is close to 0, and there
should be no quality increase and, thus, 𝑤𝑖′ is kept at the minimum with ∆𝑄𝑃𝑖′ = Δ𝑄𝑃𝑖 > 0.

4.3. Omnidirectional Image and Video Objective Quality Metrics
When image and video are coded, notably through lossy compression, it is necessary to evaluate the
error introduced by coding, in practice the quality. As previously mentioned in Section 2.6, the JVET
Group defined a set of metrics to consider the omnidirectional image and video characteristics, which
are revisited in the first part of this section. Then, in the second part, a novel objective quality metric is
proposed in the context of adaptive coding which is also content dependent.

4.3.1. JVET Omnidirectional Video Objective Metrics
The JVET Group has been very active in the area of omnidirectional video coding, notably studying
performance assessment metrics, projections and new coding tools. These developments have been
included in the 360Lib reference software. The JVET metrics currently used for omnidirectional video
have been described in Section 2.6, with emphasis on WS-PSNR, S-PSNR and V-PSNR. These are
the metrics to be used to assess the coding performance in this Thesis. Therefore, a brief description is
below:
-

WS-PSNR compares the input (after the projection) and output of the codec, while considering the
different importance of the various regions according to the used projection distortion relative to the
spherical domain.

-

S-PSNR compares the input material before the projection with the output of the HEVC decoder
after the conversion, both into the spherical domain.
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-

Viewport based PSNR (V-PSNR) compares the rendered viewports from the input material and the
reconstructed/decoded image/video.
The V-PSNR typically concentrates its quality evaluation in critical regions/viewports of the image,

notably the regions in the equator and the poles, typically regions where the saliency in very high and
very low, respectively. Therefore, six viewports are used, identified as Vx-PSNR, with x between 0 and
5. The viewports are placed at specific longitude 𝜃 and latitude 𝜑 positions corresponding to (𝜃, 𝜑),
notably: viewport 0 (0,0); viewport 1 (90,0); viewport 2 (180,0); viewport 3(-90,0); viewport 4 (0,90); and
viewport 5 (0,-90).
There is also a variation of these metrics identified by the prefix End-to-End (E2E), which compares
the ERP input material with a reconstructed ERP sequence with the original resolution, see Figure 46.
All these metrics intend to consider the fact that the content is distorted due to the projection used
before coding. For more details about the metrics, see Section 2.6.

4.3.2. Proposing a Saliency based Peak Signal-to-Noise Ratio Quality Metric
The appropriate quality assessment of omnidirectional image and video using content adaptive
quantization based on visual saliency requires appropriate quality metrics which should take into
account the applied saliency values, assuming that viewers concentrate their attention in the more
salient regions.
With this purpose in mind, a saliency based PSNR (SAL-PSNR) is proposed here to evaluate the
video quality according to the importance/saliency of each region in the omnidirectional image.
In this new metric, each pixel in the image has an importance associated to a weight defined by the
multiplication of its saliency value by the distortion factor associated to the used projection as defined
for the WS-PSNR metric, resulting in a weight 𝑞(𝑖, 𝑗) defined by
𝑞(𝑖, 𝑗) =

𝑊(𝑖, 𝑗) × 𝑆𝑀(𝑖, 𝑗)
𝑛−1[𝑊(𝑖,
∑𝑚−1
∑
𝑗) × 𝑆𝑀(𝑖, 𝑗)]
𝑖=0
𝑗=0

(4.13)

where 𝑊(𝑗, 𝑖) is the distortion factor for position (𝑖, 𝑗) in the image and 𝑆𝑀(𝑖, 𝑗) is the saliency map value
for the same position.
The saliency based PSNR (SAL-PSNR) is thus defined as
𝑆𝐴𝐿 𝑃𝑆𝑁𝑅 = 10 𝑙𝑜𝑔 (

𝑀𝐴𝑋𝑓 2
)
𝑆𝐴𝐿𝑀𝑆𝐸

(4.14)

where 𝑀𝐴𝑋𝑓 is the maximum signal value, e.g. 255 for 8-bit representations, and
𝑚−1 𝑛−1

𝑆𝐴𝐿 𝑀𝑆𝐸 = ∑ ∑ ||𝑓(𝑖, 𝑗) − 𝑔(𝑖, 𝑗)||2 × 𝑞(𝑖, 𝑗)

(4.15)

𝑖=0 𝑗=0

where 𝑓 is the codec input image (after the projection) and 𝑔 the decoded image at the codec output.
The E2E-SAL-PSNR is also defined following the same logic as in JVET.

4.4. Test Conditions
As referred above, JVET has defined a set of assessment methodologies to conduct the omnidirectional
video coding experiments [60]. Figure 46 shows a summary of the common test conditions and
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reference software configurations [88]. These methodologies are implemented in the 360Lib reference
software which is an extension of the HEVC HM16.15 reference software version which allows apply
several different projections to the omnidirectional video before coding; other functions, such as
conversion between projections without compression and viewport generation, are also possible.

Figure 46 – JVET omnidirectional image test procedure [53].
The JVET common test conditions and software reference configuration document [88] define the
basic QP values to be used, notably 22, 27, 32 and 37. The experiments should be performed for two
different prediction configurations: Intra (only Intra coding is used) and Random Access (efficient
temporal prediction structures are used).
Initially, the original test sequence, represented in ERP, should be down-sampled depending on its
resolution. The test sequences with 8K (8192x4048) resolution should be down-sampled to 4096x2048
resolution while the test sequences with 4K (4096x2048) resolution should be down-sampled to
3328x1664 resolution, according to the test procedure defined by the JVET [53].
In this Thesis, the test material includes both omnidirectional images and videos. Regarding the
images, the same images with 8192x4048 resolution used in Chapter 4 from the Salient360 [77] ICME
2017 Grand Challenge dataset were selected to be Intra coded.
The test video sequences have been selected from the JVET dataset and coded using the Random
Access configuration for the first 128 frames. The test sequences characteristics are presented in Table
10.
Table 10 – Test sequence characteristics.
Sequence name
AerialCity
DrivingInCity
DrivingInCountry
GasLamp
Harbor
KiteFlite
PoleVault_le
SkateboardTrick
Trolley

Resolution
3840x1920
3840x1920
3840x1920
8192x4096
8192x4096
8192x4096
3840x1920
8192x4096
8192x4096

Frame Rate
30
30
30
30
30
30
30
60
30

Bit-depth
8
8
8
8
8
8
8
8
8
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An example frame shown in Figure 47; beside the texture variations, the sequences vary also in the
type of motion. The sequence AerialCity presents low motion where the camera is moving slowly; the
sequences DrinvingInCity and DrivingInCountry present high motion in a driving scene with the camera
in motion and cars around moving around the camera; in the remaining test sequences, the camera is
fixed with few elements in motion, with exception to the PoleVault sequence which is a sport event scene
with a large number of persons in the audience.

(a)

(d)

(g)

(b)

(c)

(e)

(f)

(h)

(i)

Figure 47 – First frame of omnidirectional video test sequences: (a) AerialCity; (b) DrivingInCity; (c)
DrivingInCountry; (d) GasLamp; (e) Harbor; (f) KiteFlite; (g) PoleVault; (h) SkateboardTrick; and (i)
Trolley.

4.5. Results and Analysis
This section is divided into three subsections with different purposes in terms of performance
assessment. First, the QP selection model entirely determined by the saliency map is compared with
the QP selection model where the spatial activity is also considered. Then, performance assessment is
made for the 20 images in the Salient360 dataset. Finally, performance assessment is made for the set
of selected JVET video sequences.

4.5.1. Adaptive QP Selection based on Saliency Map and Spatial Activity
The basic idea of including the spatial activity on the Adaptive QP Selection based on saliency map is
that the non-salient regions which should have allocated a rather high QP may have a reduced QP

70

increasing if they are smooth. At the same time, it is desirable that bitrate increases the least as possible
due to the QP reductions.
For a better understanding, 𝑄𝑃𝑖 and Δ𝑄𝑃𝑖 are the same defined in (4.1) and (4.3) and while 𝑄𝑃𝑖 ′ and
∆𝑄𝑃𝑖 ′ are defined by (4.11) and (4.12), respectively and an example is shown in Figure 48 for image P4.
Figure 48(a) shows the original image and Figure 48(b) shows the Latitude biased Viewport integrated
Saliency Map (LVSM) using the SDM proposed in Chapter 4. Using the Adaptive QP solution based
only on the LVSM, the QP variations, Δ𝑄𝑃𝑖 , are shown in the form of a map in Figure 48(c). Here 𝑄𝑃𝑠𝑙𝑖𝑐𝑒 =
37 while the 𝑄𝑃𝑖 values vary between 32 and 43 (± 5). Negative Δ𝑄𝑃 values, and thus QP reductions,
are represented in white and located in the most salient regions as expected; some regions in the sky,
near the sunlight, were assign with higher QP values based on the LVSM.
Figure 48(d) indicates, in white, the regions where the spatial activity corresponds to 𝑙 > 10, which
essentially corresponds to the sky area. So, the regions in white consider the (low) spatial activity to
determine its 𝑄𝑃𝑖′ values.
Figure 48(e) represents ∆𝑄𝑃𝑖 ′ when both the saliency map and the spatial activity are considered to
determine 𝑄𝑃𝑖′ according to (4.11), while Figure 48(f) represents the difference between Δ𝑄𝑃𝑖 and ∆𝑄𝑃𝑖 ′,
which represents the difference between considering the spatial activity or not.
It is shown in Figure 48(f) that, after considering the spatial activity regarding the solution only based
on the LVSM, only smooth or gradient regions had an increasing of quality (QP reduction); at the same
time, similar regions near the poles where saliency is very low had no significant quality increase.

(a)

(d)

(b)

(e)

(c)

(f)

Figure 48 – (a) Image P4; (b) LVSM; (c) 𝛥𝑄𝑃 map for the Adaptive QP selection based only on the
LVSM; (d) in white, the low variance regions where 𝑙 < 10; (e) 𝛥𝑄𝑃′map for Adaptive QP selection
based on saliency map and spatial activity. (f) map with the difference between 𝛥𝑄𝑃 and 𝛥𝑄𝑃′.
Figure 49(a) and Figure 49(b) show a fraction of the decoded image P4, when the QP selection is
only based on the saliency map and when the QP selection depends on the saliency map and spatial
activity, respectively. It is possible to see that the visual artifacts are reduced when the spatial activity is
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also considered, notably in the regions close to the church and in the gradient area caused by the
sunlight, precisely the region that Figure 48(f) indicates as more changed in terms of QP.

(b)

(a)

Figure 49 – Image P4 decoded with: (a) adaptive QP based on saliency map and (b) adaptive QP
based on saliency map and spatial activity with 𝑄𝑃𝑠𝑙𝑖𝑐𝑒 = 37.
Taking another example, Figure 50(a) represents the original image while Figure 50(b) shows a
fraction of decoded image P4 when the QP selection is only based on the saliency map and Figure 50(c)
when the QP selection depends on the saliency map and spatial activity. It is possible to see that some
of the visual artifacts disappeared, notably near the handle of the top drawer and the separation between
the two drawers is then partially visible in Figure 50(c).

(a)

(b)

(c)

Figure 50 – (a) Original part of P3 image; image decoded with (b) adaptive QP based on saliency map
and (b) adaptive QP based on saliency map and spatial activity with 𝑄𝑃𝑠𝑙𝑖𝑐𝑒 = 37.
Figure 51 shows the rate-distortion (RD) curves (using WS-PSNR and SAL-PSNR as quality
metrics) for the two adaptive QP selection approaches: based on the saliency only and based both on
the saliency and spatial activity. It is possible to see that the RD curves are basically overlapped what
suggests that subjective quality tests are important to understand whether there is effectively a
perceptual gain.
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(b)

(a)

Figure 51 – RD performance for adaptive QP selection based on saliency only and both saliency and
spatial activity for image P3: (a) WS-PSNR and (b) SAL-PSNR.
The inclusion of the spatial activity in the QP selection process does not affect the bitrate neither
the PSNR in a significant way. Yet, it seems there is a slightly improvement after a visual inspection.
For this reason, from now on, the adaptive QP selection model to be used is the one considering both
the saliency and the spatial activity. Naturally, this decision should be supported with formal subjective
testing for a more solid process.

4.5.2. Omnidirectional Image Compression Performance
As mentioned above, the image test set is part of the Salient360 Grand Challenge dataset, already used
for the studies in Chapter 3 about saliency. For a better understanding, Figure 52(a) shows the image
to be coded after ERP, Figure 52(b) is the LVSM from Chapter 4, that is used to obtain the 𝑄𝑃’ values
and Figure 52(c) represents the ∆𝑄𝑃𝑖′ within the image, where the white regions represent the minimum
∆𝑄𝑃𝑖′ (quality improved) while the black regions represent the regions where the ∆𝑄𝑃𝑖′ is higher (quality
reduced).

(a)

(b)

(c)

Figure 52 – (a) Image P3; (b) LVSM used before coding; (c) Map with ∆𝑄𝑃𝑖′ .
Figure 53 shows the RD-curves for the WS-PSNR, SAL-PSNR and V-PSNR metrics for image P3.
The results allow deriving the following conclusions:
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•

For Y-WS-PSNR, the standard HEVC performs better than the Adaptive QP solution. This is
expectable as the metric does not take into account the saliency map.

•

For Y-SAL-PSNR and V0-PSNR, there is considerable RD gain for the Adaptive QP solution. This
is expectable as the first metric takes into account the saliency map and the second metric
corresponds to an area with high saliency values.

•

V4-PSNR reveals a RD loss of Adaptive QP solution regarding the standard HEVC because the
viewport is located in area with low saliency values.
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Figure 53 – RD curves for image P3: (a) Y-WS-PSNR; (b) Y-SAL-PSNR; (c) Y-V0-PSNR; and (d) YV4-PSNR.
However, to understand the compression performance behavior for several images, the average
results are now presented for the full set of images. Table 11 presents the BD-Rate results for the
Adaptive QP coding solution regarding HEVC standard coding (using the reference software) for the
WS-PSNR and SAL-PSNR metrics. Negative values indicate there is an improvement in terms of RD
performance when Adaptive QP is used regarding the standard HEVC and vice-versa. The following
conclusions may be derived:
•

Y-WS-PSNR shows an average BD-Rate loss of 7.82%; this is expectable due to the nonconsideration of the saliency map by the quality metric. On the other hand, there is a gain for the
chrominance components of 8.81% and 10.73%, for the U and V components, respectively.
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•

As expected, there are significant BD-Rate gains for all components when using the SAL-PSNR
metric as it gives higher importance to the most salient regions. The average BD-Rate gain is
30.33% for luminance and 35.13% and 35.44% for the U and V components, respectively.

Table 11 – BD-Rate for Adaptive QP coding regarding standard HEVC for WS-PSNR and SAL-PSNR.

P2
P3
P4
P5
P6
P7
P10
P11
P12
P13
P14
P15
P17
P21
P22
P23
P24
P25
P27
P28
Average

Y-WS-PSNR
2.58
6.55
4.05
1.46
6.26
3.50
4.32
5.09
1.55
1.55
10.68
1.03
9.12
1.10
4.70
6.98
0.40
1.86
2.54
2.87
7.82

U-WS-PSNR
1.15
-23.06
-14.48
-1.64
-5.37
2.02
0.55
-12.72
-2.13
-2.13
4.04
-7.45
3.32
-2.28
-0.99
-7.76
-12.88
-0.96
-1.56
-3.75
-8.81

BD-Rate [%]
V-WS-PSNR Y-SAL-PSNR U-SAL-PSNR V-SAL-PSNR
1.54
-15.01
-15.57
-14.72
-21.71
-23.72
-30.83
-30.73
-14.45
-16.78
-22.09
-22.16
3.48
-13.81
-14.71
-13.11
-12.19
-15.79
-21.79
-23.79
0.80
-9.10
-9.84
-10.58
0.04
-8.29
-8.84
-8.97
-15.65
-15.34
-20.38
-20.49
0.48
-11.24
-11.13
-10.30
0.48
-11.24
-11.13
-10.30
-5.09
-8.59
-11.67
-13.71
-11.28
-22.11
-24.32
-26.08
-1.24
-11.39
-13.10
-14.82
-0.82
-12.25
-13.21
-11.97
-3.42
-15.20
-16.61
-16.63
-11.63
-23.95
-28.48
-29.81
-12.23
-18.13
-21.29
-21.22
0.11
-13.39
-16.01
-14.88
-3.57
-15.94
-17.67
-18.59
-0.88
-22.05
-22.66
-21.56
-10.73
-30.33
-35.13
-35.44

Table 12 shows the BD-Rate results for Adaptive QP coding regarding the standard HEVC for VPSNR using viewports at two different parts of the image. While the center of the viewport 0 is located
at the center of the ERP image, the center of the viewport 4 is located at the north pole. As expected,
there are considerable quality differences for these two cases because the most salient regions are
usually located at the Equator, whereas the poles typically correspond to the less salient regions. For
viewport 0, Table 12 shows average BD-Rate gains of 23.67% for luminance, 33.60% for chrominance
U and 35.69% for chrominance V, while, for viewport 4, the average BD-Rate losses are significant,
notably 107.95% for luminance, 106.51% for chrominance U and 102.34% for chrominance V.
Table 12 – BD-Rate for Adaptive QP coding regarding standard HEVC for V0-PSNR and V4-PSNR.

Y-V0-PSNR
P2
P3
P4
P5
P6
P7
P10
P11
P12
P13
P14
P15

-15.30
-27.12
-15.41
-8.25
-2.24
0.52
-5.48
-8.50
-11.61
-11.61
9.25
-20.49

U-V0-PSNR
-18.16
-30.40
-23.47
-12.44
-21.53
-5.71
-4.36
-18.71
-12.73
-12.73
1.67
-21.41

BD-Rate [%]
V-V0-PSNR
Y-V4-PSNR
-17.59
-30.95
-22.05
-10.90
-25.85
-5.75
-5.49
-18.74
-11.38
-11.38
-10.21
-23.56

43.55
37.37
21.50
49.50
30.16
36.03
68.20
157.24
59.51
59.51
52.59
71.61

U-V4-PSNR
38.61
54.50
31.09
45.87
24.94
26.61
66.92
127.48
56.28
56.28
52.64
101.52

V-V4-PSNR
39.99
47.30
35.76
45.97
25.85
29.19
58.34
85.58
77.34
77.34
48.88
105.37
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P17
P21
P22
P23
P24
P25
P27
P28

-9.26
-14.65
-8.94
-12.13
-13.50
-24.52
-20.03
-17.39

-11.19
-18.48
-10.58
-23.32
-21.31
-27.82
-24.13
-19.21

-12.95
-18.63
-14.74
-27.53
-20.73
-28.80
-23.86
-15.83

46.62
50.39
57.20
43.84
56.36
34.56
43.95
59.74

38.20
48.13
46.82
28.99
63.09
32.68
58.78
65.63

34.28
47.00
42.95
33.77
45.79
30.88
47.93
63.86

Average

-23.67

-33.60

-35.69

107.95

106.51

102.34

Table 13 shows the average BD-Rate over the full set of 20 images for the Adaptive QP coding
solution regarding the standard HEVC for the several metrics defined in the JVET Group. The WSPSNR and S-PSNR metrics present similar results and variations, thus leading to similar conclusions:
the Adaptive QP coding proposed solution achieves BD-Rate losses in the Y component and BD Rate
gains for U and V components.
In terms of V-PSNR, it is shown that the regions around the Equator are coded with higher quality
regarding the standard HEVC while the regions around the poles suffer a quality degradation regarding
the standard HEVC, as expected for the reasons already highlighted.
Table 13 – Average BD-Rate for Adaptive QP coding regarding standard HEVC for several objective
metrics.
Y-WS-PSNR
7.82
Y-E2E-WSPSNR
11.19
Y-E2E-SPSNRNN
11.15
Y-V0-PSNR
-23.67
Y-V2-PSNR
2.67
Y-V4-PSNR
107.95

U-WS-PSNR
-8.81
U-E2E-WSPSNR
-7.65
U-E2E-SPSNRNN
-7.51
U-V0-PSNR
-33.60
U-V2-PSNR
-8.22
U-V4-PSNR
106.51

V-WS-PSNR
Y-SAL-PSNR
U-SAL-PSNR
V-SAL-PSNR
-10.73
-30.33
-35.13
-35.44
V-E2E-WSY-E2E-SALU-E2E-SALV-E2E-SALPSNR
PSNR
PSNR
PSNR
-9.95
-26.25
-35.29
-35.59
V-E2E-SPSNRY-E2E-SPSNR-I U-E2E-SPSNR-I V-E2E-SPSNR-I
NN
-9.84
10.96
-7.40
-9.78
V-V0-PSNR
Y-V1-PSNR
U-V1-PSNR
V-V1-PSNR
-35.69
-15.94
-25.56
-27.27
V-V2-PSNR
Y-V3-PSNR
U-V3-PSNR
V-V3-PSNR
-8.07
-19.12
-28.41
-31.84
V-V4-PSNR
Y-V5-PSNR
U-V5-PSNR
V-V5-PSNR
102.34
87.67
77.57
75.83

In summary, the most salient regions show an increase of quality regarding the standard HEVC,
while at the same time the RD on the entire omnidirectional image is not strongly affected. Considering
the WS-PSNR metric, which is saliency agnostic, only the luminance component suffers an average
BD-Rate loss, while the chrominances actually show average BD-Rate gains. The V-PSNR also reaches
BD-Rate gains when placed in regions around the Equator while the poles are penalized. The results
above seem to indicate that it is possible to obtain bitrate savings by reducing the quality of non-salient
regions.

4.5.3. Omnidirectional Video Compression Performance
The study of the JVET video sequences follows the same methodology as for the Salient360 images;
here the videos are coded using the Random Access prediction configuration, thus exploiting the
temporal correlation, for the first 128 frames.
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Figure 54 shows the RD-curves for the WS-PSNR, SAL-PSNR and V-PSNR metrics for sequence
KiteFlite. The results allow deriving the following conclusions:
•

For Y-WS-PSNR, the standard HEVC performs better than the Adaptive QP solution. Once again,
this is expectable as the metric does not take into account the saliency map.

•

For Y-SAL-PSNR and V0-PSNR, there is a RD gain for the Adaptive QP solution. This is due to the
fact that the first metric takes into account the saliency map and the second metric corresponds to
an area with high saliency values.

•

V4-PSNR reveals a RD loss of Adaptive QP solution regarding the standard HEVC because the
viewport is located in area with low saliency values.
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Figure 54 - RD curves for test sequence KiteFlite: (a) Y-WS-PSNR; (b) Y-SAL-PSNR; (c) Y-V0-PSNRVP0; and (d) Y-V4-PSNR.
However, to understand the compression performance behavior for several test sequences, the
average results are now presented for the full set of sequences. Table 14 presents the BD-Rate results
for the Adaptive QP coding solution regarding HEVC standard coding for the WS-PSNR and SAL-PSNR
metrics.
The following conclusions may be derived:
•

The Y-WS-PSNR results shows an average BD-Rate loss of 5.02% while the U-WS-PSNR results
show in a loss of 0.52% and V-WS-PSNR has a gain of 0.61%. The chrominances present BDRates close to 0%, which means the chrominances present the same overall quality for the same
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rate according to this objective metric. This is expectable due to the non-consideration of the LVSM
by these quality metrics.
•

Yet, it is shown that the BD-Rate varies considerably for the various sequences, including cases
that present gains for at least one of the components present rate-gains such as the
DrivingInCountry in all the components or Harbor in the chrominances. This should be related to the
video texture characteristics as well as to the detected saliency expressed by the LVSM that are
used to compute the adaptive QP.

•

As expected, there are BD-Rate gains for all components when using the SAL-PSNR metric as it
gives higher importance to the most salient regions. The average BD-Rate gains are 6.85% for
luminance and 16.55% and 16.73% for the U and V components, respectively.

Table 14 - BD-Rate for Adaptive QP coding regarding standard HEVC for WS-PSNR and SAL-PSNR.

AerialCity
DrivingInCity
DrivingInCountry
GasLamp
Harbor
KiteFlite
PoleVault
SkateboardTrick
Trolley
Average

Y-WSPSNR
5.51
8.68
-2.07
3.50
5.65
7.22
1.43
8.53
6.67
5.02

U-WSPSNR
13.42
7.45
-10.93
-1.35
-2.97
2.05
-3.84
0.21
0.64
0.52

BD-Rate [%]
V-WSY-SALPSNR
PSNR
13.07
-5.69
7.12
1.20
-11.57
-13.71
10.13
-8.37
-3.30
-5.90
-3.04
-11.41
-10.54
-11.55
-1.57
3.62
-5.76
-9.82
-0.61
-6.85

U-SALPSNR
-12.08
-14.70
-28.11
-12.05
-13.77
-20.09
-20.08
-12.96
-15.10
-16.55

V-SALPSNR
-11.28
-13.17
-27.56
-8.74
-13.36
-19.78
-24.75
-15.04
-16.93
-16.73

Table 15 shows the BD-Rate results for the Adaptive QP coding solution regarding HEVC standard
coding for the V0-PSNR and V4-PSNR metrics. As for the (intra coded) images, the average BD-Rate
varies considerably between both viewports because, as already referred, the most salient regions are
usually located at the Equator, whereas the poles correspond typically to the less salient regions. For
viewport 0, Table 15 shows average BD-rate gains of 8.47% for the luminance, 16.94% for chrominance
U and 16.77% for chrominance V, while for viewport 4, the average BD-Rate losses are rather major,
notably 39.94% for luminance, 52.88% for chrominance U and 51.41% for chrominance V.

Table 15 - BD-Rate for Adaptive QP coding regarding standard HEVC for V-PSNR and V4-PSNR.

AerialCity
DrivingInCity
DrivingInCountry
GasLamp
Harbor
KiteFlite
PoleVault
SkateboardTrick
Trolley
Average

Y-V0PSNR
-1.21
0.61
-9.29
-10.48
-0.72
-18.06
-14.91
-0.41
-21.81
-8.47

U-V0PSNR
2.82
-15.73
-22.02
-14.73
-12.40
-26.97
-24.02
-15.12
-24.32
-16.94

BD-Rate [%]
V-V0Y-V4PSNR
PSNR
0.65
60.46
-13.99
65.99
-24.61
34.58
-14.12
35.99
-11.89
17.51
-23.30
48.09
-27.55
46.05
-11.67
36.28
-24.41
14.48
-16.77
39.94

U-V4PSNR
67.29
73.32
64.23
41.29
35.62
58.08
44.15
68.86
23.05
52.88

V-V4PSNR
59.73
75.83
58.15
45.04
26.33
49.69
52.05
74.47
21.42
51.41
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Table 16 shows the average BD-Rate considering all the test video sequences for Adaptive QP
coding regarding standard HEVC coding for the several metrics defined in the JVET Group. The WSPSNR and S-PSNR metrics present similar results and variations, with some BD-rate losses for the
proposed Adaptive QP solution.
In terms of V-PSNR, again, it is shown that the regions around the Equator are coded with higher
quality regarding the standard HEVC while the regions around the poles suffer a quality degradation
regarding the standard HEVC.
Table 16 - Average BD-Rate for Adaptive QP coding regarding standard HEVC for several objective
metrics.
Y-WS-PSNR
5.02
Y-E2E-WSPSNR
5.76
Y-E2E-SPSNRNN
5.80
Y-V0-PSNR
-8.47
Y-V2-PSNR
6.71
Y-V4-PSNR
39.94

U-WS-PSNR
0.52
U-E2E-WSPSNR
0.39
U-E2E-SPSNRNN
0.51
U-V0-PSNR
-16.94
U-V2-PSNR
1.78
U-V4-PSNR
52.88

V-WS-PSNR
Y-SAL-PSNR
U-SAL-PSNR
V-SAL-PSNR
-0.61
-6.85
-16.55
-16.73
V-E2E-WSY-E2E-SALU-E2E-SALV-E2E-SALPSNR
PSNR
PSNR
PSNR
-0.70
-6.00
-16.77
-16.92
V-E2E-SPSNRY-E2E-SPSNR-I U-E2E-SPSNR-I V-E2E-SPSNR-I
NN
-0.61
5.76
0.57
-0.53
V-V0-PSNR
Y-V1-PSNR
U-V1-PSNR
V-V1-PSNR
-16.77
-3.76
-9.28
-10.76
V-V2-PSNR
Y-V3-PSNR
U-V3-PSNR
V-V3-PSNR
0.45
-3.39
-11.72
-12.67
V-V4-PSNR
Y-V5-PSNR
U-V5-PSNR
V-V5-PSNR
51.41
42.23
41.81
42.78

In summary, according to the SAL-PSNR, the most salient regions show an increase of quality
regarding the standard HEVC, while at the same time the RD performance on the entire omnidirectional
video is not severely affected. Considering the WS-PSNR metric, there is an average BD-Rate loss that
is not very significant. The results above seem to indicate that it is possible to obtain bitrate savings by
reducing the quality of non-salient regions and improving the quality of salient regions.

4.6. Subjective Tests for SAL-PSNR Validation
While the proposed SAL-PSNR objective quality metric shows significant quality gains while using the
Adaptive QP tool, this may be considered expectable as this metric gives more importance to the areas
where saliency is higher and also the QP is made lower. However, in order for these quality gain claims
to be well supported, it is critical to validate the proposed SAL-PSNR in terms of subjective assessment.
Naturally, this requires to perform formal subjective tests and assess the correlation performance of
SAL-PSNR with subjective scores.
In this context, this section describes the subjective test conditions, the data processing and, finally, the
subjective scores analysis to assess the correlation between the subjective test results and the objective
quality metrics, notably for the SAL-PSNR metric.
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4.6.1. Test Conditions
Initially, four images (P3, P4, P13 and P22) from the Salient360 dataset were selected to perform the
subjective tests with the purpose of evaluating rather different types of content. The set of images
includes indoor and outdoor images, images with people and images with different types of textures.

(a)

(c)

(b)

(d)

Figure 55 – Selected images for subjective testing from Salient360 dataset: (a) P3; (b) P4; (c) P13; (d)
P22.
The subjective evaluation has been performed according to the Absolute Category Rating with Hidden
Reference methodology using a five-grade quality scale (1-Bad; 2-Poor; 3-Fair; 4-Good; 5-Excellent).
In this method, the user scores not only some processed/coded images but also a reference image, in
this case not coded; this reference is hidden, meaning that the user does not know when it happens. All
images, coded and not coded, are scored by the viewer in terms of overall quality using five quality
levels.
The coding process for the selected images has followed the JVET test methodology described in
Section 4.4. The standard HEVC and the Adaptive QP coding solutions are evaluated, both using the
same set of reference QPs, notably 30, 35, 40 and 45. These QPs slightly differ from the QP values
adopted for the objective evaluation, notably by eliminating QPs below 30, since for that QP range the
coded images are almost undistinguishable in terms of quality from the reference image.
The images were shown to the subjects using the Oculus Rift HMD, which has a resolution of 1080x1200
per eye, while they were sit on a rolling chair and free to rotate in any direction.
A total of 26 subjects (21 males and 5 females) were used with ages between 22 and 54 years old and
characterized by an average and median of 30.6 and 26.5 years old, respectively.
Before the test session, written instructions were provided to the subjects and a training session was
conducted to adapt the subject to the assessment procedure and quality levels. More specifically, five
training samples were shown, each associate to each possible quality level.
During the test session, each image to be scored was shown during 20 seconds and after the subject
was asked to evaluate the overall quality of the omnidirectional image by orally reporting a quality score
that was registered by a nearby operator. Each subject has visualized the four images coded with both
the standard HEVC and Adaptive QP coding solutions with the selected reference QPs as well as the
(hidden) reference images, shown in a random order.

4.6.2. Objective Metrics Correlation Assessment
After the subjective tests, outlier detection was performed according to the guidelines described in ITUR Recommendation BT.500, Annex2, Section 2.3.1 [89] to exclude subjects whose scores are highly
deviating from the others. Two subjects were considered outliers and removed from subsequent results.
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Then, the so-called Differential Viewer Score (DV) is computed for each collected score (V) as the
difference between the score for each coded image (CI) and the score for its corresponding hidden
reference (HR) given by subject 𝑖 according Recommendation ITU-T P.910, Section 6.2 [90]. The DV
expression is given by
𝐷𝑉𝑖 (𝐶𝐼) = 𝑉𝑖 (𝐶𝐼) + 𝑉𝑖 (𝑅𝐸𝐹) + 5

(4.16)

Next, the so-called Differential Mean Viewer Score (DMV) is computed per coded image considering
all the subjects as the average of all the 𝐷𝑉𝑖 as follows
𝑁

1
𝐷𝑀𝑉(𝐶𝐼) = ∑ 𝐷𝑉𝑖 (𝐶𝐼)
𝑁

(4.17)

𝑖=1

where N is the number of subjects after removing the outliers.
The DMVs obtained for each image are represented in Figure 56. The blue bars indicate the DMV
for the images coded with standard HEVC while the orange bars represent the DMV for the Adaptive
QP coding. The bars associated to each DMV represent the size of the 95% confidence interval. Figure
56 indicates that the images coded with a reference QP equal to 30 are often evaluated as identical to
the hidden reference. It is here important to refer that for the lower bitrates (higher QP), the Adaptive
QP coding solution tends to consume higher bitrates than the standard HEVC coding solution for the
same reference QP and thus, for this reason, it is not possible to take strong conclusions based on the
direct comparison of scores for the same reference QP in Figure 56.
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Figure 56 – DMV obtained depending on the bitrate for the various images: (a) P3; (b) P4; (c) P13;
and (d) P22.
The next results processing step is to find the relationship between the experimental DMV and the
objective quality metric results. First, the scatter plots representing the experimental DMV versus the
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objective quality metric values for each condition are created. After, as the DMV scores present nonlinear distribution, a logistic function fitting of the DMV scores to the objective metric values is determined
for each objective metric according to the Recommendation ITU-R BT.500 [89], considering both coding
solutions for all the images. The logistic function has the intent to represent a predicted DMV as a
function of the objective quality metric value, see Figure 57. This allows comparing the experimental
DMV represented by the black crosses, with the predicted DMV values determined using the objective
metric results represented by the green crosses.

(a)

(c)

(b)

(d)

Figure 57 – Fitting the experimental DMV using a logistic function to the objective quality metrics: (a)
WS-PSNR; (b) SAL-PSNR; (c) V0-PSNR; and (d) V4-PSNR.
Finally, the similarity between the experimental DMV and the logistic function predicted DMV is
evaluated using three performance indexes commonly used for this purpose: the Pearson Linear
Correlation Coefficient (PLCC) evaluates if there is a linear correlation between the two sets of values;
the Spearman Rank Order Correlation (SROC) evaluates the monotonicity, notably if the two sets of
values are related according to an arbitrary monotonic function; and the RMSE evaluates the accuracy
by measuring the error between the two sets of (DMV) values.
Table 17 shows that the assessed metrics are highly correlated with the DMV values. However,
SAL-PSNR presents the highest correlation coefficients and the lowest RMSE value, which means that
SAL-PSNR is the objective quality metric that is able to more reliably assess the subjective quality of
omnidirectional images. The small percentage improvements, notably for the correlation coefficients,
may be explained by the fact that these values are already very close to 1, the maximum value. On the
other hand, V4-PSNR presents a rather low correlation performance since this metric only evaluates the
quality of the viewport located at the upper polar region which has been mostly penalized by the Adaptive
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QP tool. As the subjective scores are related to the overall quality of the entire image and the upper
polar region is the region that the user visualizes less often, it is just natural that V4-PSNR is not a good
objective metric to evaluate the overall quality of the omnidirectional images, which is confirmed by the
correlation performance results.
Anyway, what is most important here is the fact that SAL-PSNR is a reliable quality metric for
omnidirectional images, thus validating the objective quality gains that were previously identified when
using the Adaptive QP coding tool. In summary, the saliency model, the Adaptive QP tool and the novel
SAL-PSNR complement each other to finally offer better subjective quality for a target rate in
omnidirectional imaging.
Table 17 - PLCC, SROC and RMSE for several objective quality metrics.

WS-PSNR
SAL-PSNR
PSNR
V0-PSNR
V4-PSNR

PLCC
0.962
0.972
0.957
0.901
0.466

SROCC
0.953
0.963
0.949
0.893
0.373

RMSE
0.315
0.273
0.334
0.501
1.021
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Chapter 5

Summary and Future Work
This final chapter will present a summary of the work developed and as well as some suggestions for
future work.

5.1. Summary and Conclusions
Chapter 1 introduced the concept of omnidirectional video and described the context and motivation
addressed in this Thesis. It highlights the boom of this technology in the recent years and the main
motivations and applications of omnidirectional video in the different fields. Also, it refers the challenges
of this technology, notably in terms of demanding bitrate requirements, and highlights the directions
towards high quality omnidirectional video experiences which are yet to be achieved. As omnidirectional
video coding was not a major research focus before its sudden popularity, mostly standard video codecs,
such as H.264/AVC and HEVC, are currently used for this type of content which does not fully exploit
the specific omnidirectional image and video characteristics.
Chapter 2 provides a review of the main technologies and the standard architecture of
omnidirectional video coding and its processing modules. Omnidirectional video starts with the
acquisition using cameras with multiple lenses; then, the videos recorded by the various lenses are
stitched together in a single video element, typically using an equirectangular projection. Then, this video
may be converted to a different projection or keep the same format to be coded by a standard video
codec and then it is finally transmitted. After decoding, it has to be rendered, notably by selecting a
region of the video to be reproduced in a display. Ideally, it should be displayed in a Head-Mounted
Display which provides an immersive experience but it can also be reproduced in a computer or mobile
device screen with an interactive controller for a viewer to select the viewing region.
Chapter 3 proposes an omnidirectional image saliency detection model to determine the saliency of
the different regions. The proposed model is an adaptation to omnidirectional image characteristics of a
machine learning based saliency detection model developed for conventional images. Its performance
is assessed by comparing the automatically generated saliency map using the proposed saliency
detection model with a ground truth map built from experimental data with using as benchmark a
saliency map built from latitude access statistics that is independent on the specific omnidirectional
images and videos. It was shown that the proposed saliency detection model performs better than the
latitude statistics based map, usually detecting reasonably well the salient regions.
Chapter 4 proposes an omnidirectional video coding solution based on the saliency maps produced
by the saliency detection model proposed in Chapter 3. It is a content-adaptive video coding solution
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that adjusts the quality of the different regions through appropriate QP variations, notably by assigning
higher quality for the most important regions and lower quality for the less important regions to reduce
the bitrate. To evaluate the compression performance, omnidirectional image objective quality metrics
are used which are able to account for the projection distortion as defined by the JVET Group. Also, a
new omnidirectional video objective quality metric is proposed which allocates the various image/video
regions a different importance according to the detected saliency for the various regions of the
image/video. The compression performance results show considerable quality gains for the regions
defined as important. Also, the quality of the entire omnidirectional video is not severely penalized
according to the saliency independent metrics. In terms of rate, significant BD-Rate gains are obtained
when considering the novel quality metric. This suggests that it may be possible to effectively reduce
the bitrate without reducing the viewer quality of experience by assigning higher QP values to less salient
regions and vice-versa without compromise the overall perceived quality and compression performance.
However, QP variations within an image may create visual artifacts that affect the viewer quality of
experience and, for this reason, formal subjective evaluations were performed. It was possible to
evaluate the correlation between the subjective and objective results with the conclusion that the
proposed objective quality metric achieves very high correlation with the subjective testing results,
notably better correlation performance than the available objective quality metrics used for
omnidirectional content.

5.2. Future Work
Despite the encouraging results obtained with the proposed adaptive coding solution, there is certainly
room for improvements:
•

Saliency Detection Model Improvements – Although the proposed saliency detection model
determines the salient regions rather reasonably and with better performance than a non-image
specific saliency detection model, the saliency detection model may be improved. First, the original
saliency detection model adopted was trained for non-omnidirectional images which means the
resulting saliency is based on non-omnidirectional image characteristics. Therefore, a possible
improvement is to train the model with omnidirectional images if large omnidirectional image
datasets are made available. The omnidirectional content characteristics still need to be studied
more carefully; however, the latitude importance is currently one of the most important factors to
consider. Moreover, it is necessary to find ways avoiding that the saliency maps are computed from
2D projection distorted content without penalizing the saliency detection model performance.
Also, the proposed saliency detection model only considers the spatial information; thus, it would
be appropriate to improve it to consider the temporal information since it is known that moving
objects and scenes are significant factors to catch the viewer attention in video.

•

Study of different projections - Although the equirectangular projection is clearly the most widely
used before coding omnidirectional images and videos, it has been shown that different projections
may achieve better coding performances, as the content is also differently distorted. So, another
possible direction could be the study the compression performance of the proposed adaptive QP
selection when different projections are considered.
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