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[T I N R

Abstract: A high dynamic range (HDR) stereoscopic omnidirectional vision system can provide users
with more realistic binocular and immersive perception, where the HDR stereoscopic omnidirectional
image (HSOI) suffers distortions during its encoding and visualization, making its quality evaluation
more challenging. To solve the problem, this paper proposes a client-oriented blind HSOI quality
metric based on visual perception. The proposed metric mainly consists of a monocular perception
module (MPM) and binocular perception module (BPM), which combine monocular/binocular,
omnidirectional and HDR/tone-mapping perception. The MPM extracts features from three aspects:
global color distortion, symmetric/asymmetric distortion and scene distortion. In the BPM, the
binocular fusion map and binocular difference map are generated by joint image filtering. Then,
brightness segmentation is performed on the binocular fusion image, and distinctive features are
extracted on the segmented high/low/middle brightness regions. For the binocular difference map,
natural scene statistical features are extracted by multi-coefficient derivative maps. Finally, feature
screening is used to remove the redundancy between the extracted features. Experimental results on
the HSOID database show that the proposed metric is generally better than the representative quality
metric, and is more consistent with the subjective perception.

Keywords: high dynamic range (HDR); HDR stereoscopic omnidirectional vision system; image
quality assessment; visual perception

1. Introduction

Virtual reality (VR) technologies can provide users with a unique immersive experience
with their high resolution, high reproducibility, and full-field viewing [1-3]. As one of the
most important carriers of VR systems, stereoscopic omnidirectional visual signals can
provide users with 360 x 180° field of view (FoV) immersion, binocular perception and
view interaction [4,5]. In stereoscopic omnidirectional imaging with the FoV of 360 x 180°,
its illumination intensity of the scene is usually very different. Thus, high dynamic range
(HDR) stereoscopic omnidirectional vision systems, combining HDR imaging [6,7] and
stereoscopic omnidirectional imaging technologies, can better describe real information
of a scene. In such a system, a HDR stereoscopic omnidirectional image (HSOI) may
suffer distortion during its generation, encoding/transmission and visualization with head-
mounted display (HMD), which results in degradation of HSOI quality. Therefore, it is
more challenging to establish efficient blind HSOI quality metrics.

Generally, related to the research of stereoscopic omnidirectional image quality assess-
ment (SOIQA), quality estimation has undergone 2D image quality assessment (2D-IQA),
stereoscopic image quality assessment (SIQA) and omnidirectional image quality assess-
ment (OIQA). Visual content quality metrics can be divided into full-reference, reduced-
reference and blind /no-reference, according to the usage of the reference image information.
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For 2D-IQA, the classic full reference quality metrics include peak signal-to-noise ratio
(PSNR), structural similarity (SSIM) [8], and so on. When a reference image is not available,
a blind quality metric is required, and some representative metrics have been proposed,
such as OG-IQA [9], GWH-GLBP [10], BRISQUE [11], IL-NIQE [12], dipIQ [13], BMPRI [14],
SISBLIM [15], and so on. Moreover, some deep learning based 2D-IQA metrics have also
been proposed [16,17].

For SIQA, Zhang et al. [18] proposed a full reference SIQA metric with multiscale
perceptual features and genetic algorithm training-based support vector machine re-
gression. Jiang et al. [19] proposed an SIQA metric by learning non-negative matrix
factorization-based monocular perception and binocular interaction-based color visual
features. Liu et al. [20] used a spatial activity model for weighting a cyclopean image
of a stereoscopic image pair, and extracted the corresponding features to form an S3D
integrated quality (SINQ) metric. Chen et al. [21] considered binocular perception and
disparity information, and applied cyclopean images to design an SIQA metric. Li et al. [22]
established a two-channel convolutional neural network (CNN) to simulate binocular
fusion and binocular competition for SIQA. Meng et al. [23] combined a visual intersection
model, multiscale information fusion model and attention-simulated binocular fusion
model to design an SIQA metric.

The above 2D-IQA and SIQA metrics are designed for traditional 2D/3D images,
which do not take visual perception of omnidirectional images (Ols) and stereoscopic
omnidirectional image (SOI) quality assessment into account. For OIQA, initially, some
full-reference OIQA metrics based on PSNR and SSIM were proposed. After that, starting
from representations of OI, Zheng et al. [24] proposed a segmented spherical projection-
based blind OIQA metric (called SSP-OIQA), in which the bipolar and equatorial regions
of Ol are obtained by the segmented spherical projection, and different feature extraction
schemes are designed for evaluating distorted OL. Jiang et al. [3] proposed a perception-
driven blind OIQA framework based on cubemap projection (CMP). Considering the HMD
viewport viewing mode of OI and the effectiveness of depth learning in visual computing,
Sun et al. [25] designed a multi-channel CNN for blind OIQA, which uses six parallel
ResNet-34 networks to process viewport images and a quality regression to predict the
quality score of distorted Ols. Li et al. [26] proposed an Ol-oriented attentive deep stitching
method and presented an attention-driven OIQA metric with global and local measures.
Fu et al. [27] designed an adaptive hypergraph convolution network for OIQA, which
consists of a multi-level viewport descriptor and modeling the viewport interaction through
a hypergraph.

For SOIQA, Qi et al. [28] considered perception factors such as the viewport, user
behavior and binocular perception, and proposed a viewport perception-based blind
SOIQA metric, which mainly includes a binocular perception model and an omnidirectional
perception model. Zhou et al. [29] proposed an SOIQA metric based on projection-invariant
features and visual saliency; they combined the visual saliency model of chrominance and
contrast perception factors to improve the prediction accuracy. Xu et al. established a
stereoscopic omnidirectional image database (named SOLID) and proposed a multiple
viewports-based full-reference SOIQA metric [30], in which they used the difference map
between left and right views to estimate depth perception related features. Chen et al. [4]
further proposed a full-reference SOIQA metric based on predictive coding theory. In [31],
deep learning was used to design an SOIQA metric.

To visualize HDR images on the displays with standard dynamic range (SDR), an
efficient approach is to perform tone-mapping (TM) on HDR images, but this may result
in the corresponding degradation in visual quality. Regarding this issue, Gu et al. [32]
designed a blind tone-mapped quality index (BTMQI), which combined information en-
tropy, structure and natural scene statistics for quality evaluation. Jiang et al. [33] analyzed
texture distortion and color distortion of different brightness regions in tone-mapped HDR
images, and designed a blind tone-mapped image quality assessment (BTMIQA) metric
that considered the details of the bright and dark regions, as well as their naturalness and
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aesthetics features for quality evaluation. Fang et al. [34] proposed a tone-mapped HDR
image quality metric with gradient and color difference statistics, which used the sensitivity
of human eyes to image structure changes to measure image degradation, and used local
binary pattern to describe color distortion. Yue et al. [35] presented a tone-mapped HDR
image quality metric by extracting three quality-sensitive features, namely color, natural-
ness and structure. Zhao et al. [36] extracted features of a tone-mapped HDR image from
pixel domain, sharpness and chromaticity for predicting the quality of the tone-mapped
HDR image.

HSOI quality assessment (HSOIQA) involves not only binocular perception and OI
perception, but also HDR/TM perception. Up until now, HSOIQA has been an unstudied
and challenging issue. To solve this issue, in this paper, a client-oriented blind HSOIQA
metric based on visual perception is proposed, which includes two main modules, that is, a
monocular perception module (MPM) and a binocular perception module (BPM). In the
MPM, the global color distortion, symmetric/asymmetric distortion and scene distortion
are characterized. In the BPM, new feature extraction schemes of binocular fusion map and
a binocular difference map based on joint image filtering are designed. The corresponding
features are extracted by brightness segmentation of the binocular fusion map, and the
natural statistical features are extracted from the binocular difference map. All viewport
image-based features are aggregated according to the significance, and feature screening is
performed and an objective quality score of HSOI is predicted. Experimental results show
that the proposed metric outperforms the representative blind quality metrics. The main
contributions of this paper are as follows:

(1) A client-oriented blind HSOIQA metric based on visual perception is established for
the client’s distorted HSOI in HSOV system, which combines binocular perception,
Ol perception and HDR/TM perception.

(2) New feature extraction schemes of the binocular fusion map and the binocular dif-
ference map based on joint image filtering are designed for efficiently evaluating the
quality of distorted HSOL.

(3) In feature extraction, the information expression and perception capabilities of HSOIs
at different resolutions are further explored with multiscale computing methods.

The rest of this paper is arranged as follows. Section 2 describes the proposed metric
for HSOIs at the client of the HSOV system. Section 3 gives experimental results and
analyses. Finally, Section 4 concludes the paper.

2. The Proposed Metric

This section states the research ideas from the perspective of visual perception and
gives an overview of the proposed metric; then, the proposed metric is described in detail.

2.1. Overview of the Proposed Metric

Generally, the HSOV system consists of processes such as HSOI generation, encod-
ing/decoding with JPEG XT/H.265 and visualization by using a head mounted display
(HMD) with SDR. The processes may produce corresponding distortion, such as encoding
distortion, TM distortion and mixed distortion, resulting in degradation of the quality of
the user’s visual experience.

The human binocular vision system has two visual pathways: the dorsal pathway and
the ventral pathway [37-39]. The dorsal pathway starts from the primary visual cortex V1
area, and flows through the V2, V3 and V5 areas; its function is to complete the guidance
from visual information to action [38]. The ventral pathway starts from the V1 area, and
flows through V2, V3 and V4 areas to complete the perception and recognition of visual
behaviors [39]; it is also related to long-term memory. For visual content quality assessment,
visual perception of distortion is extremely important, so the ventral pathway with the V1,
V2, V3 and V4 areas has a certain guiding significance for perceptual quality assessment.
In the visual cortex, there are two types of cells: simple cells and complex cells [40]. The
simple cells process the retinal information of the left and right views received from the



Sensors 2022, 22, 8513

4 of 27

Visual
Stimulus

.

[] 0

: V1 Area D> V2 Area > > V4 Area> V4 Area Viewport
H Complex browsing
S R

corresponding lateral geniculate nucleus. The complex cells connect the left and right
view signals with the binocular signals. Specifically, the V1 area corresponds to the simple
features such as luminance, chromaticity, edge, spatial frequency, and the V2 area will
recognize higher level features, such as texture and shape, in addition to transmitting lower
level features of the V1 area. The V3 and V4 areas belong to the occipital cortex and actually
have little correlation with perceptual quality, but they can further encode complex image
features. The perception process of the V1, V2, V3 and V4 areas provides a theoretical basis
for the subsequent modeling of HSOIQA.

Here, based on the human visual system (HVS), the distorted HSOI is input as a
visual stimulus of HVS to simulate the left view /right view information processed by
simple cells in the V1 area to model the monocular perception of HSOI. At the same time,
it also simulates the complex cell processing process to model the binocular perception
effect, as shown in Figure 1. For the monocular perception modeling of the distorted HSOI,
it combines the symmetric/asymmetric encoding distortion characteristics, OI viewport
characteristics and scene characteristics (outdoor/indoor/night scenes) of distorted HSOI
to extract global color information, symmetric/asymmetric distortion perception and scene
distortion perception, respectively. For the binocular perception modeling of distorted
HSOI, the information transfer mechanism of the V1, V2, V3 and V4 areas is simulated.
Combined with the ventral pathway, primary features such as brightness are first perceived
in the V1 area; when the information from the V1 area is transferred to the V2 area,
higher-level features are recognized. Thereafter, color information is perceived in the
V4 area. In addition, when the user wears HMD to browse the image content in the
current viewport, the image content may guide the user’s behavior in selecting the next
viewport to be browsed. For example, when the image browsed in the current viewport is
incomplete, the user is very likely to rotate their head to observe next viewport to browse
the complete image content. This process of actively selecting the viewport for browsing
will be completed in the V5 area. After the next viewport is selected, the above process will
be repeated until the user completes their viewing of the entire HSOL.

i Monocular Perception

Global color information P
"" Symmetric/asymmetric distortion perception """
i Scene distortion characteristics

_____________________________________________________________________ ﬁ
Blnocular Perception i

Prlmal’y ngh -level Color E ------------------ i
features features information

Figure 1. The visual perception process of user viewing HSOIs.

Based on the above analysis, for client-oriented HSOIQA in the HSOV system, we
propose a visual perception-based blind HSOIQA metric, as shown in Figure 2. The
proposed metric mainly includes viewport sampling, a monocular perception module
(MPM), a binocular perception module (BPM), feature screening and quality regression.
For the MPM, firstly, HSOI is transformed from an equirectangular projection (ERP) format
to CMP format, and then the global color features are extracted in the spatial and discrete
cosine transform (DCT) domains. Secondly, considering the unique symmetric/asymmetric
distortion of HSOI, its distorted left and right views are measured by multiscale retinex
(MSR) decomposition. Then, combining with a Laplacian pyramid decomposition model,
the distortions of the different scenes with indoor/outdoor and day/night are measured
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from the characteristics of contrast, detail and structure. For the BPM, based on joint image
filtering, a binocular fusion map is generated to represent the similarity of the HSOI's left
and right views; the brightness-based viewport image is further segmented to distinguish
perceptual characteristics of different brightness regions, which is consistent with the
information transmission process of the V1, V2 and V4 areas in the human visual system.
The calculated binocular difference map represents the difference information between left
and right views. Before quality regression, all the extracted feature vectors are processed by
feature screening. Finally, quality regression with a random forest model is used to predict
the objective quality score of distorted HSOL

Distorted HSOI

Left view

Binocular product Viewport Inter-viewport
saliency map sampling weighting
Monocular Perception Spatiaidomam ||
"|__color feature I
» CMP
|
1

A 4

\ 4

Right view

v

projection :i Color-opponency DCT DCT domain
format space feature | l
Y A

MSR Correlation
Contrast I Feature Q
; —> N Weightin i HSOI
Viewport calculation 4 ghting screening
— Feature —
sampling Detail * - . I ure > &
layer Contrast-weighted Histogram | aggregation Quality
Laplacian LBP map feature [ prediction
L% pyramid | Base
decomposition layer > Global structural Structural ! >
tensor feature YWY
| t
G —__—__—_—_—-_ t
Binocular Perception |
(EulE) © cept 0 High-brightness region GGCM-based |
Filtered texture feature |
inti left vi
Joint image =y log-Gabor Binocular Low-brightness region Narrow-sense
filtering in YUV » energy P > |
i A fusion map contour feature
channels Filtered weightin
right view L weighting | Middle-brightness |
Viewport region Chrominance |
sampling _ Filtered Contrast statistical feature
Joint image left view Monocular weighting Binocular Coefficient Histogram |
filtering in gray o| difference ¥ difference » R o8
- > derivative map feature |
channel Filtered map | L__map |
right view |

Figure 2. The framework of the proposed HSOIQA metric for the client in the HSOV system.

2.2. Viewport Sampling

Let Iysor be the HSOI signal output from the HSOV system to user’s HMD, which
may suffer encoding distortion, TM distortion and mixed distortion, where Iysor = {Ir, IR},
I} and I represent the left and right views of HSOI, respectively. Iysos can be represented
by the ERP format, CMP format, spherical format and viewport images, respectively.

At the client of HSOV system, the user can actively select a viewport according to
the content of the HSOI through HMD with SDR. For HSOIQA, the HSOI can be divided
into the equatorial region and bipolar regions from the perspective of the user’s behavior.
Let M be the number of viewports uniformly sampled in the equatorial region, and the
bipolar regions are sampled according to the significance of the binocular product, and one
viewport is taken for each polar region; thus, the total number of viewports is M + 2.

Assuming that the vertical FoV of a viewport is ¢, the equatorial region corresponds to
the latitude range of [~¢/2, ¢/2], and the bipolar regions correspond to the latitude ranges
of (¢/2,90°] and [-90°, —¢/2), respectively. If the vertical FoV angle of HMD device is
110°, ¢ will be set to 110°. In the equatorial region, M viewports are uniformly sampled at
equiangular intervals with the angle set to 27t/ M. For the bipolar regions, the position with
the largest pixel value in the corresponding binocular product saliency map SR is selected
as the center of the viewport. S'R is obtained as follows: (1) For the left and right views I
and Iy, their saliency maps S' and SR are computed by the method in [41], respectively;
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(2) SR is viewed is the correlation measure between St and SR after stereoscopic matching,
SER = {SER(1,j)}, and expressed as follows:

S"R(ij) = SM(ij) x SR((Gij) + di) 1)

where d; ; denotes the disparity of SR relative to St on the pixel at the position of (i,f), which
is calculated by the optical flow method in [42].

2.3. Monocular Perception Module (MPM) for Distorted HSOI

This subsection extracts the monocular perceptual features of the distorted HSOI
from three aspects: global color information, symmetric/asymmetric encoding distortion
perception, and scene distortion perception. Among them, the color information is a
subjective overall perception, and all viewport images need to be reconstructed first when
viewed by users, so, the CMP format of Iy is used for global color feature extraction.
For symmetric/asymmetric distortion perception and scene distortion perception, the
perceptual features are extracted based on the viewport images.

(1) Global color feature extraction

As the output at the client of HSOV system, the distorted HSOI may consist of encoding
distortion, TM distortion and the mixed distortion. Compared with the ERP representation
of Iysoy, its CMP representation more easily describes the monocular distortion of HSOL
Furthermore, numerous studies have shown that color information is processed with color-
opponency in the human visual system. Therefore, the global color features are extracted
in the spatial domain and DCT domain, respectively, based on the color-opponency space.

According to the work of Hasler et al. [43], the color in an image is quantized to qualitatively
process or code the impact on color visually. Here, taking the left view I}, of Iysor as an example,
I = (Ry, G1, Br). Its CMP format can be expressed as Iy = {I1;, i =1, 2, ..., 6}, I1; is the
i-th face of the six faces in the CMP format. First, I} is converted from RGB space to the
red-green and yellow-blue opponency channels, denoted as p; g and p Lybs PLrg = R; — Gy,
PLyb = 0.5(R + GL) — Br. Let piprg and HLyb denote the mean of prrg and PLyb, and 0 g
and 07y}, denote the variance of pyrg and ppyp,; then, two statistic features u? Lrg—Lyb and
Uerg,Lyb of pLrg and pLyp, are expressed as follows:

,uerg—Lyb = ,uerg + ,uzLyb 2)

2 2 2
O Lrg—Lyb =0 Lrg + T Lyb 3)
gLy y

The most intuitive TM operators (TMOs) are generally to change the mean value of
the pixel value distribution, and then change the degree of numerical dispersion of pixels.
Therefore, the joint statistical measure [ 1y Of pLrg and ppp is expressed to describe the
spatial color feature of I}, and calculated as follows [43]:

]LrgfLyb =0ULrg—Lyb T+ 0'3VLrgfLyb 4

Similarly, for the right view I of Iysoy, its joint statistical measure Jryg gy can also
be obtained. Thus, the global spatial color feature F¢s is defined for the distorted HSOI,
Fcs = (JLrg—Lybs JRrg—Ryb)-

Then, the color features in the transform domain are extracted. Taking the CMP
format of I}, as an example, for its two color-opponency channels, prrg and pryp, their
non-overlapping N, X Ny blocks are transformed with DCT. Let {¢} x(u,0); u=1,2,... , Ny,
v=1,2,..., Ny} denote DCT coefficients of a block, where k represents the color antagonist
channel prrg or pryp; here, Ny and Ny are set to 5. For {¢} x(1,0)}, its DC component is
discarded, and its AC components are divided into three frequency bands: low frequency
(LF), middle frequency (MF) and high frequency (HF) as shown in Figure 3. The variance of
the three frequency bands of each image block is calculated separately as the band energy
feature, the mean of the three frequency bands’ variances of all image blocks is considered
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as the final energy feature of the corresponding frequency band; then, the energy features
of six faces of the CMP format of I} are averaged. For two color-opponency channels, p; g
and p Lyb/ of I, 6-dimensional features can be extracted. Similarly, for pr,g and p Ryb of Iy,
6-dimensional energy features can also be obtained, which constitutes 12-dimensional color
features in the DCT domain, F¢p, of HSOIL.

..

Figure 3. Classification of Ny, x N, DCT coefficients.

Finally, the global color features of HSOI are denoted as Fcg, Fcr = (Fcs, Fep)-
(2) Symmetric/asymmetric encoding distortion measure

Different from 2D image coding, a stereoscopic image can be encoded with asymmetric
encoding by using different quantization parameters (QPs) for its left and right views, so as
to improve the encoding efficiency by taking the binocular masking effect of human eyes.
The distortion-level difference between the left and right views has a great impact on the
quality of user’s experience to the encoded stereoscopic image. Here, a correlation measure
between the left and right views is designed to evaluate the information difference caused
by different distortion levels of the left and right views.

For I} and Iy, viewport sampling is first performed to obtain the corresponding left and
right viewport image sets {V[ ,;} and {VR i}, respectively, wherem =1,2,... , M + 2. From
the multi-resolution perception of the human visual system, in the process of gradually
reducing the image resolution from high to low, the focus of the human eyes shifts from
fine textures to rough structures. MSR decomposition [44] is used for image preprocessing
in this work. The complementary information of different scales can effectively detect the
image content that is not easy to find at a single scale.

For a given image, the illumination component can be estimated by MSR decompo-
sition. Taking Vi ,, as an example, Vi ,, = {VL u(x,y)}, its illumination component ¥; ,,,
¥rm ={¥r,m(x,y)} can be calculated as follows:

Y m(x,¥)=Vim(x,y) @ g(x,y) (5)

where ® is convolution operation, g(x,y) is Gaussian function, g(x,y) = Ngexp(—(x? + y%)/1),
N is normalization factor; 77 is the scale parameter of Gaussian function. When the value
of 77 is large, the detail recovery is coarse, and when the value is small, the detail recovery
is fine. Here, in order to reflect the multiscale characteristics, three scale factors with
significant differences were used: small, medium and large, # can be set to one element of
{1, 112, 713}.

MSR decomposition can be used to describe illumination features by three different
scale filtering on the image and then weighted summation; here, the gray-scale images
of the viewport’s left and right views are directly processed to obtain the corresponding
illumination components with different 17 ( € {71, 172, 73}), which are, respectively, denoted
as ¥, and ¥ ,,,, where ¥1 ,, = {‘I’L’fm} and ¥r , = {Y’R'?m}.

Figure 4 shows an example of MSR decomposition of distorted HSOI in the HDR
stereoscopic omnidirectional image database (HSOID) [45] at the client of the HSOV system



Sensors 2022, 22, 8513

8 of 27

(here, 171 = 25, 72 = 100, 13 = 240). The original HSOI at the server in the HSOV system
is encoded with an asymmetric encoding distortion level of (L1, L3), i.e., the encoding
distortion level of the left view is L1, and the encoding distortion level of the right view is
L3. To visualize the compressed HSOI on HMD with SDR, DurandTMO [46] is used in TM
processing. It can be found as follows:

(i) For ¥r,, and ¥, their MSR decomposition with 777 can show more details than
those of MSR decomposition with 7, and #3, especially in the window regions in
Figure 4. It indicates that the image’s MSR decomposition with different 77 values
contains different information, and three-scale MSR decomposition can complement
each other.

(i) Compared with the viewport’s left view, the distortion level of the viewport’s right
view is lower, and its block effect is less, ¥r ,, has a clearer texture than that of ¥} ,,,
especially in the ceiling and ground regions. It indicates that MSR decomposition
can reflect different distortion characteristics of the left and right views with different
distortion levels to a certain extent.

(al)

) (b1) (b2) (b3)

Figure 4. An example of MSR decomposition of the distorted HSOI in the HSOID database [45] at
the client of the HSOV system (y € {111, 172, 773}). (a) Left view of the distorted viewport; (al-a3) are
three scale illumination components of (a), ‘I’Zm ; (b) Right view of the distorted viewport; (b1-b3)
are three scale illumination components of (b), Y]Zm ; (from left to right, 77 = 25, 17, = 100, 573 = 240).

For ¥1 ,, and ¥R, their feature maps are further calculated. First, de-mean normaliza-
tion is performed on them. Second, a local derivative pattern (LDP) [47] is used to measure
the texture information of ¥ , and ¥r,, after obtaining the second derivative of ¥ ,,
and ¥R ,, in four directions of {0°, 45°, 90°, 135°}. The LDP map in each direction can be
quantized by a 10-dimensional histogram according to the rotation-invariant uniform local
binary pattern. After the above operations, the quantized LDP histograms of ¥} ,,, and ¥R ,,

. . [ yn1=10 4 y11-20 5 4,21-30 5 7,31—40
are obtained, and respectively expressed as Hzm = {hL,m ’hL,m ’hL,m ’hL,m

and H%’m = {h%’,lm_lo,h%’,lri_zo,h%’,zr;_so,h%’ii_m}, n € {25, 100, 240}. The correlation co-
efficient can be used to measure the correlation degree between two random variables,
and its value range is [—1, 1]; the larger the absolute value of the correlation coefficient,
the higher the correlation between the two. Then, based on HZ ., and H’]{ o the absolute
correlation coefficient C4 and correlation distance Cp of each 10-dimensional histogram are
calculated as the similarity features of the left and right views, C4 and Cp are computed

as Cq = ‘corr(HJZ,m,H%’m) and Cp = ’pdist(HZm,
correlation coefficient function, pdist(-) represents the correlation distance function, and
|- | represents the absolute operation.

Finally, the absolute correlation coefficients and correlation distances of Gaussian
functions with three scale parameters are taken as the symmetric/asymmetric encoding

distortion feature vector fecor-

H% )|, where corr(-) represents the
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Taking the scenarios in the HSOID [45] as examples, Table 1 shows C4 and Cp of
the distorted viewport’s left and right views processed by DurandTMO under encoded
with 9 distortion levels (the first 5 are asymmetric encoding distortion, and the last 4 are
symmetric encoding distortion). In addition, Table 2 shows the relationship between C4
and correlation degree, which reflects the correlation degree of the left and right views with
different distortion levels. It can be found as follows:

Table 1. C4 and Cp of distorted viewport” left and right views processed by DurandTMO under
encoding with 9 distortion levels.

Distortion Absolute Correlation Coefficient C4 Correlation Distance Cp Correlation Degree
Level 0° 45° 90° 135° 0° 45° 90° 135°

(L1, L3) 0.8709 0.8913 0.8876 0.8985 0.1291 0.1087 0.1124 0.1015 very strong correlation
(L1, L4) 0.4713 0.5386  0.4720 0.5588 0.5287 0.4614 0.5280 0.4412 moderately strong correlation
(L2, L3) 09638 0.9735 0.9709 0.9755 0.0362 0.0265 0.0291 0.0245 very strong correlation
(L2, L4) 0.6695 0.7218  0.6650 0.7330 0.3305 0.2782 0.3350 0.2670 strong correlation
(L3, L4) 0.8427 0.8631 0.8310 0.8689 0.1573 0.1369 0.1690 0.1311 very strong correlation
(L1, L1) 0.9991  0.9992  0.9992 0.9994 0.0009 0.0008 0.0008 0.0006 very strong correlation
(L2, L2) 0.9997 0.9994  0.9993 0.9995 0.0003 0.0006 0.0007 0.0005 very strong correlation
(L3, L3) 1.0000 1.0000  0.9999 0.9999 0.0000 0.0000 0.0001 0.0001 very strong correlation
(L4, L4) 0.9998 0.9998  0.9997 0.9997 0.0002 0.0002 0.0003 0.0003 very strong correlation

Table 2. Relationship between C4 and correlation degree.

Absolute Correlation Coefficient Cy Correlation Degree
0.8-1.0 very strong correlation
0.6-0.8 strong correlation
0.4-0.6 moderately strong correlation
0.2-0.4 weak correlation
0.0-0.2 very weak or no correlation

(i) The correlation degrees of the distorted viewport’s left and right views, encoded with
5 asymmetric distortion levels, are obviously different. Although the asymmetric
distortion levels, (L1, L3), (L3, L4) and (L2, L3), can be judged as very strong corre-
lation degrees, their absolute correlation coefficients C4 are distributed in different
levels; the first two are in the range of 0.8 to 0.9, while the latter are in the range
of 0.9 to 1.0. It shows that C4 and Cp can effectively distinguish different levels of
asymmetric distortion.

(ii) The correlation degrees of the distorted viewport’s left and right views, encoded with
4 symmetrical distortion levels, are all very strongly correlated, and generally their
Ca values tend to be larger as the distortion level is lower.

(iii) The C4 values of the distorted viewports, encoded with the symmetrical distortion lev-
els, are generally larger than those with the asymmetrical distortion levels; it indicates
that C4 and Cp can effectively distinguish the types of symmetrical /asymmetrical
encoding distortion and their degree of distortion to a certain extent.

(3) Feature extraction with scene analysis

The HSOID [45] includes the different scenes of indoor, outdoor, day and night. In
the imaging of indoor scenes, most of the light usually comes from the ceiling light, which
may not be sufficient for outdoor scenes; at the same time, most of them contain window
regions, and the brightness of the window regions is relatively high, which is prone to loss
of details in the imaging. In the imaging of outdoor scenes during the daytime, the light
is relatively sufficient and the contrast is relatively high. There may be a large region of
sky in the outdoor imaging, because the sky region is relatively flat, the block effect caused
by encoding distortion is more perceptible. Especially when wearing an HMD to view the
HSOI], it can be seen from the near-eye perception that the distortion in this region is more
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likely to affect the subjective quality. The night scene is generally dark, with relatively low
contrast and fuzzy structure.

In summary, based on contrast, detail and structure of an image, feature extraction
can be performed to synthesize perceptual distortion features of various scenes. Among
them, the details and structures can be represented by the image’s detail layer and base
layer in combination with the idea of image decomposition.

To generate the base and detail layers of the image, Laplacian pyramid decomposi-
tion [48] can be used. Taking a distorted viewport’s left view V| ,, as an example, it is
decomposed by Laplacian pyramid at three scales, and a total of three detail layers and
three base layers are obtained.

For V| ,;, with the resolution of Ny X Ny, its 3-layer detail layer set is expressed as
Dpwm = (D1 L DZL,m, D? L,m), and the corresponding resolutions are Ny X Ny,
(0.5Npy) x (0.5Ny) and (0.25Ng) x (0.25Ny), respectively. The 3-layer base layer set of V| , is
expressed as Br, = (B! Ls Berm, B3 Lm), and their resolutions are
(0.5Ny) x (0.5Ny), (0.25Ny) x (0.25Ny) and (0.125Npy) x (0.125Ny), respectively. Con-
sidering the resolution of the viewport image, three layers of detail layers and the first two
layers of the base layers are used as the layers after Laplacian pyramid decomposition,
that is, the set of the base layers is denoted as B’ ,, = (B! L BZL,m}. The base layers of
V,m retain most of the information of Vp ,;, while the detail layers of V| ,; show the detail
information; and the higher the resolution, the finer the level of detail displayed.

After the above preprocessing of the distorted viewport’s left and right views, the
detail layer sets, Dy, and Dg ,;, and the base layer sets, B’} ,, and B'g ,;, can be obtained.
First, the detail features are extracted based on Dy ;, and Dy ;. Considering that a local
binary pattern (LBP) [49] can describe spatial domain information by encoding the spatial
position relationship between the center pixel and its neighbor pixels within a certain
radius, different patterns can characterize structures such as points, lines, and edges, and a
contrast-weighted LBP (CLBP) is adopted in combination with the contrast information.
Taking Dy ;; as an example, its LBP can be expressed as follows:

P-1

LBPpr = Y Ty(Dpmi— Dime) - 2' (6)
i=0

where P is the number of neighborhoods, and R is the neighborhood radius, P and R are
set to 8 and 1 in [49]. Dy ¢ and Dy ,, ; represent the values of the pixels in Dy, and the
pixels in the neighborhood centered on Dy ,,, respectively. Tj,(:) is the threshold function,
and expressed as follows:

1, if (Drmi— Drme) =0

Th(DL,m,i - DL,m,c) :{ 0, otherwise (7)
The rotation invariant uniform LBP is expressed as follows:
P-1 )
LBP{)Z’%Z — iEO Th(DL,m,i - DL,m,c)/ lfM(LBPp,R) S 2 (8)

P+1, otherwise

where the superscript ‘riu2’ reflects the use of rotation invariant uniform patterns that have
u value less than 2, and u(:) is the uniform metric, and expressed as follows:

P—-1
u(LBPP,R) :”Th(DL,m,Pfl - DL,m,c) - Th(DL,m,O - DL,m,C)H + Z ||Th(DL,m,i - DL,m,c) - Th(DL,m,ifl - DL,m,c)” (9)
i=0

=
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Generally, the rotation invariant uniform LBP has P + 2 modes, and each mode
represents different image content information. Let k be the mode index. Histogram of
CLBP is expressed as follows:

N

hersp(k) =) Cif (LBPpg(i) k) (10)
iz

|1, ifx=y
flxy) _{ 0, otherwise

where N is the number of pixels of an image in Dy ,, C is the contrast map of Vp ;,
C=o0.:/(uc +¢), C;is the i-th pixel’s value in C, C = {C;}; . and o are the mean map and
standard deviation map of Vp ,;, and € is a constant that prevents the denominator from
being 0, and is set to 0.00001.

Because P and R are set to 8 and 1, respectively, 30-dimensional histogram features of
Dy, are obtained after the above operations. Similarly, 30-dimensional histogram features
of Dg ;; can also be obtained. Finally, the detailed features of the distorted left and right
views are expressed as fcrpp.

Then, structural features are extracted from the base layer sets B} ,, and B’ .. Here,
the global structural tensor is used for extracting the base layer’s structural features. Taking
B! Lmin B'p = (B! L Berm} as an example, a 2D structural tensor transformation is
performed, the structural tensor matrix is decomposed and its two eigenvalues, A;; and
Aro, are used to describe the structural features of BlL,m. For B?} ,,, the eigenvalues of its
structural tensor matrix can be also obtained as A;3 and Ap4.

Similarly, for B'g ,, the corresponding eigenvalues of the structural tensor matrix can
be obtained as Agq1, Ar2, ARz and Agy. Then, the structural features of the distorted left and
right views are denoted as f;.

Finally, the feature set extracted by the MPM is the global color feature Fcg, symmet-
ric/asymmetric distortion feature f.o,, detailed feature fc; pp and structural feature f;.

(11)

(4) Feature aggregation with viewport significance

When viewing omnidirectional visual contents, users are usually guided to select
viewports by the saliency as regions of interest. The contribution of different viewports to
the overall quality needs to be weighted according to their saliency. For binocular product
salience map SR, viewport sampling is performed first to obtain a series of saliency

LR
VM2

Ws={W,;m=1,2,..., M+ 2} is calculated as the significance weight to express user’s
preference for different viewport images, which can be calculated as follows:

viewport maps, SIR = {S%{, S{‘,f,. .,5 . The viewport-normalized saliency value

M+2
W =Y SiR(p) / ¥ Y stR(p) (12)

P m=1 p

where S%,ﬁ (p) is the pixel’s value at the position of p.

For the above extracted features fcorr, fcrpp and fs¢, Equation (12) is used to perform
feature aggregation on them to obtain the aggregated features, which are, finally, expressed
as Feorr, Fcrpp and Fit.

2.4. Binocular Perception Module (BPM) for Distorted HSOI

Generally, the human binocular perception has three aspects, the initial stage is binoc-
ular fusion; information that cannot be fused leads to binocular competition; in the process
of competition, if one view is completely dominant, binocular suppression occurs. The
process of binocular perception is a complex physiological mechanism. Both the user’s eyes
and brain play a role in this process, and it is difficult for traditional signal processing-based
methods to achieve this process through mathematical formulas and derivation. Therefore,
current research generally expresses the processes of fusion and competition by simulat-
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ing biological mechanisms to establish binocular effects for perceptual quality evaluation.
Based on joint image filtering, this subsection designs new binocular mechanism modeling
schemes, and combines the perceptual characteristics of the V1, V2 and V4 areas of the
cerebral cortex for feature extraction.

(1) Joint image filtering

Previous studies [50] showed that the content difference between the left and right
views of a stereoscopic image was due to the existence of parallax, but the final result of
human binocular perception undergoing three fluctuations is to form a stable stereoscopic
image. Therefore, it can be inferred that there is an interactive filtering effect between the
left and right views.

(2) Binocular fusion map and feature extraction

The traditional binocular fusion images are mainly realized based on gray-scale images.
However, Den Oudenet et al. [51] proved the contribution of color information to binocular
matching; it indicates that color information helps solve the binocular matching problem of
complex images, and color and brightness information have independent contributions.
Thus, for one of the distorted viewport images, (V1 i, VR ), it is first converted from RGB
space to YUV space. On the channels of Y, U and V, joint image filtering f.(-) is performed on
them, respectively, and the filtered left view of the distorted viewport image is recorded as
D1 =fo(Vi,m, VRm) and @y, = {dJYL,m, diuL,m, <I>VL,m}. Similarly, the filtered right view
of the distorted viewport image is denoted as @rm = fo(Vr,m, VL,m) and @y, = (DY R
‘puR,mr ¢VR,m}~

Considering that a log-Gabor filter can simulate the multiscale and multi-directional
selection characteristics of the receptive field of the visual cortex. Therefore, the log-Gabor
filter amplitude responses of @ ;; and ®r; are calculated as energy factors to further
fuse their information. The log-Gabor filter with the scale s and direction o is expressed

2 2
(mg(;];;‘}s))} -exp [—(Géﬁg)] , where 0 is the orientation angle, and Js

and J, are the filter strengths; and w and w; are the normalized filter radial frequency and
the corresponding filter center frequency, respectively.

Let [1fs,, {s,0] be a set of responses of the log-Gabor filter in different directions and
scales, then its output amplitude A is expressed as the sum of the responses of all scales
and directions, and expressed as follows:

A=\ (L, #0) +(E, L, Lon)? (13)

Calculate the log-Gabor filtering output amplitudes of ®; ,; and P, respectively,
and denote them as Ay ;; and Ag . Then, their energy weighting factors, Ey ,,, and ER ,,
are expressed as follows:

as Gso(w,0) = exp {—

Epm=ALm/(ALm + AR m + €) (14)
Erm = ARm/(ALm + Arm + €) (15)

@) and P, are further weighted by E; ,, and Eg ,,;, respectively. Thus, the fusion
image @, is expressed as follows:

(Dm = EL,m ' ‘DL,m + ER,m : (DR,m (16)

For &@,, = {®Y,,, ®Y,,, ®",,}, the final binocular fusion map @', is generated by using
the Y, U and V channels of ®@,,.

Figure 5 shows an example of binocular fusion map obtained by taking Figure 4 as the
test viewport images, including the single-channel fusion map of the Y, U, or V channel
and the fusion map @', after the combination of the three channels. Because YUV space is
used in Figure 5, the color of the map in Figure 5d is pseudo-color and different from the
RGB image. The red part in Figure 5d is the high brightness region, which corresponds
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to the white highlight part of the general RGB image, and the green part in Figure 5d
corresponds to the low brightness region of the RGB image. The channels of Y, U, and V
display different information, respectively. After combining the three channels, both color
information and fused image information are displayed.

(@) (b) (c) (d)

Figure 5. An example of binocular fusion map. (a) Y channel, (b) U channel, (c) V channel, (d) three-
channel combination with the visualization of pseudo color.

Figure 6al-a5 show the binocular fusion maps of the viewport processed by five
TM operators (from left to right is DurandTMO [46], Khan [52], KimKautz [53], Rein-
hard02 [54] and Reinhard05 [55]), where the high brightness and low brightness re-
gions are marked with red rectangular boxes and orange rectangular boxes, respectively.
Figure 6b1-b5 and Figure 6¢1-c5, respectively, correspond to their local enlarged maps. It
can be seen that different TM operators have different degrees of information retention in
the global color and local high/low brightness regions, especially in the window regions of
Figure 6b1-b5. Accordingly, brightness-based segmentation can be performed, and differ-
entiated feature extraction can be performed according to the characteristics exhibited by
different brightness regions.

(al) (a2) (a3) (ad) (a5)

(b1) (b2) (b3) (bd) (b5)

(c1) (c2) (c3) (c4) (c5)

Figure 6. The binocular fusion maps of the viewport images processed by five TMOs (from left
to right is DurandTMO [46], Khan [52], KimKautz [53], Reinhard02 [54] and Reinhard05 [55]).
(al-a5) Binocular fusion maps; (b1-b5) Partially enlarged maps of highlighted regions, correspond-
ing to the red rectangular boxes in (al-a5); (c1-c5) Partially enlarged maps of low—dark regions,
corresponding to the orange rectangular boxes in (al-a5).

To sum up, the brightness segmentation based on the maximum entropy thresh-
old [56] is performed on the fusion map @', and the high brightness region @, j, the
low brightness region @', | and the middle brightness region @', 51 can be also obtained.
The maximum entropy threshold segmentation can relatively completely separate the three
different brightness regions, and is in line with the subjective brightness perception of the
human eyes.
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Some studies have shown that visual perception of bright/dark information is un-
balanced [57], so different feature extraction schemes should be designed for high/low
brightness regions of TM-distorted images; for example, combining the functions of cones
and rod cells on retinal photoreceptors, as cone cells mainly work in bright regions and
can recognize texture information, while in dark regions, rod cells will work and recog-
nize contour features. Thus, texture features can be extracted for high brightness regions,
and contour features can be extracted for low brightness regions. To ensure information
integrity, chrominance features are extracted in the middle brightness region. In particular,
the process from brightness segmentation to feature extraction of texture, contour and
chromaticity is in line with the human vision system, that is, the V1 area perceives primary
luminance features, the V2 area perceives high-level features such as texture and shape,
and the V4 area perceives color information delivery mechanism.

For the high brightness region @', j; of the binocular fusion map @', its gray-gradient
co-occurrence matrix (GGCM) is calculated to characterize its texture features. GGCM
combines image’s gray-scale elements and gradient elements. It can clearly describe the
statistical characteristics of gray-scale values and gradients of each pixel in an image and the
spatial position relationship between each pixel and its neighboring pixels. Here, gradient
is added to the gray level co-occurrence matrix to make it accurate for describing texture.
Let Y denote the gray-scale map of @', , and Gy denote the gradient map of Y. First,
gradient normalization G'y is performed on Gy as follows:

G/Y(i/j) = INT[(GY(irj) - GYmin)/(GYmax - GYmin)(Lg - 1)] (17)

where INT(:) is the rounding function, (i ) is the position of pixel in Gy, Gy, and Gy,
are the maximum and minimum values of Gy, respectively, and L, is set to 32.
Similarly, gray-scale normalization Y’ is performed on Y as follows:

Y/(i,j) = INT[(Y(i,j) - Ymin)/(Ymux - Ymin)(Lx - 1)} (18)

where Y. and Y, are the maximum and minimum values of Y, and Ly is set to 32.
Let P denote a GGCM, then, its normalized GGCM, Py, can be expressed as follows:

Py(a,b) = P(a,b)/Y . Y, P(a,b) (19)

where a and b are the pixel values at the same position in Y’ and G'y, respectively.

Based on GGCM, a series of statistical features are derived to describe the image’s
texture features. Here, five important statistical measures are adopted to describe texture
features, namely, gray mean square deviation T, gradient mean square deviation Ty, gray
entropy T3, gradient entropy T4 and mixed entropy T, and calculated as follows:

h = \/ZHL; (a— VY')Z(ZQL Pn(a, b)) (20)

L= /X5, (60— 1) (X, Pla,b) e

T = =Y (0% Py(a,b)) - log(Ys% | Py(a,b)) (22)
Ty ==Y 8 (Y Py(a,b)) - log(Y-* | Py(a,b)) (23)
Ts = —Y - (Y% Py(a,b)) - log(Py(a, b)) (24)

where yy and g are the mean values of Y’ and G'y, respectively.

Then, Ty, Ty, T3, T4 and T5 are taken as the texture features fcgcp of the high bright-
ness region @', p.

For the low brightness region @', of @', its narrow-sense contour feature is ex-
tracted. The contour feature is usually an efficient representation of the shape of an object
in an undistorted image. However, considering that the encoding distortion in the low
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brightness region appears as the block effect, which visually represents the rectangular
outline information. The narrow-sense contour feature is defined here to describe the visual
distortion phenomenon of the object shape and the block effect. Because different TMOs
change the image information in their own ways, when performing brightness segmenta-
tion on the TM image, it first appears that the segmented edges are inconsistent; second,
different TMOs will cause different visual effects of encoding distortion in low brightness
region. In Figure 6, the encoding distortion of DurandTMO in Figure 6¢1 is more obvious in
the low brightness region, and its block effect outline is more obvious, resulting in drastic
changes in the gray-scale value of edge pixels; the block effect caused by Reinhard05 in
Figure 6¢2 is the second. The results of the other three TMOs in Figure 6¢1-c5 are visually
similar. Based on this, the energy of gradient (EoG) function is used to measure this change.
Let Eyq denote EoG of @', 1, then, it is calculated as follows:

Eog = Y0 1y { (@i (x4 1y) = @i (6,9) + (@ (,y +1) = @i (x,9)*} (25)

Here, the average value fog of Eye is defined as the narrow-sense contour feature.
Considering that the block effect at different resolutions may be different, @, | is down-
sampled with three scales, and the fog values at the four scales are taken as the final
narrow-sense contour features frog of the low brightness region @’,, ;. Obviously, frog is
a multiscale feature vector.

Table 3 lists the fog values of the five TMOs at four scales of @',, . Obviously, the fog
values with DurandTMO [46] and Reinhard05 [55] are in the top two positions, followed
by Reinhard02 [54]; while Khan [52], KimKautz [53] are numerically similar. According to
Figure 6¢1-c5, DurandTMO and Reinhard05 lead to an obvious block effect visually; for
Reinhard02, a small amount of block effect can be observed, while the block effect can be
hardly observed for Khan [52], KimKautz [53]. It means that it is effective to use EoG to
measure narrow-sense contour features, which is consistent with subjective perception.

Table 3. Average EoG values of five TMOs at four scales.

Scales DurandTMO [46] Khan [52] KimKautz [53] Reinhard02 [54] Reinhard05 [55]
Full resolutions 164.9714 23.5691 26.1970 31.9404 50.2103
downsampling 1 172.6434 24.0845 25.9556 32.3332 49.0806
downsampling 2 274.2219 36.4036 37.8075 49.0397 71.1724
downsampling 3 429.1500 53.0810 53.3329 72.3733 101.0040

For the middle brightness region @', 51, chrominance statistical features are extracted.
Considering that the image distortion changes the natural scene statistical distribution of
its mean subtracted contrast normalized (MSCN) coefficients, the asymmetric generalized
Gaussian distribution (AGGD) model can fit this distribution, and the difference in the
fitting parameters represents the statistical distribution changes. Thus, the four parameters
after AGGD fitting, that is, mean J,,, shape parameter 6,,, left scale parameter 4)12 and right
scale parameter 473, are used as chrominance statistical features. The chrominance statistical
features of the U and V channels are used as the natural statistical features f 4gp of the
middle brightness region @, 1.

In summary, the above features extracted are expressed as the texture features fcgca,
narrow-sense contour features fr,c and natural scene statistical features f4sccp. These
features are all based on viewport images, so according to Equation (12), they are aggregated
according to the viewport saliency to obtain Fgccm, Froc and Fagep, respectively. Thus,
the final features extracted by the binocular fusion model are Fy,s = {Fccem, Frog, Facep}-

(3) Binocular difference map and feature extraction

Because the left and right views of HSOI’s viewpoints are processed by the same
TMO for viewing HSOI by user’s HMD with SDR, generally speaking, there is no new
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color difference between the left and right views after TM. Whereby, the binocular dif-
ference information is directly described in the gray-scale channel. Based on joint image
filtering, let Hj ,, and Hp ,, be the viewport’s left and right views after the joint image
filtering of their gray-scale channel, respectively. H; ,, and Hg ,, can be regarded as image
contents that can be initially fused during binocular matching. The absolute difference
maps produced by subtracting the distorted viewport images (V[ ,;, VR ) from their jointly
filtered viewport images are taken as the left and right monocular difference maps (MDy. ,
MDg ), where MDy ,, =|Vy,y — Hy 1n| and MDg,;, =|Vg s — Hg n|. The monocular dif-
ference map represents the information that cannot be fused between left and right views,
and the information that cannot be fused may lead to binocular competition.

The related studies [58] showed that binocular competition occurs in all contrast,
and the higher the contrast of a monocular stimuli, the stronger its dominant perception.
Therefore, a contrast map is calculated as the competition factor, which weights the left and
right monocular difference maps (MDy, ;;, MDR ;») to obtain the binocular difference map
BD,,. As mentioned, the contrast map is expressed as C = o/ (pe + €). Let CE} ,; and CEg
be the contrast maps of MDy ,, and MDg ;;, respectively, then, the binocular difference map
BD,;, is computed as follows:

CErm

_ CERrm
- CEL,m + CER/m +é

BD
" CEL/m + CEer + e

-MDy ,,, + -MDg (26)

Considering that the binocular difference map mainly represents the contour infor-
mation dominated by structure, discrete multidimensional differentiators [59] are used
to characterize the binocular difference map BD,;, in which five types of derivative maps
on BD,, are computed, that is, first-order horizontal derivative map gy, first-order verti-
cal derivative map gy, second-order horizontal derivative map gy, second-order vertical
derivative map gy, and second-order mined derivative map gxy.

Figure 7a shows the MSCN coefficient distribution curves of the five derivative maps
of the HSOI which is first compressed by JPEG XT and then processed by DurandTMO.
Figure 7b shows the MSCN distribution curves of g, of the HSOI which is first compressed
by JPEG XT and then processed by the five TMOs. In order to describe their MSCN
coefficient distribution, the generalized Gaussian distribution (GGD) model, f(x; ag, (ng), is

used for fitting, where ag and Ug represent the shape and variance parameters of the GGD
model, respectively.
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Figure 7. MSCN coefficient distribution curves of derivative maps. (a) MSCN coefficient distribution
curves of the five derivative maps of the HSOI, which is first compressed by JPEG XT and then
processed by DurandTMO, (b) MSCN distribution curves of gy of the HSOI which is first compressed
by JPEG XT and then processed by the five TMOs.

For BDy;, the shape and variance parameters of the GGD model of its five types of
derivative maps are extracted as the binocular difference features, and expressed as f .
With Equation (12), f 4 is further weighted by viewport significance, and the aggregated
features are generated as Fr.
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2.5. Feature Screening and Quality Prediction

As mentioned above, a total of 133 dimensional features are extracted and denoted as
Fysor = {Fec, Fcorr, dep, Fy;, Ffusr Fdif}/ as shown in Table 4. The proposed metric designs a
variety of feature extraction processes for visual perception of the distorted HSOI, however,
there may be redundancy in Fygoj. Therefore, by performing feature screening on Fysoj, we
can obtain a screened feature vector that is conducive to achieve the best performance, and
seek a balance between the feature dimension and objective quality evaluation performance.

Table 4. The features extracted in the proposed metric.

Feature Extraction Model Feature Representation Dimensions

Global color features F,. 14

Symmetric/asymmetric distortion o

Monocular Perception Module (MPM) features Foopr

detailed features Fy, 60

structural features Fg; 8

Binocular Perception Module (BPM) 'bmocular fusmn features Fs 17
binocular difference features Fy; 10
All Fysor 133

The Gini coefficient of random forest [60] can be used to calculate the contribution of a
single feature on each decision tree. The average contribution of all decision trees is the
contribution value of this feature and also the weight of this feature in regression prediction.
The contribution values of all feature vectors are arranged in descending order, and the
features with high contribution values are selectively retained for feature screening. The
screened feature vector after feature screening is recorded as Frs ysoj-

The screened feature vector Frs psoy is used as input, and the random forest model
Rp(-) is used as the quality regression model to realize the mapping from the screened
feature vector to predict the objective quality score of distorted HSOI, and expressed
as follows:

Qusor = Re(Frs_nsor) (27)

3. Experimental Results and Analyses

To verify the effectiveness of the proposed HSOIQA metric, it is tested on the HDR
stereoscopic omnidirectional image database (HSOID) [45]. The HSOID includes ten scenes
(i.e., indoor, outdoor and night scenes), Figure 8 shows ten scenes with the ERP format
in the HSOID, which are generated from the stereoscopic omnidirectional video dataset
VRQ-TJU [61], the SOLID dataset [62], NBU-SOID dataset [28] and the YouTube. The
HSOID includes nine JPEG XT encoding distortion levels and five kinds of TM distortions
resulted from five different TMOs; thus, a total of 450 distorted images are contained.

For the distorted HSOI with the JPEG XT encoding, nine encoding distortion levels are
designed, including five asymmetric encoding distortions and four symmetric encoding
distortions. While for TM distortion, five representative TMOs are selected to map HSOI
to SDR domain, and five TMOs are DurandTMO [46], Khan [52], KimKautz [53], Rein-
hard02 [54] and Reinhard05 [55], respectively. The distortion-produced process includes
JPEG XT coding and TM. JPEG XT technology decomposes HSOI into the base layer and
extension layer. Distortion degree of the base layer is determined by one quality factor g,
and that of the extension layer is determined by another quality factor Q. Four quality factor
pairs are set for compressing each view of HSOI with the JPEG XT, and the corresponding
distortion level is represented by L1, L2, L3 and L4, respectively, from high to low. The four
quality factor pairs (g, Q) are set to (16, 9), (30, 19), (50, 30) and (90, 72), which correspond
to L1, L2, L3 and L4, respectively. Considering the stereoscopic perception of HSOI, the left
view or right view is, respectively, compressed with one of the four quality factor pairs to
produce nine distortion levels, including four symmetric encoding distortion levels and five
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asymmetric encoding distortion levels, as shown in Table 5. Thirty subjects were invited
to participate in the subjective experiment. The subjective experiment was conducted in
Ningbo University. A total of 30 subjects aged between 20 and 30 years old, including
male and female, professional and non-professional, were invited to participate in the
experiment to ensure that the experimental data was completely authentic and reliable. The
experimental equipment is the HTC Vive Pro HMD with a monocular (left view or right
view) viewport resolution of 1440 x 1600 and its FoV angle is 110°. In the experiments, a
rotatable seat was provided for the subject, and the subjects wore the HMD to view the
omnidirectional images from various viewing angles. Oral guidance was given first before
the subjective evaluation, and the subjects were informed of the characteristics of JPEG
distortion, TM distortion, mixed distortion and the relevant information such as the scoring
standard. To prevent the subjects from being unable to give accurate scores due to discomfort
such as visual fatigue and dizziness, when the subjects finished evaluating 45 test images, they
rested for 10 min to improve the reliability of the scores as much as possible [45].

Figure 8. (a—j) Ten scenes in the HSOID database.

Table 5. Quality factors of nine encoding distortion levels.

Distortion Symmetric Encoding Distortion Asymmetric Encoding Distortion
Type Symbol Left View Right View Symbol Left View Right View
sd1 L1 L1 adl L1 L3
Di . sd2 L2 L2 ad2 L1 L4
lﬁtorfl“’“ sd3 L3 L3 ad3 L2 L3
eve sd4 L4 L4 ad4 L2 L4
- - - ad5 L3 L4

The subjective score has nine quality levels, and the higher the score, the better the
quality. The outliers in the subjective scores were eliminated in strict accordance with the
screening criteria, and the average value of the remaining effective scores of each HSOI was
taken as its MOS value [45]. Figure 9a—j show MOS values of symmetric distorted HSOIs
of ten scenes, and Figure 9k—t are those of asymmetric distorted HSOIs. Here, the MOS
curves shown in Figure 9 are the same as the results in [45], where the subjective scoring
values of the distorted HSOIs in the HSOID are displayed in different visual ways. It can
be found that: (1) For symmetric/asymmetric distortion in all scenarios, the MOS values
of the HSOIs processed with DurandTMO and Khan operators are relatively low, while
the other three TMOs have little difference. This may be because DurandTMO will “create
an illusion” in color, and the TM distortion with Khan is more easily perceived. (2) For
symmetric distortion, the MOS values of all scenes increase with the reduction of distortion,
and the change trend of MOS among different levels is relatively “steep”, which indicates
the rationality of quality factor setting. (3) For asymmetric distortion, the change of MOS
values between ad1-ad2 is gentler than those among ad2-ad4-ad5, as shown in Figure 91,q.
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Referring to Table 5, it can be found that when the distortion level of the left view is L1
and the distortion level of the right view changes from L3 to L4, the human eyes are not
sensitive to this change. When the distortion level of the right view is L4 and that of the
left view changes from L1 to L3, the MOS values increase rapidly. This phenomenon is
consistent with the fact that JPEG XT coding belongs to information additive distortion,
and generally the party with more serious distortion is dominant, and this phenomenon
will exist even after TM processing.
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Figure 9. MOS values of the distorted HSOIs in the HSOID dataset. (a—j) are symmetric coding
distortion, corresponding to (a—j); (k—t) are asymmetric coding distortion, corresponding to (a—j).
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In the experiments, the random forest model is used to complete the regression
prediction task, and the K-fold cross validation is used to divide the test and training sets.
Specifically, the HSOID database is divided into K subsets, where K = 10, corresponding to
the number of scenes in the dataset. All images with the same scene form a subset to ensure
that the training set does not overlap with the test set. The model trained using the K — 1
subset is tested on the remaining subset, iterating from the first scenario until all scenarios
are traversed. Finally, the average performance of the K cross validation is reported. The
accuracy of the proposed metric is evaluated based on three classic indexes: PLCC, SROCC
and RMSE. PLCC is the correlation between subjective and objective scores, and SROCC is
the monotonicity correlation index between two ordered variables. Both values are between
[—1,1], and the closer the absolute value is to one, the higher the accuracy of the regression
task is, and the closer the RMSE is to zero, the better.

Here, the relevant results of the influence of feature screening on the performance of
the proposed metric are first discussed. Then, the proposed metric is compared with several
representative 2D-IQA metrics as well as some blind IQA metrics which consider at least
one feature of HSOI. The effects of different feature sets involved in the proposed metric
are also analyzed, the symmetric/asymmetric distortion is discussed, and the influence of
the number of viewports is analyzed.

3.1. Feature Screening in the Proposed Metric

The main purpose of feature screening is to select the feature vector from the fea-
tures extracted by the proposed perceptual modules, so as to optimize the performance
of objective quality metrics. Figure 10a depicts a descending arrangement of contribution
values of all extracted features in the proposed metric. As shown in Table 4, the initial
extracted feature set has 133 dimensions in total. When the feature dimensions drop to
106 dimensions, the contribution of the remaining features has dropped below 0.2, indicat-
ing that most of the extracted features are relatively effective. In order to further select the
best feature set, the quality regression is conducted with features of different dimensions
to test the objective quality evaluation performance. The results are shown in Figure 10b.
Through experiments and verification, when the first 54 features screened according to
feature importance are selected, the selected features cover all perceptual modules and
achieve the better performance. Thus, the first 54 dimensional features are selected as the
final feature set Frs psor in the proposed metric.

Relative Importance of the proposed Features

0.88

—&—PLCC
—&—SROCC

0.875

0.87

£
g 0.865
a
0.86
0.855
0.85
40 50 60 70 80 90 100
T T Feature Dimension
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Variable Importance
(a) (b)

Figure 10. Feature screening. (a) Descending arrangement of contribution values of all features.
(b) Performance of feature vector with different dimensions.
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3.2. Overall Performance of the Proposed Metric

In order to illustrate the effectiveness of the proposed metric, in addition to some rep-
resentative 2D-IQA metrics, the proposed metric is compared with four types of blind IQA
metrics, namely, one SIQA metric (i.e., SINQ [20]), one OIQA metric (i.e., SSP-OIQA [24]),
two TM-IQA metrics (i.e., BTMQI [32], BTMIQA [33]), and one SOIQA metric (i.e., Qi’s met-
ric [28]). These four types of metrics involve HSOI's one or more perception characteristics
including binocular perception, OI viewport perception and HDR/TM visual perception.
All supervised learning-based metrics are trained by K-fold cross validation. To ensure
the fairness and reliability of the data, all metrics are tested with the codes released by the
corresponding authors.

Table 6 shows the objective assessment results of different metrics on the HSOID
dataset, and highlights the best performance indicators in bold. SINQ [20] takes into
account the perceptual features of stereovision, SSP-OIQA [24] considers the characteristics
of Ols, and two TM-IQA metrics take into account the perceptual features of TM distortion;
each of them belongs to one of the perceptual features of HSOL. It is obvious that the TM-
IQA metrics (BTMQI and BTMIQA) outperform SINQ; moreover, the PLCC and SROCC of
Qi’s metric are almost equal to those of BTMQ); it indicates that TM distortion plays an
important role in visual perception of HSOI. This may be because human eyes are extremely
sensitive to color changes in TM distortion, and color is an intuitive global attribute. SSP-
OIQA uses the SSP format to evaluate the OI quality. The reason for poor performance
may be that it does not consider the stereoscopic perception and the TM distortion. It
can be found from Table 6 that the performance of the proposed metric is the best, with
PLCC and SROCC values reaching 0.8766 and 0.8724, respectively. This is because the
proposed metric is based on the characteristics of stereoscopic perception, combined with
HDR/TM perception and omnidirectional perception, and utilizes a series of effective
feature extraction schemes to evaluate various distortions. Therefore, the proposed metric
has better performance of HSOIQA.

Table 6. Objective assessment results of different metrics on the HSOID dataset.

Type of Metrics Metrics PLCC SROCC RMSE
OG-IQA [9] 0.7741 0.7649 1.1595

GWH-GLBP [10] 0.6677 0.6652 1.3634

BRISQUE [11] 0.7273 0.7230 1.2571

2D-IQA IL-NIQE [12] 0.5452 0.5424 1.5354
dipIQ [13] 0.6290 0.6193 1.4238

BMPRI [14] 0.4837 0.4495 1.6030

SISBLIM [15] 0.5928 0.5725 1.4750

SIQA SINQ [20] 0.6804 0.6732 1.3422
OIQA SSP-OIQA [24] 0.6413 0.6339 1.4054
BTMOQI [32] 0.7720 0.7690 1.1629

TMHIQA BTMIQA [33] 0.7067 0.7037 1.2959
SOIQA Qi metric [28] 0.7614 0.7532 1.1873
HSOIQA Proposed 0.8766 0.8724 0.8814

3.3. Performance Analysis of Different Feature Sets

There are six perceptual feature sets involved in the proposed metric, i.e., Fgsor =
{Foc, Feorr, Feipp, Fst, Frys, Fdif}/ specifically, global color feature F,., symmetric/asymmetric
coding distortion feature F, detail contrast feature F, clbps structural feature Fg, binocular
fusion feature Fy,s and binocular difference feature Fj;r. The random forest model is used to
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train each feature set or combined feature separately, and then its performance is reported,
as shown in Table 7, from which the observations can be obtained as follows.

Table 7. Performance of different feature sets and their combination.

Feature Extraction Mode Features PLCC SROCC RMSE
F,. 0.6885 0.6685 1.3283

Foopr 0.4717 0.3494 1.6150

Single feat ; Feipp 0.7580 0.7572 1.1946
ngle leature se Fy 0.3730 0.3591 1.6994

Fs 0.4896 0.4673 1.8525

Fyi 0.3506 0.3033 1.7153

Fepp + Fet 0.7799 0.7753 1.1464

Monocular perception Fec + Fepy + Fot 0.8453 0.8393 0.9786
Feorr + Fec + Fppp + Fot 0.8525 0.8474 0.9753

Binocular perception Fpys + Fair 0.5564 0.5259 1.5219
All Fysor 0.8535 0.8488 0.9545

All with feature screening Frs Hsor 0.8766 0.8724 0.8814

@

@)

®G)

4)

For the proposed six perceptual feature sets, the performance of using global color
feature Fec and detail contrast feature Fy, is relatively good. This may be because
F, is combined with the spatial domain and transform domain for feature extraction,
and color distortion is one of the obvious distortions in the HSOID dataset. The
performance of detail contrast feature Fj;, benefits from its combination of contrast
and image content in the detail layer. The performance of Fs,; and Fy; based on
the BPM is general. This may be because the binocular fusion maps and binocular
difference maps of the viewports can be regarded as local images compared with the
entire images in ERP format, so that the image content information is relatively small,
and the subsequent extracted features can only measure part of the image distortion.
For the MPM, F;, and Fy; are the features based on the scene distortion perception.
Although the PLCC value of Fy; itself is only 0.3730, the combination of F., and
Fs has further increased by 0.0219, and the SROCC value by 0.0181 on the basis
of Fpp, which is quite impressive. It shows that the design of Laplacian pyramid
decomposition combined with image detail contrast and structure is effective. The
PLCC value of the global color feature F.. reaches 0.6885, and the addition of F.
increases 0.0654 on the basis of Fyy, + Fst, while for the SROCC improvement is
0.0640. It implies that measuring color characteristics is very important for HSOIQA.
Although the PLCC value of symmetric/asymmetric encoding distortion feature F,
designed for binocular characteristics is only 0.4717, it is further increased by 0.0072
and the SROCC value by 0.0081 on the basis of Fe. + Feppp + Fst. It can be found that the
features extracted by the proposed method for asymmetric distortion in the HSOID
dataset are effective and necessary.

For the BPM, the PLCC and SROCC values of the binocular fusion feature Fy; are
0.4896 and 0.4673, respectively, while the PLCC and SROCC values of the binocular
difference feature Fy;r are 0.3506 and 0.3033, respectively. The PLCC and SROCC
values of Fps + Fir reach 0.5564 and 0.5259, respectively. This means that these two
feature sets are complementary, and the binocular perception is also one of the factors
that can be considered for HSOIQA.

The PLCC value of the MPM is 0.8525, while that of the BPM is 0.5564; when they
are combined, the PLCC value reaches 0.8535. Although the performance of the
BPM is general, it further strengthens the prediction ability of the overall model,
which means that the MPM and BPM have a positive complementary role. After
feature screening, the PLCC and SROCC values of the overall model reach 0.8766
and 0.8724, respectively. It indicates that feature screening removes the redundancy
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among the initial extracted features and further improves the prediction accuracy of
the proposed metric.

3.4. Performance Analysison Symmetric/Asymmetric Distortions

For HSOIQA, the binocular perception is one of the important characteristics to be
considered. A symmetric/asymmetric distortion measurement model is purposely de-
signed to measure the asymmetric encoding distortion in the HSOID dataset. To verify the
effectiveness of the proposed metric, it is compared with the other metrics in Table 6 except
the 2D-IQA metrics. The HSOID dataset is divided into the symmetric distorted HSOIs and
asymmetric distorted HSOISs to form two sub-datasets so that the relevant metrics can be
tested on the two kinds of HSOIs separately. Table 8 lists the performance results of these
metrics, where APLCC is the PLCC value of the sub-dataset of the symmetric distorted
HSOIs minus the overall PLCC value. APLCC indicates the performance degradation
caused by the sub-dataset of the asymmetric distorted HSOIs; and the smaller the APLCC
value, the better the performance. In Table 8, the best performance values are shown in bold.
It can be found that: (1) The performance of all metrics for the symmetric distorted HSOIs
is better than that for asymmetric distorted HSOIs, and the overall performance is between
the two ones; and the better the performance of asymmetric distorted HSOISs, the better
the overall performance, which implies that asymmetric distortion has to be characterized.
(2) For symmetric/asymmetric distortion, all indexes of the proposed metric are signifi-
cantly better than those of the other metrics, this means that the presented feature extraction
schemes for symmetric/asymmetric distortions in the proposed metric is reasonable.

Table 8. Objective quality assessment results of symmetric/asymmetric distortions in the HSOID dataset.

Symmetric Distortion Asymmetric Distortion Overall
Metrics PLCC SROCC RMSE PLCC SROCC RMSE PLCC SROCC RMSE “TH¢C
SINQ 07802 07760 13006 05841 05671 13033  0.6804 06732 13422  0.0998
SSP-OIQA 07502 07428 13748 05349 05276 13567  0.6413 06339 14054  0.1089
BTMQI 08092 08061 12217 07310 07225 10957 07720 07690 11629  0.0372
BTMIQA 07686 07696 13300  0.6383 06267 12361 07067 07037 12959  0.0619
Qi 08161 08006 12015  0.6877 06936 11657 07614 07532 11873  0.0547
Proposed 09086  0.8972  0.8685  0.8225 08172 09131  0.8766 08724  0.8814  0.0320

3.5. Effect of the Number of Viewports

As described in the Section 2.2, there are totally M + 2 viewports sampled from HSOI
in the proposed metric, M viewports in the equatorial region and two in the bipolar regions.
Here, the effect of M on the performance of the proposed metric will be tested, where
M € {4,6,8,10}. When M > 4, all image information of the equatorial region can be covered.
In the experiment, the performance of single feature set as well as the combined feature
sets under different viewport numbers are compared, that is, Ferr, Feppp, Fst, Fpus, Faig, Fy
(Fv = Feorr + Fepp + Fst + Fpys + Fgip), all initial extracted feature sets Fysor and the screened
feature vector Frs psor. Table 9 shows the experimental results with respect to different M.
The best performance of the same feature set is shown in bold, and the optimal number is
the number of times that the corresponding M achieves the best performance highlighted
with bold. It can be found from Table 9 that when M is 8, the optimal number is 17, in which
the viewport model and overall performance are the best. Therefore, the total number of
viewports is finally determined to be 10, including 8 viewports in the equatorial region and
2 viewports sampled in the polar region. On the other hand, the difference in viewport
performance may be due to the redundant information brought by overlapping viewport
sampling and the sensitivity of the extracted features to viewport content.
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Table 9. Objective quality assessment results with respect to different M values.

M Feature Type Features PLCC SROCC RMSE Optimal
Number
Feorr 03789 02865  1.6950
Fopy 07542 07517  1.2026
. F 03607 03240  1.7083
V t-based feat st
tewport-based features Fpus 03849 03162  1.6904 0
4 Fay 02845 02378  1.7559
Fy 0.7961 07924  1.1085
All Frsor 0.8454 08404 09782 0
All with FS Frs psor 08584 08523 0939 0
Feorr 04423 03646  1.6427
Feiyp 07578 07565  1.1951
. F 03978 03644  1.6804
V t-based feat st
rewporl-based features Fpus 0.4605 04337  1.6258 4
6 E 02844 02443  1.7559
Fy 07917 07889  1.1188
All Frsor 0.8478  0.8421 09713 0
All with FS Frs psor 08688 08644 09068 0
Feorr 04717 03494  1.6150
Feiyp 07580 07572 1.1946
. F 03730 03591  1.6994
V t-based feat st
rewpoti-based featres Fpus 04896 04673 18525 1
8 Eg 03506 03033  1.7153
Fy 0.8051 08044  1.0863
All Frsor 0.8535  0.8488  0.9545 3
All with FS Frs ysor  0.8766 08724  0.8814 3
Feorr 04292 03585  1.6543
Feiyp 07532 07516  1.2048
. F 03740 03355  1.6987
V t-based feat st
1ewport-based teatres Fpus 04898 04611  1.5968 3
10 Fay 03376 02953  1.7240
Fy 07937 07923  1.1141
All Frsor 0.8447 08401  0.9804 0
All with FS Frs psor 08625 08568  0.9267 0

4. Conclusions

From the perspective of perception of high dynamic range (HDR) stereoscopic omnidi-
rectional vision system, a visual perception based blind HDR stereoscopic omnidirectional
image (HSOI) quality assessment metric has been proposed in this paper. The proposed
metric can be divided into two main modules, that is, monocular perception module, and
binocular perception module. For the monocular perception module, firstly, the projection
format of HSOI is transformed, and then the metric of combining spatial domain and
discrete cosine transform domain based on antagonistic channel is designed to measure
the global color distortion. Secondly, to measure the symmetric/asymmetric distortion,
the absolute correlation coefficient and correlation distance of the left and right views are
calculated based on multiscale retinex decomposition; then, considering the characteristics
of the indoor, outdoor and night scenes, the detail contrast features and structural features
are extracted with Laplacian pyramid decomposition. In the binocular perception module,
based on joint image filtering, the binocular fusion map and binocular difference map
are calculated. Further, brightness segmentation is performed based on the binocular
fusion map, so that the texture, narrow-sense and chromaticity statistical features can
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be extracted separately for the high, low and middle brightness regions. This process
conforms to the information transmission mechanism of the V1, V2 and V4 areas of the
human vision system. For binocular difference map, the derivative map is calculated
and natural statistical features are extracted. The effectiveness of the proposed metric is
compared and analyzed on the HSOID dataset. The experimental results show that the
proposed metric is an effective HSOI quality evaluator. In this work, we have presented a
comprehensive analysis and empirical study on the problem of HSOI quality assessment,
and proposed a new metric. The experimental results also verify its effectiveness. In future
work, the performance of HSOI quality evaluation can be improved in two aspects. Firstly,
we will further explore the mechanism whereby the visual system perceives the HSOL.
Meanwhile, compared with hand-crafted feature extraction, the learning-based feature
extraction can be more consistent with the process of the brain processing information.
Therefore, a deep learning-based method can be integrated into the evaluation model for
performance improvement. In future work, we will consider combining deep learning and
visual perception to propose a new network to improve the performance of HSOIQA.

Author Contributions: Conceptualization, L.C., Y.S. and G.J.; Methodology, L.C., Y.S., H.X. and G.J ;
Software, L.C. and J.Y,; Validation, J.Y., Y.S. and Z.J.; Formal Analysis, Y.S. and Z.].; Resources, L.C.
and ].Y.; Data Curation, L.C., ].Y. and Y.S.; Writing—Original Draft Preparation, L.C., ].Y. and G.J ;
Writing—Review & Editing, L.C., Y.S. and G.J.; Visualization, J.Y. and Z.].; Supervision, H.X. and G.J.;
Project Administration, Y.S., H.X. and G.J. All authors have read and agreed to the published version
of the manuscript.

Funding: This work was supported in part by the National Natural Science Foundation of China
under Nos. 61871247, 62171243 and 61931022, Zhejiang Provincial Natural Science Foundation of
China under Grant Nos. LQ20F010002, and the K. C. Wong Magna Fund at Ningbo University.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Teng, L.; Zhai, G.; Wu, Y,; Min, X.; Zhang, W.; Ding, Z.; Xiao, C. QoE Driven VR 360 Video Massive MIMO Transmission. IEEE
Trans. Wirel. Commun. 2022, 21, 18-33. [CrossRef]

2. Xu, M.; Li, C.; Zhang, S.; Callet, P.L. State-of-the-Art in 360° video/image processing: Perception, assessment and compression.
IEEE ]. Sel. Top. Signal Process. 2020, 14, 5-26. [CrossRef]

3. Jiang, H.;Jiang, G.; Yu, M,; Zhang, Y,; Yang, Y.; Peng, Z.; Chen, F; Zhang, Q. Cubemap-based Perception-Driven Blind Quality
Assessment for 360-degree Images. IEEE Trans. Image Process. 2021, 30, 2364-2377. [CrossRef]

4. Chen, Z; Xu, ].; Lin, C.; Zhou, W. Stereoscopic Omnidirectional Image Quality Assessment Based on Predictive Coding Theory.
IEEE ]. Sel. Top. Signal Process. 2020, 14, 103-117. [CrossRef]

5. Aguiar, M.J.R,; Alves, T.D.R.; Honério, L.M.; Junior, I.C.S.; Vidal, V.F. Performance Evaluation of Bundle Adjustment with
Population Based Optimization Algorithms Applied to Panoramic Image Stitching. Sensors 2021, 21, 5054. [CrossRef] [PubMed]

6. Kang, H.; Lee, S.; Song, K.; Kang, M. Bayer Patterned High Dynamic Range Image Reconstruction Using Adaptive Weighting
Function. EURASIP . Adv. Signal Process. 2014, 2014, 76. [CrossRef]

7. Marnerides, D.; Bashford-Rogers, T.; Hatchett, J.; Debattista, K. ExpandNet: A Deep Convolutional Neural Network for High
Dynamic Range Expansion From Low Dynamic Range Content. Comput. Graph. Forum 2017, 37, 37-49. [CrossRef]

8.  Wang, Z,; Bovik, A.C.; Sheikh, H.R.; Simoncelli, E.P. Image Quality Assessment: From Error Visibility to Structural Similarity.
IEEE Trans. Image Process. 2004, 13, 600-612. [CrossRef]

9.  Liu, L; Hua, Y,; Zhao, Q.; Hua, H.; Bovik, A.C. Blind Image Quality Assessment by Relative Gradient Statistics and Adaboosting
Neural Network. Signal Process. Image Commun. 2016, 40, 1-15. [CrossRef]

10. Li, Q. Lin, W,; Fang, Y. No-reference Quality Assessment for Multiply-Distorted Images in Gradient Domain. IEEE Signal Process.
Lett. 2016, 23, 541-545. [CrossRef]

11. Mittal, A.; Moorthy, A.K,; Bovik, A.C. No-reference Image Quality Assessment in The Spatial Domain. IEEE Trans. Image Process.
2012, 21, 4695-4708. [CrossRef] [PubMed]

12.  Zhang, L.; Zhang, L.; Bovik, A.C. A Feature-Enriched Completely Blind Image Quality Evaluator. IEEE Trans. Image Process. 2015,

24,2579-2591. [CrossRef] [PubMed]


http://doi.org/10.1109/TWC.2021.3093305
http://doi.org/10.1109/JSTSP.2020.2966864
http://doi.org/10.1109/TIP.2021.3052073
http://doi.org/10.1109/JSTSP.2020.2968182
http://doi.org/10.3390/s21155054
http://www.ncbi.nlm.nih.gov/pubmed/34372288
http://doi.org/10.1186/1687-6180-2014-76
http://doi.org/10.1111/cgf.13340
http://doi.org/10.1109/TIP.2003.819861
http://doi.org/10.1016/j.image.2015.10.005
http://doi.org/10.1109/LSP.2016.2537321
http://doi.org/10.1109/TIP.2012.2214050
http://www.ncbi.nlm.nih.gov/pubmed/22910118
http://doi.org/10.1109/TIP.2015.2426416
http://www.ncbi.nlm.nih.gov/pubmed/25915960

Sensors 2022, 22, 8513 26 of 27

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Ma, K; Liu, W,; Liu, T.; Wang, Z.; Tao, D. dipIQ: Blind Image Quality Assessment by Learning-to-rank Discriminable Image Pairs.
IEEE Trans. Image Process. 2017, 26, 3951-3964. [CrossRef] [PubMed]

Min, X.; Zhai, G.; Gu, K; Liu, Y,; Yang, X. Blind Image Quality Estimation via Distortion Aggravation. IEEE Trans. Broadcast. 2018,
64, 508-517. [CrossRef]

Gu, K; Zhai, G.; Yang, X.; Zhang, W. Hybrid no-reference Quality Metric for Singly and Multiply Distorted Images. IEEE Trans.
Broadcast. 2014, 60, 555-567. [CrossRef]

Rehman, M.; Nizami, I.F.; Majid, M. DeepRPN-BIQA: Deep architectures with region proposal network for natural-scene and
screen-content blind image quality assessment. Displays 2022, 71, 102101. [CrossRef]

Hu, R; Liu, Y;; Wang, Z.; Li, X. Blind quality assessment of night-time image. Displays 2021, 69, 102045. [CrossRef]

Zhang, H.; Hu, X.; Gou, R;; Zhang, L.; Zheng, B.; Shen, Z. Rich Structural Index for Stereoscopic Image Quality Assessment.
Sensors 2022, 22, 499. [CrossRef]

Jiang, G.; Xu, H.; Yu, M.; Luo, T.; Zhang, Y. Stereoscopic Image Quality Assessment by Learning Non-negative Matrix Factorization-
based Color Visual Characteristics and Considering Binocular Interactions. J. Vis. Commun. Image Represent. 2017, 46, 269-279.
[CrossRef]

Liu, L.; Liu, B.; Su, C.; Huang, H.; Bovik, A.C. Binocular Spatial Activity and Reverse Saliency Driven No-reference Stereopair
Quality Assessment. Signal Process. Image Commun. 2017, 58, 287-299. [CrossRef]

Zhou, W.; Chen, Z.; Li, W. Dual-stream Interactive Networks for No-reference Stereoscopic Image Quality Assessment. IEEE
Trans. Image Process. 2019, 28, 3946-3958. [CrossRef] [PubMed]

Li, S.; Wang, M. No-reference Stereoscopic Image Quality Assessment Based on Convolutional Neural Network With A Long-
Term Feature Fusion. In Proceedings of the IEEE International Conference on Visual Communications and Image Processing,
Macau, China, 1-4 December 2020; pp. 318-321.

Meng, E; Li, S.; Chang, Y. No-reference Stereoscopic Image Quality Assessment Based on The Human Visual System. In
Proceedings of the IEEE International Conference on Acoustics, Speech and Signal Processing (ICASSP), Toronto, ON, Canada,
6-11 June 2021; pp. 2100-2104.

Zheng, X.; Jiang, G.; Yu, M.; Jiang, H. Segmented Spherical Projection-based Blind Omnidirectional Image Quality Assessment.
IEEE Access 2020, 8, 31647-31659. [CrossRef]

Sun, W.; Min, X,; Zhai, G.; Gu, K.; Duan, H.; Ma, S. MC360IQA: A Multi-channel CNN for Blind 360-Degree Image Quality
Assessment. IEEE |. Sel. Top. Signal Process. 2020, 14, 64-77. [CrossRef]

Li, J.; Zhao, Y,; Ye, W.; Yu, K; Ge, S. Attentive Deep Stitching and Quality Assessment for 360° Omnidirectional Images. IEEE J.
Sel. Top. Signal Process. 2020, 14, 209-221. [CrossRef]

Fu, ].; Hou, C.; Zhou, W.; Xu, J.; Chen, Z. Adaptive Hypergraph Convolutional Network for No-Reference 360-degree Image
Quality Assessment. In Proceedings of the ACM International Conference on Multimedia, Lisbon, Portugal, 10-14 October 2022;
pPp. 961-969.

Qi, Y; Jiang, G.; Yu, M.; Zhang, Y.; Ho, Y.-S. Viewport Perception Based Blind Stereoscopic Omnidirectional Image Quality
Assessment. IEEE Trans. Circuits Syst. Video Technol. 2021, 31, 3926-3941. [CrossRef]

Zhou, X.; Zhang, Y.; Li, N.; Wang, X.; Zhou, Y.; Ho, Y.-S. Projection Invariant Feature and Visual Saliency-Based Stereoscopic
Omnidirectional Image Quality Assessment. IEEE Trans. Broadcast. 2021, 67, 512-523. [CrossRef]

Xu, J.; Luo, Z.; Zhou, W.; Zhang, W.; Chen, Z. Quality Assessment of Stereoscopic 360-degree Images from Multi-viewports. In
Proceedings of the 2019 Picture Coding Symposium (PCS), Ningbo, China, 12-15 November 2019; pp. 1-5.

Chai, X.; Shao, F; Jiang, Q.; Meng, X.; Ho, Y.-S. Monocular and Binocular Interactions Oriented Deformable Convolutional
Networks for Blind Quality Assessment of Stereoscopic Omnidirectional Images. IEEE Trans. Circuits Syst. Video Technol. 2022, 32,
3407-3421. [CrossRef]

Gu, K.; Wang, S.; Zhai, G.; Ma, S.; Yang, X.; Lin, W.; Zhang, W.; Gao, W. Blind Quality Assessment of Tone-Mapped Images via
Analysis of Information, Naturalness, and Structure. IEEE Trans. Multimed. 2016, 18, 432-443. [CrossRef]

Jiang, G.; Song, H.; Yu, M.; Song, Y.; Peng, Z. Blind Tone-mapped Image Quality Assessment Based on Brightest/darkest Regions,
Naturalness and Aesthetics. IEEE Access 2018, 6, 2231-2240. [CrossRef]

Fang, Y;; Yan, J.; Du, R.; Zuo, Y.; Wen, W.; Zeng, Y.; Li, L. Blind Quality Assessment for Tone-Mapped Images by Analysis of
Gradient and Chromatic Statistics. IEEE Trans. Multimed. 2021, 23, 955-966. [CrossRef]

Yue, G.; Hou, C.; Zhou, T. Blind Quality Assessment of Tone-mapped Images Considering Colorfulness, Naturalness, and
Structure. IEEE Trans. Ind. Electron. 2019, 66, 3784-3793. [CrossRef]

Zhao, M.; Shen, L.; Jiang, M.; Zheng, L.; An, P. A Novel No-reference Quality Assessment Model of Tone-mapped HDR Image. In
Proceedings of the IEEE International Conference on Image Processing, Taipei, China, 22-25 September 2019; pp. 3202-3206.
Goodale, M.A.; Westwood, D.A. An evolving view of duplex vision: Separate but interacting cortical pathways for perception
and action. Curr. Opin. Neurobiol. 2004, 14, 203-211. [CrossRef] [PubMed]

Yang, J.; Xu, H.; Zhao, Y.; Liu, H.; Lu, W. stereoscopic image quality assessment combining statistical features and binocular
theory. Pattern Recognit. Lett. 2019, 127, 48-55. [CrossRef]

Lin, Y.H.; Wu, J.L. Quality assessment of stereoscopic 3D image compression by binocular integration behaviors. IEEE Trans.
Image Process. 2014, 23, 1527-1542. [CrossRef] [PubMed]


http://doi.org/10.1109/TIP.2017.2708503
http://www.ncbi.nlm.nih.gov/pubmed/28574353
http://doi.org/10.1109/TBC.2018.2816783
http://doi.org/10.1109/TBC.2014.2344471
http://doi.org/10.1016/j.displa.2021.102101
http://doi.org/10.1016/j.displa.2021.102045
http://doi.org/10.3390/s22020499
http://doi.org/10.1016/j.jvcir.2017.04.010
http://doi.org/10.1016/j.image.2017.08.011
http://doi.org/10.1109/TIP.2019.2902831
http://www.ncbi.nlm.nih.gov/pubmed/30843835
http://doi.org/10.1109/ACCESS.2020.2972158
http://doi.org/10.1109/JSTSP.2019.2955024
http://doi.org/10.1109/JSTSP.2019.2953950
http://doi.org/10.1109/TCSVT.2020.3043349
http://doi.org/10.1109/TBC.2021.3056231
http://doi.org/10.1109/TCSVT.2021.3112120
http://doi.org/10.1109/TMM.2016.2518868
http://doi.org/10.1109/ACCESS.2017.2782320
http://doi.org/10.1109/TMM.2020.2991528
http://doi.org/10.1109/TIE.2018.2851984
http://doi.org/10.1016/j.conb.2004.03.002
http://www.ncbi.nlm.nih.gov/pubmed/15082326
http://doi.org/10.1016/j.patrec.2018.10.012
http://doi.org/10.1109/TIP.2014.2302686
http://www.ncbi.nlm.nih.gov/pubmed/24569441

Sensors 2022, 22, 8513 27 of 27

40.

41.

42.

43.

44.

45.

46.

47.

48.
49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Bensalma, R.; Larabi, M.C. Using the HVS binocular properties for the construction of a comprehensive stereoscopic matching
model. In Proceedings of the European Workshop on Visual Information Processing (EUVIP), Paris, France, 5-6 July 2010;
pp. 159-164.

Zhang, K.; Chen, Z. Video Saliency Prediction Based on Spatial-Temporal Two-Stream Network. IEEE Trans. Circuits Syst. Video
Technol. 2019, 29, 3544-3557. [CrossRef]

Sun, D.; Roth, S.; Black, M.]J. Secrets of Optical Flow Estimation and Their Principles. In Proceedings of the IEEE Computer
Society Conference on Computer Vision and Pattern Recognition, San Francisco, CA, USA; 2010; pp. 2432-2439.

Hasler, D.; Suesstrunk, S.E. Measuring colorfulness in natural images. In Proceedings of the Proc. SPIE, Human Vision and
Electronic Imaging VIII 5007, Santa Clara, CA, USA, 17 June 2003; pp. 87-95.

Jobson, D.J.; Rahman, Z.; Woodell, G.A. A Multiscale Retinex for Bridging The Gap Between Color Images and The Human
Observation of Scenes. IEEE Trans. Image Process. 1997, 6, 965-976. [CrossRef]

Cao, Y.; Song, Y.; You, J.; Jiang, G. HSOID: Subjective Quality Evaluation on HDR Stereoscopic Omnidirectional Images. In
Proceedings of the International Conference on Computer Graphics, Image and Visualization (CCGIV 2022), Guilin, China, 21-23
October 2022.

Durand, F.; Dorsey, J. Fast Bilateral Filtering for The Display of High-Dynamic-Range Images. ACM Trans. Graph. 2002, 21,
257-266. [CrossRef]

Zhang, B.; Gao, Y.; Zhao, S.; Liu, J. Local Derivative Pattern Versus Local Binary Pattern: Face Recognition With High-order Local
Pattern Descriptor. IEEE Trans. Image Process. 2010, 19, 533-544. [CrossRef]

Burt, P.; Adelson, E. The Laplacian Pyramid As A Compact Image Code. IEEE Trans. Commun. 1983, 31, 532-540. [CrossRef]
Ojala, T.; Pietikainen, M.; Maenpaa, T. Multiresolution Gray-Scale and Rotation Invariant Texture Classification With Local Binary
Patterns. IEEE Trans. Pattern Anal. Mach. Intell. 2002, 24, 971-987. [CrossRef]

Yang, J.; Sim, K.; Jiang, B.; Lu, W. No-Reference Stereoscopic Image Quality Assessment Based on Hue Summation-Difference
Mapping Image and Binocular Joint Mutual Filtering. Appl. Opt. 2018, 57, 3915-3926. [CrossRef] [PubMed]

Den Ouden, H.E.M.; Van Ee, R.; De Haan, E.H.F. Colour Helps to Solve The Binocular Matching Problem. J. Physiol. 2005, 567,
665-671. [CrossRef] [PubMed]

Khan, LR.; Rahardja, S.; Khan, M.M.; Movania, M.M.; Abed, F. A Tone-Mapping Technique Based on Histogram Using A
Sensitivity Model of The Human Visual System. IEEE Trans. Ind. Electron. 2017, 65, 3469-3479. [CrossRef]

Min, HK.; Kautz, J. Consistent tone reproduction. In Proceedings of the IASTED International Conference on Computer Graphics
& Imaging, Innsbruck, Austria, 13-15 February 2008; pp. 152-159.

Reinhard, E.; Stark, M.; Shirley, P.; Ferwerda, J. Photographic tone reproduction for digital images. ACM Trans. Graph. 2002, 21,
267-276. [CrossRef]

Reinhard, E.; Devlin, K. Dynamic Range Reduction Inspired by Photoreceptor Physiology. IEEE Trans. Vis. Comput. Graph. 2005,
11, 13-24. [CrossRef]

Tan, H.; Yang, G.; Zheng, N.; Luo, T. An Improvement of Two-Dimensional Maximum Entropy Thresholding Segmentation
Algorithm for SAR Image. In Proceedings of the International Conference on Computer Science and Electronics Engineering,
Hangzhou, China, 23-25 March 2012; pp. 379-382.

Cooper, E.A.; Norcia, A.M. Predicting Cortical Dark/bright Asymmetries from Natural Image Statistics and Early Visual
Transforms. PLoS Comput. Biol. 2015, 11, e1004268. [CrossRef]

O’Shea, R.P. Binocular Rivalry Persists at Low Contrasts; Monocular Rivalry Is Enhanced at Low Contrasts. Percept. ECVP Abstr.
2010, 39, 153.

Farid, H.; Simoncelli, E.P. Differentiation of Discrete Multidimensional Signals. IEEE Trans. Image Process. 2004, 13, 496-508.
[CrossRef]

Wu, L.; Wang, Y.; Zhang, S.; Zhang, Y. Fusing Gini Index and Term Frequency for Text Feature Selection. In Proceedings of the
IEEE International Conference on Multimedia Big Data (BigMM), Laguna Hills, CA, USA, 19-21 April 2017.

Yang, J.; Liu, T,; Jiang, B.; Zhang, Y. 3D Panoramic Virtual Reality Video Quality Assessment Based on 3D Convolutional Neural
Networks. IEEE Access 2018, 6, 38669-38682. [CrossRef]

Xu, J.; Lin, C.; Zhou, W.; Chen, Z. Subjective quality assessment of stereoscopic omnidirectional image. In Proceedings of the 19th
Pacific-Rim Conference on Multimedia (PCM), Hefei, China, 21-22 September 2018; pp. 589-599.


http://doi.org/10.1109/TCSVT.2018.2883305
http://doi.org/10.1109/83.597272
http://doi.org/10.1145/566654.566574
http://doi.org/10.1109/TIP.2009.2035882
http://doi.org/10.1109/TCOM.1983.1095851
http://doi.org/10.1109/TPAMI.2002.1017623
http://doi.org/10.1364/AO.57.003915
http://www.ncbi.nlm.nih.gov/pubmed/29791361
http://doi.org/10.1113/jphysiol.2005.089516
http://www.ncbi.nlm.nih.gov/pubmed/15975983
http://doi.org/10.1109/TIE.2017.2760247
http://doi.org/10.1145/566654.566575
http://doi.org/10.1109/TVCG.2005.9
http://doi.org/10.1371/journal.pcbi.1004268
http://doi.org/10.1109/TIP.2004.823819
http://doi.org/10.1109/ACCESS.2018.2854922

	Introduction 
	The Proposed Metric 
	Overview of the Proposed Metric 
	Viewport Sampling 
	Monocular Perception Module (MPM) for Distorted HSOI 
	Binocular Perception Module (BPM) for Distorted HSOI 
	Feature Screening and Quality Prediction 

	Experimental Results and Analyses 
	Feature Screening in the Proposed Metric 
	Overall Performance of the Proposed Metric 
	Performance Analysis of Different Feature Sets 
	Performance Analysison Symmetric/Asymmetric Distortions 
	Effect of the Number of Viewports 

	Conclusions 
	References

