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ABSTRACT
The storage and transmission requirements of omnidirectional (360◦) images are signif-
icantly higher than those of conventional 2D content. Therefore, effective compression
algorithms and reliable image quality assessment (IQA) methods are essential for their
practical deployment. This doctoral thesis addresses the challenge of evaluating the
visual quality of omnidirectional images compressed by emerging codecs, reflecting a
real-world scenario in which file size must be reduced while maintaining a high level
of perceived visual quality. First, it examines the applicability of emerging compression
standards (JPEG XL, HEIC, AVIF) to 360◦ images and evaluates their performance using
commonly employed IQA metrics. Next, it introduces the Omnidirectional Image Quality
Assessment Database (OMNIQAD), a unique dataset that includes distortions caused by
recent compression standards (the first public dataset with JPEG XL and AVIF)as well as
noise-based distortions, thereby enabling reproducible research. A large-scale subjective
experiment, further extended with eye-tracking data, enriches the database and provides
valuable insights into how user-related factors (e.g., VR experience, visual impairments)
influence perceived quality. The thesis then analyses the performance of conventional
objective IQA metrics on compressed 360◦ images against subjective ratings. Building
on these findings, a novel fusion-based omnidirectional IQA (OIQA) method is pro-
posed. This method integrates multiple feature metrics to achieve superior correlation
with human perception. Its effectiveness is validated on two datasets (OMNIQAD and
CVIQ), with preliminary comparisons against deep learning-based approaches. Over-
all, the dissertation provides original findings on OIQA of compressed omnidirectional
images, introduces OMNIQAD as a benchmarking resource for further research, and
proposes an enhanced feature-fusion methodology validated across multiple datasets.

KEYWORDS
Omnidirectional image, 360◦ image, Virtual Reality, VR content, Image database, Im-
age quality assessment, Image compression, Emerging compression algorithms, JPEG,
JPEG XL, HEIC, AVIF



ABSTRAKT
Nároky na uložiště a přenos všesměrových (360◦) snímků jsou výrazně vyšší než v případě
běžných 2D obrazů. Proto jsou nezbytné pokročilé algoritmy pro komprimaci obrazu a
spolehlivé metody hodnocení kvality obrazu (IQA) pro jejich praktické nasazení. Tato
disertační práce se zabývá problematikou hodnocení kvality všesměrových obrazů kom-
primovaných pomocí nových kodeků, což představuje reálný aplikační scénář, v němž je
nutné snížit datový objem při současném zachování vysoké úrovně vnímané vizuální kva-
lity. Nejprve je zkoumána použitelnost kompresních standardů (JPEG XL, HEIC, AVIF)
pro 360◦ obrazy a jejich vyhodnocení s využitím běžných IQA metrik. Následně je před-
stavena databáze pro hodnocení kvality všesměrových obrazů (OMNIQAD), unikátní
dataset zahrnující zkreslení vyvolané novými kodeky (první dataset obsahující JPEG XL
a AVIF) a šumové degradace, která umožňuje reprodukovatelný výzkum. Rozsáhlý sub-
jektivní experiment, doplněný o data z eye-trackingu, tuto databázi dále obohacuje a
poskytuje počáteční poznatky o tom, jak uživatelé s různými vlastnosti (např. zkuše-
nosti s VR, vady zraku) vnímají vizuální kvalitu obrazu. Zásadní část práce se zaměřuje
na hlubokou analýzu výkonnosti konvenčních objektivních IQA metrik na komprimova-
ných 360◦ obrazech ve srovnání se subjektivními výsledky. S přispěním těchto poznatků
je navržena nová metoda OIQA založená na fúzi více příznakových metrik, která vyka-
zuje vysokou korelaci s lidským vnímáním. Navržený přístup je validován na databázích
OMNIQAD a CVIQ, přičemž je provedeno i prvotní srovnání výkonnosti vůči modelům
založeným na hlubokém učení. Celkově tato práce přináší originální poznatky v oblasti
hodnocení kvality všesměrových obrazů komprimovaných moderními kodeky, představuje
databázi OMNIQAD pro účely výzkumu i dalšího vývoje a navrhuje rozšířenou metodo-
logii hodnocení založenou na fúzi metrik, ověřenou na vícero datasetech.
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Všesměrový obraz, 360◦ obraz, Virtuální realita, VR obsah, Obrazová databáze, Hodno-
cení kvality obrazu, Komprimace obrazu, Nové kompresní algoritmy, JPEG, JPEG XL,
HEIC, AVIF
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Introduction
Virtual reality (VR) is an advanced technology that enables users to immerse them-

selves in digital environments. It creates a simulated environment that "replicates"

the real world or an imagined one. Its rapid development in recent years has been

driven by increased computing power and advances in both hardware and software

tools [1]. Through VR, users interact with virtual environments using specialized

equipment such as head-mounted displays (HMDs), commonly referred to as head-

sets, and controllers for interaction. These devices create a sense of presence and

allow for realistic sensory experiences [2].

VR applications span a wide range of domains, including entertainment [3], ed-

ucation [4, 5], industry [6], and healthcare (e.g., treatment of autism spectrum dis-

order [7] or pain and anxiety reduction in burn injury patients [8, 9]). Beyond

these areas, VR holds the potential to transform approaches to learning (especially

in schools), daily work routines, and even interpersonal interaction in the future.

Several technologies are employed to produce VR-compatible content, among the

most common being omnidirectional 2D images, 3D stereoscopic imagery, and point

clouds [10, 11]. For all these formats, signi�cant research e�orts are devoted to

ensuring high perceptual and visual quality, which is essential for delivering a truly

immersive experience.

The visual quality of images is a critical aspect of multimedia systems, as it

directly in�uences the user's quality of experience (QoE). This is particularly evident

in VR, where recently available HMDs feature high-resolution displays positioned in

close proximity to the user's eyes, making any artifacts such as pixelation or blurring

immediately noticeable [12]. In VR, users expect to perceive high-quality, realistic

multimedia content replicating either real or imaginary worlds. However, the quality

of omnidirectional images providing a 360� �eld-of-view (FoV) may be signi�cantly

a�ected by factors such as image compression algorithms, display technology, or the

applied rendering method [13, 14].

This doctoral thesis investigates the quality of omnidirectional (360� ) 2D images,

with a particular focus on both objective and subjective image quality assessment

(IQA) methods. The research speci�cally addresses the IQA of omnidirectional

images compressed by emerging compression algorithms, re�ecting a real-world ap-

plication scenario in which reducing �le size while preserving high visual quality

is essential from the user's perspective. Speci�c details of the thesis's scope are

speci�ed in Chapter 2, addressing the objectives of the dissertation.

The dissertation thesis is organized as follows. Chapter 1 reviews the state-

of-the-art (SoA) in image compression algorithms, IQA methodologies, and om-

nidirectional image databases relevant to VR applications. Chapter 2 de�nes the

16



research objectives of the dissertation. Chapter 3 examines the impact of emerging

compression standards on the quality of 360� images, including the application of

objective IQA metrics and the evaluation of their results. Chapter 4 introduces

the Omnidirectional Image Quality Assessment Database (OMNIQAD), describing

its image content, distortion types, and applicability to for further research. Chap-

ter 5 presents an comprehensive subjective quality assessment, including the applied

methodology, statistical evaluation, and results from a large-scale subjective exper-

iment. Particular attention is given to eye-tracking analysis and the variation of

subjective ratings across diverse user groups. Chapter 6 provides a detailed analy-

sis of the performance of objective quality metrics on compressed omnidirectional

images, benchmarked against the results of subjective experiments. Chapter 7 pro-

poses an enhanced OIQA method based on the fusion of feature metrics, validated

using the OMNIQAD and CVIQ datasets, and preliminarily compared with deep

learning-based models. Finally, Chapter 7.1.2 concludes the thesis with an overview

of key �ndings, original contributions, recommendations for future research, and an

overview of the authors' doctoral activities.

17



1 State-of-the-Art

1.1 Image Compression Algorithms . . . . . . . . . . . . . . . . . . . . . 18

1.2 Image Quality Assessment . . . . . . . . . . . . . . . . . . . . . . . . 19

1.3 Omnidirectional Databases . . . . . . . . . . . . . . . . . . . . . . . . 27

The demand for storing and transmitting image data is rapidly increasing, lead-

ing to a need for e�cient image compression methods. Every day, a vast amount of

visual data is created that must be stored, transmitted or shared. It is especially true

for VR-based visual communications operating with omnidirectional (360� ) content,

where image compression algorithms play a key role. Image compression algorithms

have a signi�cant impact on the visual quality of images. Image quality assessment

(IQA) is a broad research area that provides the necessary tools to evaluate the im-

pact of image compression and other distortions. This chapter provides an overview

of the SoA in the �eld of compression algorithms applicable to 360� images, IQA

methods for omnidirectional images, and available omnidirectional image databases

for scienti�c and benchmarking purposes.

1.1 Image Compression Algorithms

Photos and still images represent a large portion of today's media �les available

on the Internet. According to the report in [15], approximately 3 billion images in

di�erent formats are created every day. Many of them are used continuously in dif-

ferent �elds such as medicine or industry, while an even greater share is exchanged

on social networks such as Facebook or Instagram. To reduce the �le size for trans-

mission, storing and sharing of such an enormous volume of images and videos,

highly e�cient and �exible compression algorithms are vital. It is especially true

for images and videos in non-conventional formats, such as omnidirectional images

and videos [16], [17].

The JPEG standard [18], one of the most established and widely used image

coding method, was introduced by the Joint Photographic Experts Group (JPEG)

almost 30 years ago. Since then, image coding requirements have changed sig-

ni�cantly, particularly due to the increasing diversity of applications and formats.

Several more advanced and �exible still image compression algorithms have been

developed in the last thirty years. From this point of view, High E�ciency Image

Coding (HEIC) [19], AV1 Image File Format (AVIF) [20] and JPEG XL [21] are the

emerging ones. Both the HEIC and AVIF image compression algorithms are based
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on the High E�ciency Video Coding (HEVC) and AOMedia Video 1 (AV1) original

video coding standards, respectively [22, 23].

Nowadays, attention is also devoted to new image �le formats originally based

on video codecs (e.g., HEIC and AVIF). Recently, several studies have explored

the impact of compression algorithms on the quality of omnidirectional images. A

visual-based quality performance study of di�erent video/image codecs to compress

still images was presented in [24]. It was shown that JPEG, especially in the case of

intra-frame coding, is commonly outperformed by more advanced image compression

algorithms. The best performance was observed using the AVIF codec. Similar

conclusions were reached in [20], where, in some cases, AVIF achieved the highest

bitrate savings for all types of images.

In [25], researchers evaluated the lossless compression performance of WebP,

Better Portable Graphics (BPG), and JPEX XL on High Dynamic Range (HDR)

images in terms of Shannon entropy and compression ratio. JPEX XL achieved the

best results, except for synthetic images with simple geometric patterns. Another

study [26] investigated the compression performance of the JPEG and JPEG 2000

for various 360� image projection formats. Objective-based output analysis revealed

that the hybrid equiangular and equatorial cylindrical formats performed well.

In recent years, numerous papers have been published, primarly focusing on the

compression performance of image compression algorithms. However, the evaluation

of emerging compression standards for 360� images remains an open and active

research area.

1.2 Image Quality Assessment

Omnidirectional images are typically captured with cameras that have multiple

lenses covering the entire 360� scene. These individual images are then stitched

together to form a spherical image, enabling an omnidirectional viewing range and

creating an immersive experience when viewed through a headset. To illustrate this

concept, Fig. 1.1 shows an example of a speci�c omnidirectional image, which is ad-

ditionally represented in two common projection types, namely equirectangular and

cubic1, which are used in HMDs for VR [27]. However, this type of experience puts

high demands on both the �delity and resolution of images, resulting in signi�cant

storage and transmission requirements.

The development of immersive media technologies, which provide users with

complete audiovisual experiences, is gradually accelerating. A complete immersive

1https://github.com/rayryeng/equi2cubic
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a) Equirectangular projection.

b) Cube faces for cubic projection.

Figure 1.1: Illustrative images of Equirectangular and Cubic projection.

experience can only be achieved when the display system supports six degrees of free-

dom (6-DoF) to the user, meaning that the visualized content is coherent with both

the orientation and position of the user's head. This enables users to move around

objects and view them from di�erent angles. At the consumer level, a�ordable and

user-friendly technologies are already available to explore natural content in 3-DoF.

It must be noted that only VR-based systems are capable to display multimedia or

gaming content in its entire range [28]. However, research on 3D content such as

stereoscopic images and videos, or point clouds is expanding signi�cantly [29]. In

recent years, numerous studies have focused on point clouds [11, 30, 31, 32, 33, 34].

Due to their large �eld of view, omnidirectional images require higher resolutions

than conventional 2D images if the goal is to provide high-quality VR-based content.

Consequently, these images represent a large amount of data. In order to make them

practical for transmission, rendering, and display, it is essential to apply e�cient

compression methods that reduce the bitrate while maintaining visual �delity and

enabling proper quality assessment [35].

IQA can be divided into two main types, namely objective and subjective as-

sessment. Objective IQA relies on mathematical-based metrics that evaluate image

quality by analyzing di�erent parameters, features, or parts of the image [36]. There-
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fore, some metrics calculate the amount of noise in an image or estimate its quality

based on structures, gradients, and features. In contrast, subjective IQA is based

on the subjective rating of perceived visual quality by independent observers [37].

Omnidirectional IQA Methods Overview

The importance of examining the omnidirectional IQA (OIQA) through both ob-

jective and subjective methods is evident from the considerable amount of existing

research. A comprehensive overview of the recent studies devoted to IQA (including

subjective tests) of 2D 360� images can be found in Table 1.1.

In [35], a testbed for conducting subjective assessments of omnidirectional vi-

sual content was introduced. This testbed collected Mean Opinion Score (MOS)

ratings, viewing direction data, and time spent by up to 48 participants using the

Absolute Category Rating with Hidden Reference (ACR-HR) method. Half evalu-

ated equirectangular format, and half assessed cubic projection images. The MOS

results favored the equirectangular format for superior image quality.

Upenik and et al. in [17] provided a study comparing two types of objective

full-reference (FR) metrics - traditional for 2D content and specialized metrics

for 360� images. Based on a video set, proposed by the Joint Video Exploration

Team (JVET) of International Telecommunication Union (ITU) ITU-T VCEG 2 and

ISO/IEC Moving Picture Experts Group (MPEG), they compressed four still images

by using JPEG, JPEG2000. and HEVC codecs at four bitrates values (0.25, 0.50,

0.75, 1.00 bits per pixel - bps). While they primarily used OIQA metrics based on

Peak Signal-to-Noise Ratio (PSNR), IQA metrics like Structural Similarity Index

Measure (SSIM), Multi-Scale Structural Similarity (MS-SSIM), and Visual Informa-

tion Fidelity in the pixel domain (VIFp) consistently yielded better quality ratings.

Notably, VIFp outperformed the others, with a Pearson's Linear Correlation Coef-

�cient (PLCC) value of 0.8994.

In the work [38], the researchers address the challenge of quality assessment

for 360� images. They created an OIQA database with 16 source images and 320

degraded images. They compared nine FR-IQA metrics. The study highlights the

importance of image details in the VR experience and suggests using visual saliency

for OIQA. The disadvantage is only 20 subjects based on the older recommendation

ITU-R BT.500-11 recommendation designed for TV images, which is not statistically

su�cient for VR content.

The goal of the study [39] was to test whether existing OIQA methods can

evaluate the quality of compressed omnidirectional images. For this purpose, a 360-

degree image dataset including 16 reference and 528 compressed images was created.

2https://www.itu.int/en/ITU-T/studygroups/2017-2020/16/Pages/video/vceg.aspx
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Table 1.1: Survey of the studies on IQA (objective & subjective) of 2D omnidirectional images

Ref. Year
Images

(ref)

Compression /

Distortion

Objective

metrics

Subjective

approach
HMD Subjects

[35] 2016 6 JPEG FR-OIQA ACR-HR
MergeVR +

iPhone 6S

48

(19 - 36 yrs)

[17] 2017 4
JPEG, JPEG2000,

HEVC
FR-IQA, FR-OIQA ACR-HR

MergeVR +

iPhone 6

45

(18 - 32 yrs)

[38] 2018 16
JPEG, JPEG2000,

Gauss. blur and noise
FR-IQA SS

HTC Vive

(+ aGlass)
20

[39] 2018

16 JPEG, AVC,

HEVC

FR-IQA, NR-IQA,

FR-OIQA
SS HTC Vive

20

(21-25 yrs)[40] 2020
FR-IQA, NR-IQA,

FR-OIQA, NR-OIQA

[41] 2019 4
JPEG, JPEG2000,

HEVC-I
PSNR-based ACR-HR

MergeVR +

Galaxy S7 Edge

19

(med 24 yrs)

[42] 2020 60
JPEG, JPEG2000,

HEVC-I

FR-IQA,

FR-OIQA
SS Oculus Rift CV1 20

[43] 2021 15
JPEG, JPEG2000, HEVC-I,

Gauss. blur, White noise

FR-IQA, NR-IQA,

FR-OIQA
ACR HTC Vive Pro

26

(20 - 38 yrs)

[44] 2022 16
Gauss. blur and noise,

brightness discon-

tinuity, stitching

FR-IQA, NR-IQA,

FR-OIQA, NR-OIQA
ACR HTC Vive

120

(18 - 26 yrs)

[45],

[46]
2023

[38],

[39]

[38],

[39]

FR-IQA, NR-IQA,

FR-OIQA, NR-OIQA

[38],

[39]

[38],

[39]

[38],

[39]

[47] 2023 12 only stitching
FR-IQA, NR-IQA,

FR-OIQA , NR-OIQA

SS

10 pt. scale
HTC Vive Pro

20

(18 - 30 yrs)

[48] 2024 [44] [44]
FR-IQA, NR-IQA,

FR-OIQA , NR-OIQA
[44] [44] [44]
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They used �ve no-reference (NR) IQA metrics, ten traditional FR-IQA metrics, and

three PSNR-based metrics for 360� images. To ensure usability, they conducted

subjective testing with 20 subjects using the single-stimulus (SS) method, where

the quality of each image is observed and scored separately. Among the 13 FR-IQA

metrics used, SSIM, Information content weighted SSIM (IW-SSIM), and Visual

Saliency-Induced Index (VSI) achieved the highest consensus (up to over 0.9 PLCC)

with subjective scores. The study concludes that certain objective metrics for 2D

images are still valid and robust for 360� images.

In [40], similar to [39], the authors used the same image database and considered

prior subjective test results. Additionally, they explored a multi-channel convolu-

tional neural network (CNN) for NR quality assessment of 360� images. The model

consists of two parts, a multi-channel CNN and an image quality regressor. The CNN

includes six parallel hyper-ResNet34 networks, where the hyperstructure is used to

incorporate features from intermediate layers, which the regressor then combines to

a �nal score. This model performed similarly to FR metrics and outperformed all

metrics in the CVIQD2018 database for AVC (as H.264) and JPEG compression

distortion. However, the study lacked basic information about the tested sequences

(selected types and amounts) and relied on scores from only 20 subjects according

to ITU-R BT.500-11 recommendation.

A new perceptual quality metric for a VR-based content, termed VA-PSNR,

was proposed in [41]. It integrates PSNR with a saliency map derived from real

head movement data, addressing viewer visual attention. This metric represents

an advancement over the Weighted Spherical PSNR (WS-PSNR) metric for 360�

content. By considering viewer interactions and visual attention, it acknowledges

key factors in omnidirectional content perception. The metric was tested on images

also distorted with the HEVC Intraframe (HEVC-I) codec as a variant to compress

still images. However, one limitation is the reliance on empirical visual data, which

may not always be readily accessible. Despite this, the study o�ers a promising ap-

proach for evaluating omnidirectional content quality, with further research needed

to validate its applicability in diverse scenarios and content types.

In [42], a novel deep learning approach for OIQA, called DeepVR-IQA, was intro-

duced. The model demonstrates superior performance, accurately estimating pixel

quality and delivering an excellent overall assessment. Achieving this high perfor-

mance necessitated training on subjective ratings of up to 720 stimulus, resulting in a

strong correlation with subjective scores, e�ectively capturing image characteristics

a�ecting visual quality. A drawback of this method is its demand for a substantial

volume of training data, which could be challenging in certain applications. Addi-

tionally, the subjective assessment experiment for obtaining ground truth data can

be time-consuming and may not always be feasible in some scenarios.

23



The paper [43] examines the impact of display characteristics and human at-

tention on 360° images, creating a dataset that includes subjective evaluations of

these images. The authors propose the so-called CPBQA framework, which com-

bines the Blind/Referenceless Image Spatial Quality Evaluator (BRISQUE) and the

Integrated Local Natural Image Quality Evaluator (IL-NIQE). This framework inte-

grates global and local quality features of cubemaps for blind (no-reference) quality

assessment. Their analysis focused on the correlation between viewing conditions,

non-uniform distortions, and subjective quality scores. Future research in this area

will focus on developing more e�cient feature as rational viewport extraction and

exploring the e�ect of hotspot maps on image quality. These e�orts aimed to de-

velop objective models with increased robustness and e�ciency. When comparing

the proposed NR model with other objective metrics, it was shown to be the most

accurate in most cases. However, in the case of Gaussian noise degradation, the

model fails (PLCC = 0.149) compared to FR-IQA and FR-OIQA methods (PLCC

values of 0.208 and higher).

The aim of paper [44] was to understand human perception of 360� image qual-

ity. Subjective ratings and viewing behavior data under diverse conditions were

collected, focusing on the correlation between viewing conditions, non-uniform dis-

tortions, and subjective scores. The authors of the study introduced a novel OIQA

model based on a ResNet-50 CNN, incorporating multi-scale feature extraction and

quality prediction modules. In comparison with other metrics, their proposed model

outperformed in most cases, except for scenarios involving Gaussian noise degrada-

tion.

Authors in [45], [46] established a new model for blind/NR OIQA (BOIQA). A

color descriptor that re�ects color information was used. Overall, the model should

exhibit a gradient re�ection as global structural features and gray levels with local

structural features. They did not gather their own subjective ratings but tested the

model on [38, 39] data. The BOIQA with support vector regression is promising,

but there is scope for more validation with a more robust model [49].

Duan and et al. in the study [47] focused on OIQA for speci�c stitching-related

in�uences. The raw 12 images were corrupted during the stitching process namely

color, geometric, blur, and ghosting distortion. The impact of image compression

was not considered. The authors proposed a model separately for FR and NR

OIQA, which were tested on their dataset. A total of 17 FR and 15 NR objective

methods were compared, including the trained models. In addition to the analysis

using correlation coe�cients, they applied advanced statistical receiver operating

characteristic (ROC) analysis.

In [48] using the dataset introduced in [44], blind metrics based on the CNN

model were proposed. Through extensive subjective tests, the authors con�rmed the
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impact of viewing conditions on user (viewing) behavior and perceived quality. The

proposed method demonstrated a strong ability to predict the perceptual quality

of 360� images with non-uniform distortions. Nevertheless, despite its excellent

performance in quality prediction, certain limitations remain in handling all types

of non-uniform distortions under varying viewing conditions.

Subjective Quality Perspective

Understanding the interrelations between user characteristics and perceptual evalu-

ations of omnidirectional image quality is of signi�cant importance across domains

that rely on such content. Whether for optimizing immersive virtual environments

or improving multimedia delivery, the insights gained from this thesis can better

inform the design and implementation of omnidirectional imaging technologies to

beeter suit users' diverse needs and preferences [35]. Several studies go beyond tra-

ditional subjective quality results (e.g., MOS values) to explore additional factors

in�uencing user experience during VR-based subjective experiments. Some stud-

ies have explored how users perceive image quality, which attributes they rely on

for evaluation, and the factors that in�uence their subjective quality of experience

(QoE). Such investigations provide valuable insights into the complexities of im-

age perception and the various elements contributing to user evaluations of visual

content.

Zepernick et al. [50] explored the minimum of respondents required for reliable

subjective evaluation of visual quality of a VR content. Teir �ndings suggest that a

sample size of 21�26 participants is su�cient to generate statistically robust results

for 360� videos.

Tran et al. [51] examined the QoE of 360-degree videos in VR communication,

considering perceptual quality, presence, acceptability, and cybersickness. Using

subjective tests, the study analyzed the impact of coding-compression parameters

(resolution, bitrate, quantization), content characteristics, and device types on QoE.

A key comparison between VR (head-mounted display) and non-VR (smartphone

screen) viewing modes revealed that higher resolutions improve user experience,

but VR mode induces greater cybersickness. Such �ndings highlight a trade-o�

between immersive presence and discomfort, providing insights for optimizing 360-

video encoding and VR content delivery.

Similarly, Somrak et al. [52] examined the e�ects of di�erent HMDs (Oculus Rift

DK1, Oculus Rift DK2, Oculus Rift CV1, Samsung Gear (SM-R322) with Samsung

Galaxy Note 4) on VR sickness and user experience. They employed psychomet-

ric tools such as the Simulator Sickness Questionnaire (SSQ), Subjective Units of

Distress Scale (SUDS), and the User Experience Questionnaire (UEQ). Participants
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watched 360-degree videos (relaxing and action-intensive) on four HMDs and a 2D

display. The results revealed a strong correlation between SUDS and SSQ scores,

suggesting that SUDS may servee as a quick assessment tool. Furthermore, the SSQ

disorientation subscale (SSQ-D) strongly predicted overall SSQ scores, indicating its

potential as a standalone sickness metric. A negative correlation between VR sick-

ness and user experience highlights the adverse e�ects of discomfort on immersion

and usability, with notable di�erences across HMDs due to hardware factors such

as latency, �eld of view, and refresh rate. These �ndings collectively emphasize the

importance of user-centric evaluation frameworks for optimizing both VR content

delivery and hardware design.

In [53], a distinct factor in�uencing the perceived quality of 360� content was

identi�ed. The study focused on the Field of View (FoV) and its associated geomet-

ric distortions in relation to QoE. The analysis revealed that a FoV of approximately

110� was most preferred by observers.

Hu et al. [54] explored whether the user's posture sitting or standing a�ects the

subjective perception of omnidirectional video quality in VR. Their study examined

factors such as eye movements to better understand user behavior and determine

whether quality perception di�ers depending on posture.

Elwardy et al. [55] focused on the consistency of 360� video quality assessments.

Participants viewed videos in both seated and standing positions during three re-

peated subjective sessions and rated the perceived quality. Among the �ndings, the

results indicate that participants tended to assign higher quality scores in standing

scenarios compared to seated ones. Furthermore, quality ratings remained stable

across participants within each viewing condition and across the three sessions. To

investigate whether participants' quality ratings remained stable or changed signif-

icantly over time, both short breaks and long breaks spanning several months were

applied between tracking conditions.

It is noticeable that most of the aforementioned works dealt with the VR video

content. As expected, various undesirable e�ects on users' QoE come in the context

of dynamically changing content such as videos or games. Nevertheless, certain

alternative perspectives of subjective experiments are also useful from the viewpoint

of static images. The research and development of appropriate approaches to de�ne

and evaluate IQA and QoE for VR-based multimedia content is still an open research

topic. It is necessary to either optimize existing objective and subjective metrics

or develop new quality assessment methodologies to evaluate the visual quality of

omnidirectional images [41]. Beyond the articles discussed above, additional works

related to quality assessment and the introduction of new databases are described

below.
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1.3 Omnidirectional Databases

An integral part of IQA is the image data itself. In recent years, several omnidirec-

tional image databases have been introduced for speci�c applications, such as the

more e�cient and rapid development of new image compression algorithms or the

creation of new objective and subjective metrics.

The previous Subchapter 1.2 described the major publications dealing with

OIQA in recent years. For these works, the use of image data was essential. How-

ever, it is not common practice for authors to publicly provide the dataset used in

their studies. In many cases, such data remain unavailable, as in [17], [35], [38], [41],

[44]. In other situations, shared dataset su�er from outdated links, defective �les,

or are accessible only upon direct request, which unnecessarily hinders the progress

of research in the �eld of IQA [42], [43].

An interesting contribution was presented in [56], where the authors introduced

a dataset of 98 omnidirectional images, out of which 60 are publicly available, to-

gether with corresponding head movement and eye-tracking data from respondents.

To evaluate the e�ect of eye movements within the FoV, the database also includes

saliency maps that graphically represent users' actual head and eye movement pat-

terns.

Database "SOLID", designed for stereoscopic OIQA, was presented in [10]. Within

this work, the authors introduced the Stereoscopic Omnidirectional Image Quality

Evaluator (SOIQE), a novel method inspired by the predictive coding theory of

the human visual system (HVS). The proposed method is designed for the unique

properties of 3D character of 360� images. SOIQE consists of two modules: a binoc-

ular rivalry module (based on predictive coding principles) and a multi-view fusion

module that combines information from multiple viewpoints [29].

A well-known contribution is the Omnidirectional Image Quality Assessment

(OIQA) database, introduced in [38]. The images in this database have been dis-

torted using compression (JPEG and JPEG 2000 codecs), Gaussian blur, and white

Gaussian noise. Five levels of distortion were applied to each raw image, resulting

in a total of 320 distorted images with resolutions up to 13 320� 6 660 pixels. This

database provides can be used to evaluate the performance of IQA methods for

360� images. Unfortunately, despite being labeled as publicly available, no direct

download link is provided in the paper.

In [39], the authors introduced the CVIQD2018 database, the largest 360-degree

image dataset to date, containing 528 compressed images using three coding stan-

dards, namely JPEG, H.264/AVC, and H.265/HEVC. From 16 reference images,

176 compressed images were created for each compression type. Subjective testing

was conducted with 20 subjects using the single-stimulus (SS) method, where the
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quality of each image was observed and rated individually. As mentioned before,

this relatively small number of respondents limits the statistical reliability of the

results [57]. Nevertheless, the authors of this study are notable as one of the few

who provide publicly accessible data, including MOS values.

Another database type is the omnidirectional stitching image quality assessment

(OSIQA), presented in [47]. Based on 12 captured scenes, it contains 300 degraded

images a�ected by various stitching distortions, completed by subjective ratings from

20 respondents. Although the authors stated that the"database will be released to

facilitate future studies", no direct access link is provided

For the development of robust objective metrics and reliable evaluation of OIQA

models, the availability of subjectively perceived quality results (e.g., MOS values) is

just as critical as the image data itself. However, as already mentioned in Subchap-

ter 1.1, the same shortcomings observed in emerging compression algorithms for 360�

is also evident for omnidirectional image databases. The collection of openly acces-

sible data remains very limited. Overall, while a few databases exist for di�erent

applications, comprehensive databases combining omnidirectional images with cor-

responding subjective evaluations are still limited. This creates a signi�cant barrier

to research in the area of IQA.
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2 Dissertation Objectives
Based on the state-of-the-art elaboration presented in Chapter 1, the objectives of

this thesis have been de�ned by the following points:

1. Exploration of emerging image compression algorithms towards their

possible use for processing of 360 � images

Omnidirectional visual content places signi�cantly higher demands on reso-

lution compared to conventional 2D image content due to the need for full-

spherical coverage. Thanks to this, �le sizes of 360� images are substantially

larger, directly in�uencing both transmission and storage requirements from

the user's viewpoint. Consequently, e�cient coding algorithms are necessary

to compress images and reduce their data load. This thesis investigates the

applicability of emerging image codecs, namely HEIC, JPEG XL, and AVIF,

as well as the traditional JPEG standard, for the compression of 360� images.

Accomplished by publication[58].

2. Establishment of an open image database for OIQA research

An integral part of IQA is the availability of suitable image data. For re-

search in this �eld, a well-prepared database containing images distorted by

various methods and techniques is essential. However, as discussed in Sub-

chapter 1.3, only a limited number of public databases with omnidirectional

images and accessible data currently exist. In particular, there is a notable

lack of databases containing 360� images degraded by emerging image com-

pression algorithms. In this dissertation thesis, a publicly available dataset

of omnidirectional images distorted using di�erent methods and techniques,

supplemented with additional relevant data, is created. The created database

will serve as a public resource, enabling reproducible research in both objective

and subjective quality assessment of immersive multimedia content.

Accomplished by publications[59] and [60].

3. Investigation of the performance of conventional objective methods

on omnidirectional images under emerging compressions and exam-

ination of perceptual image quality across a variety of users

Most commonly used objective metrics were originally designed to assess the

visual quality of conventional 2D images. In contrast, 360� images capture

the environment in a fully omnidirectional view. Furthermore, emerging im-

age codecs introduce speci�c distortions during compression, which traditional

metrics may not adequately re�ect. Consequently, both conventional objec-
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tive and subjective approaches may have limitations when applied to this type

of image. This thesis will therefore focus on exploring the performance of

conventional objective metrics to OIQA, complemented by subjective tests.

Additionally, it will investigate how perceived image quality varies across dif-

ferent groups of real users, providing insights into user diversity in immersive

multimedia experiences.

Accomplished by publications[61] and [62].

4. Development of an objective method specialized for IQA of omnidi-

rectional images processed by emerging compression algorithms

It can be predicted that conventional IQA methods will show some weaknesses

when applied to omnidirectional images, as these methods were not originally

designed for immersive image modalities. Although machine learning based

approaches have been successfully employed in numerous application scenar-

ios (see SoA Chapter 1), such models have limitations, including a lack of

transparency, high data requirements, and insu�cient consideration of cer-

tain perceptual features. Hence, within this thesis, a novel objective OIQA

method tailored to VR content, speci�cally compressed 360� images, will be

developed. The proposed method will be based on an alternative approach to

deep learning solutions, strongly aligned with human perception.

Accomplished by publication[63].
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3 Quality of 360 � Images Distorted by Emerg-

ing Compressions

3.1 Emerging Compression Standards . . . . . . . . . . . . . . . . . . . . 31
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Summary of Chapter 3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

To ensure high visual quality during the transfer, storage and sharing of 360�

images, advanced image compression tools are essential. This chapter provides an

objective-based comparison of emerging image compression algorithms JPEG XL,

HEIC, AVIF, and traditional JPEG, which are implemented in a regular graphic

viewer and editor. For this purpose, four images from publicly available databases

and two self-made images are used for processing at various compression levels.

Several conventional objective metrics are employed to evaluate the visual quality

of the 360� images.

3.1 Emerging Compression Standards

Existing image compression techniques, which were designed for traditional 2D vi-

sual information, can be applied to 360� images [17]. As it was discussed in the pre-

vious elaboration of SoA (Chapter 1), there are a few image compression standards

(algorithms, or also known as codecs in short). The most popular and emerging

ones, also used in this thesis, are brie�y introduced in the following subsection.
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3.1.1 JPEG Standards

JPEG

The baseline JPEG image compression standard, introduced in 1992, remains the

most widely used image format due to its simplicity and broad compatibility. It

employs an 8� 8 block-based Discrete Cosine Transform (DCT), followed by quan-

tization of transform coe�cients, which is the main source of lossy compression.

The quantized values are further compressed using Hu�man coding, while arith-

metic coding is also de�ned in the standard but has seen limited adoption. JPEG

typically operates in the YCbCr color space, exploiting chroma subsampling (com-

monly 4:2:0), where the chrominance channels are sampled at half the horizontal

and vertical resolution of the luma channel. This reduces the amount of chromi-

nance data while maintaining perceptual quality, since the HVS is more sensitive to

variations in luminance than in color. While this achieves e�cient compression, the

block-based processing leads to characteristic artifacts such as blocking and ring-

ing, especially at low bitrates. In addition to the widely adopted 8-bit lossy mode,

the original standard also de�nes a 12-bit precision mode and a lossless mode, al-

though these never achieved widespread support due to limited compatibility. The

backward-compatible extension JPEG XT introduces support for higher bit depths,

HDR, alpha channels, and improved lossless coding, while maintaining compatibility

with legacy JPEG decoders. Despite the availability of more advanced successors

such as JPEG 2000 or JPEG XL, baseline JPEG continues to dominate practical

usage due to its universal support across hardware, software, and web platforms

[64, 65, 66]. The JPEG committee has de�ned1 and created several other still image

coding standards. In this thesis, JPEG XL will also be included as a new standard

relevant for omnidirectional images.

JPEG XL

JPEG XL 2 is one of the latest still image codecs (standardized in 2022), designed for

both lossy and lossless compression. It is standard with free and open source,

royalty-free implementation3. Unlike the original JPEG, it provides a hybrid coding

architecture with two complementary modes: the VarDCT mode, which generalizes

the legacy 8� 8 block-based DCT to larger block sizes (8, 16, or 32), optimized for

photographic content; and the modular mode, which employs pixel-by-pixel predic-

tion combined with context-adaptive entropy coding based on asymmetric numeral

systems, suitable for lossless coding, synthetic graphics, text, and HDR content.

1https://jpeg.org/about.html
2https://ds.jpeg.org/whitepapers/jpeg-xl-whitepaper.pdf
3https://github.com/libjxl/libjxl
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A major advantage of JPEG XL over JPEG is its backward compatibility.

JPEG XL supports lossless transcoding of existing JPEG images. This allows large-

scale archives to be converted into the JXL format without any quality degradation

and with signi�cantly reduced storage requirements. Furthermore, JPEG XL inte-

grates a wide range of advanced features, including support for HDR and wide-gamut

color spaces (up to 32-bit per channel precision), alpha channel and layered images,

animation capabilities, and e�cient progressive decoding, enabling responsive de-

livery in web-based scenarios. The codec design aims at three key objectives: high

visual �delity, compression e�ciency (the typical compression ratios are between

20:1 and 50:1, outperforming JPEG), and computational e�ciency with fast de-

coding. Distribution clustering and variable-precision distribution encoding further

improve entropy coding �exibility, giving encoders more control over rate�distortion

trade-o�s [21, 67, 68, 69].

In addition to conventional photographic content, JPEG XL has been designed4

to support emerging applications, such as augmented/virtual reality, as well as 360�

images, where very high resolutions require e�cient compression. Its capability for

region-of-interest coding makes it particularly relevant for interactive VR scenarios,

enabling high �delity in the viewed regions while maintaining overall compression

e�ciency [70].

3.1.2 HEIC

HEIC is a speci�c implementation of the HEIF, standardized as ISO/IEC 23008-12

by MPEG in 2015. While HEIF de�nes the general container structure for still

images and sequences, HEIC refers to the variant that employs intra-frame coding

from the HEVC standard. It supports both lossy and lossless compression, employ-

ing large coding tree units (up to 64� 64) together with advanced intra prediction

modes, transform skip, sample adaptive o�set, and in-loop �ltering, thereby sig-

ni�cantly improving coding e�ciency over legacy JPEG. HEIC typically employs

chroma subsampling and supports higher bit-depths (10�12 bits per component),

allowing more accurate color representation. The format uses context-adaptive bi-

nary arithmetic coding (CABAC) for entropy coding and supports variable block

sizes and transform skip modes, which contribute to its high compression e�ciency

and adaptability to diverse image content. HEIC also enables progressive decoding

and e�cient random access to image tiles or sequences, as well as storage of mul-

tiple images, alpha channels, depth maps, and rich metadata. These capabilities

increase its �exibility for modern applications, including interactive scenarios such

as AR/VR and 360� panoramic pictures. However, in contrast to open standards

4https://jpeg.org/jpegxl/index.html
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such as JPEG XL and AVIF, HEIC is subject to licensing and patent fees, which

has limited its adoption outside proprietary ecosystems. To date, the largest deploy-

ment of HEIC is within Apple, where it has replaced JPEG as the default format

[19, 22].

3.1.3 AVIF

AVIF 5 is a royalty-free image format based on the AV1 video codec and encapsulated

in the HEIF container. AVIF was released by the Alliance for Open Media (AOM)

in 2020, and o�ers an open6 alternative to proprietary formats like HEIC. It employs

AV1 intra-frame coding for still images, supporting both lossy and lossless compres-

sion. It utilizes large coding tree units of up to 128� 128 pixels, with variable block

sizes that adapt to local image content. This allows for �ner detail representation

in textured regions and e�cient compression in smooth areas. The format supports

transform skip, advanced intra prediction, and in-loop �ltering, enhancing compres-

sion e�ciency and visual �delity. Progressive decoding and tile-based random access

are natively supported, enabling e�cient handling of high-resolution images. The

AVIF allows storage of multiple images, alpha channels, depth maps, and extensive

metadata, providing �exibility for diverse imaging work�ows. Although AVIF of-

fers superior compression ratios and visual quality compared to legacy formats like

JPEG, its encoding process is computationally demanding [20, 23].

3.2 Objective Image Quality Methods

Objective image quality assessment methods can be divided into two main cat-

egories: full reference (FR) metrics, which require the original reference image for

comparison, and no reference (NR) metrics, which aim to estimate perceptual quality

directly from the distorted image. FR metrics are widely used for various purposes

and for evaluating di�erent types of distortion, as they enable reproducible bench-

marking against well-de�ned ground truth. NR metrics are widely employed within

DL-based trained models as a general approach for initial quality assessment when

reference images are unavailable, although this advantage is usually accompanied by

limited versatility for di�erent application scenarios [71]. There are many objective

quality assessment metrics, as well as metrics speci�c to the type of content. The

following section presents the IQA metrics in the context of the thesis.

5https://aomediacodec.github.io/av1-avif/
6https://github.com/AOMediaCodec/libavif
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3.2.1 Full Reference Metrics

Peak Signal-to-Noise Ratio (PSNR)

PSNR is one of the most commonly used metrics for objective image quality assess-

ment. It is de�ned as the logarithmic ratio between the maximum possible pixel

intensity (MAX ) and the mean squared error (MSE) between the reference image

(I ) and the distorted image (̂I ). The MSE values is computed as:

MSE =
1

X � Y

XX

x=1

YX

y=1

�
I (x; y) � Î (x; y)

� 2
; (3.1)

whereI (x; y) denotes the pixel value of the reference image,Î (x; y) the corresponding

pixel of the processed (distorted) image, andX , Y represent the image width and

height in pixels.

The PSNR is then given by:

PSNR = 10 � log10

 
MAX 2

MSE

!

; (3.2)

where MAX is the maximum possible pixel intensity, typicallyMAX = 2b � 1

(e.g., 255 for b = 8). A higher PSNR value indicates lower distortion, since the

metric penalizes pixel-wise deviations from the reference image. Due to its simple

formulation and low computational cost, PSNR remains used in image and video

quality assessment (IQA) and forms the basis of enhanced metrics [41, 72]. However,

it does not model the characteristics of the HVS, and therefore its values often do

not correlate well with perceived visual quality [73].

Structural Similarity Index Measure (SSIM)

SSIM is a perceptual metric that evaluates image quality based on visible struc-

tural di�erences between a reference and a distorted image. Unlike PSNR, which

considers only pixel-wise di�erences, SSIM explicitly models aspects of the HVS by

quantifying luminance, contrast, and structural similarity in local image patches.

The resulting similarity map is averaged over the entire image to produce a single

SSIM score, which ranges from 0 to 1, with values closer to 1 indicating higher

perceptual similarity and visual quality. SSIM is widely used as a baseline percep-

tual metric, providing a more accurate assessment of human-perceived distortions

compared to traditional error-based metrics [73].

Multi-Scale Structural Similarity Index Measure (MS-SSIM)

MS-SSIM extends the original SSIM metric by incorporating multiple spatial scales

to capture the human visual system's high sensitivity to structural distortions at
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di�erent resolutions [74]. The image is iteratively low-pass �ltered and downsam-

pled, and SSIM components�luminance, contrast, and structure�are computed

at each scale. The results are then combined into a single MS-SSIM score using

scale-speci�c weighting factors. Like SSIM, the MS-SSIM value ranges from 0 to

1, with values closer to 1 indicating higher perceptual quality. By analyzing image

structures across multiple scales, MS-SSIM provides a more robust and perceptually

accurate assessment of image quality than single-scale SSIM, particularly for images

containing distortions that manifest di�erently at various resolutions [74].

Feature SIMilarity chrominance (FSIMc)

FSIMc is an objective IQA metric that emphasizes low-level salient features in im-

ages, taking into account the characteristics of the HVS. FSIMc is an extension

of the original FSIM metric, which primarily considers phase congruency and gra-

dient magnitude for structural information, enhanced in FSIMc by the inclusion

of chrominance information to account for color �delity. FSIMc combines phase

congruency, which captures structural information independent of illumination and

contrast, with gradient magnitude to highlight edges and textures. Unlike the stan-

dard FSIM, FSIMc incorporates chrominance information, typically in the YIQ or

YCbCr color space, which improves its sensitivity to color distortions. The metric

value closer to 1 indicates higher similarity to the reference image. FSIMc has been

shown to correlate well with subjective visual quality, particularly for compressed

or distorted images where edge and structure preservation is critical. However, it

exhibits higher computational complexity than SSIM or PSNR and can be sensitive

to image noise and minor artifacts [75].

Gradient Magnitude Similarity Deviation (GMSD)

GMSD is designed to capture local structural distortions in images. It builds upon

the concept of gradient magnitude similarity GMS, which compares the gradients of

the reference and distorted images computed using the Prewitt �lter in horizontal

and vertical directions. The gradient magnitude similarity at each pixel forms a

local quality map LQM, re�ecting local structural �delity. Unlike metrics based on

simple averaging of the LQM, GMSD employs the standard deviation of the GMS

map as the �nal quality score, capturing the variation in local distortions across

the image. Lower GMSD values indicate higher visual quality, as they correspond

to more uniform local quality and fewer severe distortions. The metric has been

shown to be highly sensitive to common image degradations such as additive noise,

Gaussian blur, and compression artifacts, and its deviation-based pooling better

re�ects human perceptual judgments than mean-based methods [76].
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Visual Information Fidelity in the pixel domain (VIFp)

VIFp is derived from the concept of Visual Information Fidelity (VIF). This met-

ric quanti�es the amount of visual information that could ideally be extracted by

the HVS from a reference image and compare it with the information retained in

a distorted image. To achieve this, the reference image is modeled using a natu-

ral scene statistics approach, where each scalar coe�cient is treated as a random

variable following a Gaussian scale mixture model. The metric employs a steerable

pyramid decomposition, enabling evaluation across multiple scales and orientations.

Distortions are modeled as a channel a�ecting the image information, and mutual

information between the reference and distorted image channels is calculated to

quantify the �delity. VIFp outputs values in the range [0,1] by default, where higher

values indicate better preservation of visual information. Unlike simpler metrics,

VIFp can also identify cases where a processed image improves image quality (e.g.,

increased contrast without added noise). This information-theoretic approach of

VIF on images with JPEG2000, JPEG, white noise, and Gaussian blur distortions

correlates better with subjective perception compared to traditional metrics such as

PSNR or MS-SSIM [77].

Video Multi-Method Assessment Fusion (VMAF)

VMAF was developed by Net�ix to provide a practical, perceptually-aligned video

quality metric for streaming applications. It integrates multiple quality-aware fea-

tures, fused by a support vector regression. Speci�cally, inputs include VIF and

Detail Loss Measure (DLM), allowing fusion of complementary indicators into a sin-

gle score [78]. The model is trained on a large subjective video dataset with MOS to

ensure that the resulting VMAF value (0�100) aligns closely with viewer perception.

The higher the metric value, the higher the visual image quality. VMAF has become

widely adopted in the multimedia industry to optimize a coding tool [79, 80].

Weighted Spherical PSNR (WS-PSNR)

WS-PSNR is an adaptation of the PSNR metric for omnidirectional images. In stan-

dard PSNR, all pixels are weighted equally, which does not re�ect the non-uniform

sampling of equirectangular projections commonly used in 360� images. WS-PSNR

introduces a pixel-wise weighting scheme based on the spherical surface area cor-

responding to each pixel, giving higher weight to pixels near the poles, which are

over-represented in equirectangular mapping. This weighting improves correlation

with subjective quality judgments for omnidirectional content while retaining the

simplicity and low computational cost. Unlike regular PSNR, WS-PSNR better

accounts for geometric distortions introduced by projection [81].
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Craster Parabolic Projection PSNR (CPP-PSNR)

CPP-PSNR is another PSNR-based metric designed speci�cally for OIQA. It uses

the craster parabolic projection to re-map the spherical image onto a plane before

computing PSNR. This projection reduces distortion near the poles compared to

the equirectangular format and provides a more uniform representation of the visual

�eld. CPP-PSNR thus mitigates bias in pixel importance due to spherical mapping,

making it more aligned with human perception of quality in VR and panoramic

content. Compared to WS-PSNR, CPP-PSNR relies on a re-projection step rather

than per-pixel weighting [82].

3.2.2 No Reference Metrics

Blind Referenceless Image Spatial Quality Evaluator (BRISQUE)

BRISQUE is an NR IQA metric that quanti�es perceptual quality by modeling nat-

ural scene statistics in the spatial domain. The algorithm extracts features from

locally normalized luminance coe�cients to capture deviations from natural image

statistics caused by distortions such as compression, blur, and noise. These features

are then mapped to a quality score using a trained regression model, typically a sup-

port vector regressor. BRISQUE outputs a single score where lower values indicate

higher perceived image quality [83].

Natural Image Quality Evaluator (NIQE)

NIQE also relies on natural scene statistics modeling, but unlike BRISQUE, it does

not require training on human-rated images. It constructs a multivariate Gaussian

model of features from pristine natural images and measures the deviation of a test

image's statistics from this model. Higher deviations correspond to lower perceptual

quality. NIQE is thus fully training-free with respect to subjective scores, making

it broadly applicable to unseen content and distortions.[84]

Perception-based Image Quality Evaluator (PIQE)

PIQE is a block-based NR metric that analyzes local distortion in non-overlapping

image blocks. It measures local perceptual quality based on statistical deviations

from natural image behavior, emphasizing blocks with visible artifacts. A �nal

global score is computed as the mean of block-wise quality scores. Higher PIQE

scores indicate lower perceived quality. PIQE is particularly sensitive to blocking,

blur, and noise artifacts in distorted images [85].
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3.3 Applicability of Image Codecs

3.3.1 Image Dataset

This part of the thesis addresses an initial exploration of the applicability of emerging

codecs to omnidirectional 2D images. The basis is image data, and raw images

capturing a variety of visual content are required. For this purpose, as shown in

Fig. 3.1, a total of six images (all in the JPEG image format) are used. The �rst

three images, named asHokkaido 1, Hokkaido 5and Flowers, are used from the

publicly available database Kandao Camera VR Gallery7.

Each of them has a 24-bit depth (8 bit per RGB channel). ImagesHokkaido 1

and Hokkaido 5, both with a resolution of 4320� 2160 pixels and a �le size of ap-

proximately 8 MB, capture the island of Hokkaido in winter and summer season, re-

spectively. These seasonal variations result in diverse visual features such as clouds,

snow, and water. The imageFlowers, with a resolution of 7680� 3840 pixels and a

�le size of 21 MB, containing strong colors and closed details (many di�erent �owers

in the picture).

The fourth image,Atacama, is taken from the database of the European Southern

Observatory (ESO). It has a resolution of 4000� 2000 pixels, a �le size of� 2.3 MB,

and depicts the Atacama Desert with many small pieces of rocks.

The last two images,Campusand LakeView, were captured by ourselves using a

Samsung S5KGW3 64 Mpx smartphone camera. These images have a resolution of

8539� 3749 and 8619� 3712 pixels, respectively, and both have a �le size of about

7 MB. They show a small park behind the campus of Brno University of Technology

(BUT) under di�erent sky conditions (clear skies and obscure clouds).

3.3.2 Encoding Process

Image-based compression algorithms can vary in implementations. In this section,

graphical editors have been used as software tools to perform the compression pro-

cess. These tools o�er a simple and accessible way for ordinary users to compress or

otherwise modify image content. Image compression using the JPEG and JPEG XL

codecs was realized with IrfanView8, version 4.59. For the AVIF and HEIC codecs,

the GIMP 9 graphics editor, version 2.10.30, was used. For the compression of

images, a personal computer equipped with a 3.4 GHz Intel Core i7-2600 processor,

16 GB of RAM memory, an NVIDIA GeForce GTX 550 Ti graphics, and Windows 10

operating system was employed.

7https://www.kandaovr.com/gallery/
8https://www.irfanview.com/
9https://www.gimp.org/
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a) Hokkaido 1 b) Hokkaido 5 c) Flowers d) Atacama

e) Campus f) LakeView

Figure 3.1: Omnidirectional images used in the objective evaluation of emerging

image-based compression algorithms. Images from a) to d) originate from publicly

available databases, while images e) and f) are created by the author of the thesis.

In the provided study, image bitrates in a range from 0 to 1 bpp are considered.

According to the level of compression, each image was compressed in a range of six

di�erent Quantization Parameter (QP) settings. With four di�erent compression

algorithms, a total of 144 degraded images (i.e., 24 per original image) were obtained.

To achieve compatibility across the used software platforms, all compressed images

were saved in the Bitmap Image File (BMP) format. For each source image, all of

its compressed variants had the same �le size in the �nal BMP format, regardless

of the compression algorithm or QP setting (e.g., 88.4 MB for the imageFlowers).

IQA Metrics Employed

Five di�erent objective quality metrics (PSNR, SSIM, FSIMc, GMSD, and VIFp) are

employed to evaluate the performance of the image compression algorithms. The

PSNR and SSIM metrics were calculated using FFmpeg10 multimedia framework

(speci�cally, the textttlav� library). The remaining three metrics were calculated

using the MATLAB program environment. GMSD was applied using the original

MATLAB implementation as published by its developers [76]. VIFp scores were

calculated using a publicly available script from GitHub11 was used.

3.3.3 Objective Evaluation of Image Codecs

The evaluation of the objective quality of compressed imagesHokkaido 1, Hokkaido 5,

Flowers, Atacama, Campus, and LakeView, based on objective quality metrics, is

10https://www.�mpeg.org/
11https://github.com/sattarab/image-quality-tools
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shown from Fig. 3.2 to Fig. 3.7. The following paragraphs brie�y summarize the

results obtained:

Hokkaido 1, Hokkaido 5, Campusand LakeView: The performance of HEIC and

AVIF codecs is very similar, with AVIF slightly outperforming HEIC in most cases.

PSNR and SSIM scores, mainly for lower bpp values, indicate less compression

performance for JPEG XL. The best and worst results were obtained for AVIF and

JPEG codecs, respectively.

Flowers: All objective metrics, except for FSIMc, clearly show the di�erence

between the JPEG (JPEG and JPEG XL) and non-JPEG (HEIC and AVIF) image

compression algorithms. Interestingly, starting from 0.3 bpp, the FSIMc objective

metric shows no coding gain for the image codecs used. It is also important to

note that the performance di�erence between the JPEG codec and its successor

(JPEG XL) is the smallest for this particular image. From 0.4 bpp, the GMSD-

based objectives scores (where a lower value indicates higher image quality) show a

slightly higher coding gain for JPEG compared with JPEG XL.

Atacama: The advanced objective metrics (FSIMc, GMSD and VIFP) show

minimal di�erences in visual quality among JPEG XL, HEIC, and AVIF. Once

again, JPEG has the lowest score in all metrics, con�rming its lower compression

e�ciency for 360 � images.

These initial results con�rm the strong compression performance of JPEG XL,

HEIC, and AVIF. Overall, AVIF demonstrated the highest coding e�ciency, followed

by HEIC. On the other hand, codec AVIF requires a signi�cantly longer compression

time, ranging from 8 and 35 seconds, for 360� images.

All calculated values of objective metrics for individual images are publicly avail-

able on the GitHub repository12. The calculated results, the mentioned insights, and

the entire encoding process con�rm the basic applicability of the emerging JPEGXL,

HEIC, and AVIF codecs to 360° images without any major issues. Regardless of the

accuracy of the given objective metrics, the results con�rm the assumptions even

when compared to the JPEG codec. The following chapters will examine in more

detail the codecs and objective IQA methods in a related application scenario.

Summary of Chapter 3

In this chapter, Objective 1 (de�ned in Chapter 2) was achieved by verifying the

applicability of emerging compressions on 360� images.

First, the compression standards employed in this thesis were described, with

an emphasis placed on emerging codecs. A comprehensive investigation into the

12https://github.com/xsimka/ObjectiveQuality-Compressed360-Images

41



algorithms themselves was not the primary focus; instead, the codecs were employed

as part of the processing pipeline for 360� images, with attention directed toward the

consequent e�ects of compression on visual quality. This chapter also speci�ed the

objective IQA metrics applied in subsequent analyses, covering both full-reference

and no-reference approaches.

The aim was to perform a basic comparison of the three emerging compression

algorithms JPEG XL, HEIC, and AVIF, implemented in a graphics viewer and ed-

itor, for application on 360� images in terms of various objective metrics. For this

purpose, four images from publicly available sources and two self-captured images

were selected and compressed at di�erent compression levels, speci�cally at varying

bpp values. The results of this chapter o�er an initial examination of the usability

of the latest image compression algorithms for 360� images implemented in third-

party tools. The results con�rm the relevance of these emerging codecs for 2D

omnidirectional images.
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Figure 3.2: Graphically expressed objective results of AVIF, HEIC, JPEG XL and

JPEG codecs for theHokkaido 1 image.

Figure 3.3: Graphically expressed objective results of AVIF, HEIC, JPEG XL and

JPEG codecs for theHokkaido 5 image.
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Figure 3.4: Graphically expressed objective results of AVIF, HEIC, JPEG XL and

JPEG codecs for theFlowers image.

Figure 3.5: Graphically expressed objective results of AVIF, HEIC, JPEG XL and

JPEG codecs for theAtacama image.
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Figure 3.6: Graphically expressed objective results of AVIF, HEIC, JPEG XL and

JPEG codecs for theCampusimage.

Figure 3.7: Graphically expressed objective results of AVIF, HEIC, JPEG XL and

JPEG codecs for theLakeView image.
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4 Omnidirectional Image Quality Assessment

Database (OMNIQAD)

4.1 Image Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

4.2 Compression-based and Common Distortions . . . . . . . . . . . . . . 48

4.3 Research Application Example of the Database . . . . . . . . . . . . 49

Summary of Chapter 4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

As it was stated in Chapter 1, the overview of the SoA reveals that only a

few databases of 360� images exist for research purposes and, most importantly,

there is a lack of databases containing images distorted by emerging compression

algorithms. Therefore, this chapter introduces a publicly available1 OMNidirectional

Image Quality Assessment Database (OMNIQAD), which has been created for both

objective and subjective quality evaluation of 360� images. Currently, the database

contains eleven reference omnidirectional images of diverse content types and a total

of 374 distorted images. OMNIQAD includes 360� images compressed using various

compression algorithms and methods, making it a valuable resource for research in

the �eld of both objective and subjective quality assessment of immersive content.

4.1 Image Data

In its initial version, the database contains eleven reference 360� images, as illus-

trated in Fig. 4.1. All images were obtained from publicly available sources and are

shared under Creative Commons (CC) license. Therefore, we provide all essential

information about each reference image and its creator. The reference images were

carefully selected based on the features and characteristics of each scene. The selec-

tion process ensured the inclusion of images with �ne details, color gradients, dis-

tinctive structures, varying brightness conditions, and diverse color palettes, which

are important for reliable evaluation in visual quality assessment.

The �rst four images Hokkaido 1, Hokkaido 2, Hokkaido 4, and Hokkaido 5 are

selected from publicly available database Kandao Camera VR Gallery2. Kandao is

a company that o�ers cameras specially designed to record multimedia content in

an omnidirectional format. Originally, the authors named this sequence of images

"Glimpse of Hokkaido" and as the name suggests, these images depict various scenes

1https://doi.org/10.5281/zenodo.7607071
2https://www.kandaovr.com/gallery/
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a) Hokkaido 1 b) Hokkaido 2 c) Hokkaido 4 d) Hokkaido 5

e) Atacama f) Biscayne g) Bryce Canyon h) Flowers

j) Telescope k) Trains i) Sights

Figure 4.1: Illustrative omnidirectional images forming the OMNIQAD database.

The original images are from publicly available sources.

from the island of Hokkaido under di�erent lighting conditions. The raw images

were captured using the QooCam camera at a resolution of 4 320� 2 160. The

additional images, namelyFlowers, Sights, and Trains, are also sourced from the

Kandao Camera VR Gallery, but were captured using the QooCam 8K camera,

which provides a higher resolution of 7 680� 3 840 pixels. The �le sizes of reference

images range from 21 to 29 MB. ImagesFlowers, Sightsand Trains are also drawn

from the Kandao Camera VR Gallery, but unlike the previous ones, they were taken

by the QooCam 8K camera with higher resolution (7 680� 3 840 pixels). The �le

size of reference images is 21 to 29 MB.

The Atacama image, with a resolution of 4 000� 2 000 pixels and a �le size of

41 MB, was selected from the archive of the European Southern Observatory (ESO)3

and captures the dawn at the Atacama Desert. The image was captured by Marcio

Cabral and titled "Dawn at Paranal" after the observatory on Mount Paranal in

Chile. Another image from the same author and location,Telescope, provides a

360� interior view of a large telescope. It has the same resolution asAtacama, but

the �le size is 44 MB. It is listed in the ESO archive with the title "Inside the dome".

The next omnidirectional image in this database,Bryce Canyon, was captured

by Mark Doliner4 and published on Flickr. It has a resolution of 6 000� 3 000 pixels

and a �le size of 6 MB. The image, taken using a Motorola XT1049 smartphone,

3https://www.eso.org/public/images/archive/category/paranal/
4https://www.�ickr.com/photos/markdoliner/
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