VERSATILE VIDEO CODING OF 360° VIDEO USING ADAPTIVE RESOLUTION CHANGE
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ABSTRACT

Encoding 360° video with ultra high spatial resolution requires high
bitrates to guarantee acceptable QoE in video delivery services.
However, since in general the full Field-of-View (FoV), i.e., 360°, is
not required at once, a great deal of bandwidth can be saved if only
a limited FoV is delivered, according to content relevancy or/and
user demand. This work addresses this problem using the concept
of Adaptive Resolution Change (ARC) defined in the forthcoming
Versatile Video Coding (VVC) standard, by dynamically mapping
the full FoV into multiple video frames with different spatial resolu-
tions. Those FoVs attracting more visual attention are encoded with
higher resolution while the others are encoded with lower resolution,
thus without compromising the visual quality and resolution of the
most relevant regions. The simulation results show that the proposed
adaptive coding scheme is able to deliver high quality video for the
most relevant FoV at any time instant, achieving a maximum bitrate
reduction of 37.2%.

Index Terms— Omnidirectional video coding, adaptive resolu-
tion change, visual attention-based FoV resolution.

1. INTRODUCTION

Omnidirectional video requires ultra high spatial resolution encoded
at high bitrates to guarantee acceptable QoE in video delivery ser-
vices. However, in general, multimedia users of omnidirectional
video, e.g., applications using Head Mounted Display (HMD), only
focus on a limited region of a whole spherical scene at a given time,
thus the whole 360° Field-of-View (FoV) does not need to be present
all the time. Therefore, adaptive video coding schemes can be used
to save a great deal of transmission bandwidth and decoding re-
sources, by providing flexible selection and coding of specific FoVs.
The common encoding framework for 360° video uses a planar pro-
jection of 360° x 180° video content from a 3D sphere to a 2D plane,
which is defined by the so-called projection mapping function [1]. In
the case of the Cube-Map Projection (CMP), each partition is a cube
face that corresponds to a 90° x90° FoV in the entire omnidirec-
tional scene. In order to form a projection cube around the sphere,
each FoV is 90° apart from each other. The CMP provides a pla-
nar format suitable for partitioning the omnidirectional scene into
multiple FoVs without further processing, easing the introduction of
streaming adaptation schemes.

To cope with the huge amount of data necessary to represent
the full 360° video, new highly efficient compressed formats are un-
der development, such as, the forthcoming Versatile Video Coding
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(VVC) that is under development by JVET group [2]. The VVC
standard aims at providing not only twice the coding efficiency of its
predecessors, but also high-level syntax to support stream adaptation
to different content and delivery constraints. One of such adaptive
concepts is the Adaptive Resolution Change (ARC) [3], which en-
ables dynamic variations of the spatial resolution without a refresh
point. The high-level signalling defined for ARC [4] can be used
to efficiently support adaptive streaming of 360° video with mini-
mal overhead.

Different approaches have been proposed to deal with the prob-
lem of adaptive 360° video streaming. For instance, tile-based ap-
proaches map the whole 360° video scene into tiles that are indepen-
dently encoded [5-7], allowing receivers to select any tile according
to the viewing area or relevant viewport. The impacts of the delay in-
troduced by using adaptive tile-based 360° video streaming was also
evaluated, revealing that the end-to-end delay is a critical factor in
the overall quality of experience (QoE). In [8] a scalable coding ap-
proach is proposed based on a combination of a down-sampled layer
in Equirectangular Projection (ERP) format and a higher-resolution
layer using CMP format. While the former provides a low-quality
full FoV representation, the latter provides a high-quality represen-
tation of a narrow region. The results indicate that using this ap-
proach a significant bitrate reduction can be achieved but only con-
sidering an isolated viewport corresponding to a single cube face.
All the above mentioned methods can reduce the overall bitrate in
360° video streaming by encoding with high quality only small size
regions, i.e., small FoVs, while the remaining visual content is either
not encoded or encoded with lower quality in the base layer stream.
However, these approaches take advantage of the scalable extension
of the High Efficiency Video Coding (HEVC) standard [8-10], but
this is not available in the most recent VVC standard. Thus, adaptive
single-layer encoding schemes compliant with the VVC standard are
yet to appear.

This work proposes an adaptive coding approach for VVC en-
coding of 360° video taking advantage of ARC. The spherical video
represented in CMP format is mapped into video frames with dif-
ferent spatial resolutions, which are efficiently encoded using intra-
FoV prediction. To achieve higher quality only in those FoVs that
attract more visual attention, an adaptive FoV resolution scheme is
proposed. This strategy relies on the visual attention maps to selec-
tively encode with lower resolution those FoVs attracting less visual
attention, while keeping the higher resolution of the most relevant.
Nevertheless, the proposed scheme can also be used in applications
using feedback from the observer (e.g., eye tracking with gaze pre-
diction) to select the most relevant FoVs. Moreover, the proposed
scheme takes advantage of the implicit temporal scalability present
in the VVC to encode and deliver different FoVs in independent lay-
ers of different spatial resolutions, enabling flexible bit stream trun-
cation and FoVs-based decoding.
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The remainder of the paper is organised as follows. Section 2
presents a brief description of the ARC concept introduced in the
VVC. Section 3 describes the proposed coding scheme using adap-
tive FoV resolution based on visual attention and performance eval-
uation is presented and discussed in Section 4. Finally Section 5
concludes this paper.

2. ADAPTIVE RESOLUTION CHANGE IN VVC

The requirements for future video coding implicitly defined novel
techniques to be included in the VVC standard [11]. Among others,
there was the requirement for adaptive streaming support by provid-
ing means of fast and seamless switching capability between repre-
sentations with different properties, such as different spatial resolu-
tions. The flexibility to modify the spatial resolution without insert-
ing an Instantaneous Decoding Refresh (IDR) frame, not only opens
the possibility to adapt the video data to dynamic channel condi-
tions or user preference seamlessly, but also removes the beating ef-
fect caused by intra-coded pictures. This significantly increases the
versatility in terms of bitrate adaptation and active speaker change
in video telephony, adaptive stream switching and support for sub-
pictures with variable resolution.

To achieve this goal, the VVC standard introduces the Reference
Picture Resampling (RPR) [12] technique, where pictures in the De-
coded Picture Buffer (DPB) can be stored at a different resolutions
from the current frame and then resampled in order to be used for
prediction. Figure 1-a shows an example where the current frame is
predicted from two reference frames. While reference O is smaller
than the current picture and is up-scaled, reference 1 is larger and
requires downscale to be used for prediction.

Figure 1-b shows a simplified block diagram of the VVC en-
coder with support for ARC (extra functions highlighted in dark
gray). The input video is selectively downscaled according to adap-
tation needs and then the conventional encoding procedure is ap-
plied. Then, for inter-frame prediction the reference frames stored
in the DPB are scaled (up or down) as required. In order to sup-
port adaptive frame resolution, extra high-level signalling is carried
out using the PPS NAL units identifying the frame spatial resolu-
tion [4,13]. However, the existing motion compensation algorithm
is similar, with changes only affecting the motion vector scaling and

sub-pixel location derivations.
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Fig. 1. Adaptive resolution change using RPR (a) and a simplified
block diagram of the VVC encoder (b).

3. PROPOSED ADAPTIVE FOV RESOLUTION CODING
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Fig. 2. Functional diagram of the proposed coding approach.

This section describes the proposed coding approach using adap-
tive FoV resolution for 360° video and the new ARC functionality of
the VVC standard. Figure 2 illustrates the functional diagram of the
proposed coding scheme. The 360° video is converted into a planar
representation by using the polyhedron-based CMP, which results in
a 2D mapping with six different FoVs. Subsequently, FoV-to-frame
mapping converts FoVs into frames, resulting in temporal frame se-
quences for the input of the VVC encoder. This is a frame-based
FoV representation of 360° video with granularity of 90° x90°. This
allows for simple extraction of a particular 90° FoV thus, by com-
bining multiple frame-based FoVs, any arbitrary viewport can be
extracted. Moreover, visual attention provides a measure of the in-
stantaneous FoV relevance, for reducing the global encoding rate by
adapting the spatial resolution of each FoV. The six cube faces of
the CMP representation, corresponding to six FoVs are identified by
their initials in Figure 3-a. Conventional coding schemes arrange
all cube faces with equal spatial resolution into a rectangular ma-
trix (i.e., one frame with 2x3 cube faces) to encode the whole 360°
video, as illustrated in Figure 3-d. This is a rigid coding configura-
tion because it does not allow flexibility to extract and decode only
one or few FoVs. Alternatively, if each cube face is represented as a
frame, as shown in Figure 3-b, then each FoV is simply encoded as
a frame sequence with uniform spatial resolution.

Moreover, in the proposed method, the spatial resolution of each
FoV can be adaptively selected as shown in Figure 3-c, enabled by
the ARC and RPR functions of the VVC standard. In this exam-
ple, the front FoV is coded at full resolution while the remaining
ones are downscaled. The coding configuration for this case, where
each cube face is encoded as a frame sequence with different spatial
resolutions, is represented in Figure 3-e. As can be observed, tem-
poral predictions are constrained to use only intra-FoV predictions,
not allowing neither spatial nor temporal prediction across different
FoVs. Thus, by avoiding inter-FoV predictions, the proposed ap-
proach enables independent extraction, deliver and decoding of one
or more 90° FoVs, by extracting part of a single compressed stream
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Fig. 3. Uniform and adaptive FoV resolution examples.
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containing the full FoV video. In order to accomplish the necessary
prediction structure, the reference frames are explicitly signalled in
the stream, which is already supported by the VVC standard [14].
By using the above prediction scheme in combination with ARC,
more efficient multiplexing of the different FoVs is achieved in com-
parison with a multi-encoder approach, both in terms of redundant
signalling and decoder complexity.

3.1. Visual attention based FoV resolution

To deal with variable importance of the omnidirectional visual con-
tent, adaptive resolution encoding is proposed to provide higher res-
olution in those FoVs that attract more visual attention. For this
purpose, visual attention maps are used as input parameters, which
can be estimated either from the input 360° video signal or gener-
ated from user feedback. Regardless of their origin, the use of visual
attention in 360° video is of utmost importance because the whole
visual scene is not meant to be observed all at once, thus uniform
encoding of all FoVs is not the most efficient approach.

An example of one attention map in the CMP format is shown in
Figure 4, where the dark regions indicate regions with low attention
and white regions represent regions with high attention. As can be
seen in the figure, the visual attention is not uniformly distributed
across the entire spherical domain, but rather more concentrated on
two FoVs. This characteristic is used for non-uniform rate allocation
by adjusting the spatial resolution of each frame-based FoV (f) at
time instant ¢ based its the perceptual relevance, derived from the
visual attention map M, as follows:

By
Pri= =57, M
Z?:l Eiq

t4+2

Ee= Y. > | Mp) P, 2

Jj=t—2 peQy

where p is the spatial position of attention values in the attention
map of FoV f (€2). In order to ease the impact of short-term tran-
sitions in the visual attention, in (2) the energy of a given FoV is
determined using a sliding window of 5 frames (—2 < ¢ < 2), ap-
proximately 100 milliseconds. The value of Py indicates how vi-
sual attention is distributed across the omnidirectional scene. In the
proposed method the value of Py ; is used to rank the FoVs based on
their visual relevance. Then, the FoV with the highest relevance is
encoded at full resolution while the remaining ones are downscaled,
in order to reduce the overall bitrate. Since the ARC definition sup-
ports several different spatial resolutions different downscale factors

Left Front Right
Bottom Back Top

Fig. 4. Example of a visual attention map in the CMP format.

might be used. In this work only two levels have been used, corre-
sponding to downscaling factors of & = 1.5 and o = 2.0. By using
different spatial resolutions, the proposed method not only provides
high resolution in the most visually important FoV but also enables
switching without compromising the visual quality.

Summarising, the proposed coding method leads to an over-
all bitrate saving, by decreasing the spatial resolution of the FoVs
with lower importance in terms of visual attention, while maintain-
ing high resolution in the most relevant FoV that correspond to the
highest users’ attention.

4. EXPERIMENTAL RESULTS

The performance evaluation was carried out using the CMP for-
mat as shown in Figure 3. The proposed method using adaptive
FoV coding (Prop) was compared with the reference VVC encod-
ing the full FoV (Figure 3-a) and with FoV-to-frame mapping using
uniform spatial resolution (UR), i.e., the proposed method without
ARC (Figure 3-b). The simulations studies were carried out using
six sequences from the Salient360 database [15] shown in Table 1,
which also provide ground-truth visual attention maps obtained from
eye-tracking and head-mounted display information.

The omnidirectional video content has a spatial resolution of
3840 x 1920 in the ERP format, which was converted to CMP with
resolution of 3456 x 2304. These sequences present different types
of motion and texture complexity, as shown by the different Spa-
tial Information (SI) and Temporal Information (TI) [16] parameters
presented in Table 1. The VVC reference software, version 7.0 [17]
was used with all coding modes enabled and a prediction structure
using all B-frames with one reference frame (Low-delay).

Firstly, the efficiency of the proposed adaptive FoV resolution is
evaluated, along the time of the sequence, by analysing the variation
of the perceptual relevance (Py ;) and the Bjgntgaard Delta PSNR
(BD-PSNR) using VVC with full-FoV as reference. The perceptual
relevance of each FoV (f), obtained using (1), is shown in Figure 5,
for sequences Turtle and Cockpit. One can observe in the figure that
Front and Back FoVs have the highest perceptual relevance and the
FoV with the highest P ; is not always the same along the time. The
quality gains, measured by the BD-PSNR, achieved by the proposed
method using & = 2 (Prop) and uniform resolution coding (UR) are
shown in Figure 6, for the same two FoVs. These results reveal that
the UR method presents a near constant quality loss (i.e, negative
values of BD-PSNR) in comparison with the reference VVC. This
is due to the re-mapping of the omnidirectional scene into multiple
frames, which increases the overhead and reduces the efficiency of
inter-FoV prediction.

Table 1. Test sequences used in the experiments.

Sequence SI TI Description

Abbottsford 1178 121 Dorm. room with one sFudent talk-
ing with moderate motion

Cockpit 88.84 | 24.0 COCkPIt footage with high camera
vibrations

PortoRiverside 5492 | 275 | Riverside images with two stand-
ing guys and low overall motion

TeatroRegioTorino | 90.18 | 5.07 | Orchestra concert with high dif-
ferent people playing instruments

Touvet 9150 | 527 H}gh point recording of a garden
with a castle

Turtle 5217 183 Two women helping a turtle re-
turn to ocean
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Fig. 6. BD-PSNR of methods UR and Prop for Front and Back FoVs.

Comparing the perceptual relevance (Figure 5) and the BD-PSNR
(Figure 6) of the same sequence, it is noticeable that the BD-PSNR
variations of the proposed method is correlated with the correspond-
ing relevance (Py ;). For any period of time where a particular FoV
presents a greater value of Py the corresponding quality gain is
greater than other FoVs. For instance, in the Turtle sequence be-
tween temporal instants 7 and 13, the Front FoV has higher Py ; and
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Table 2. Bjgntgaard Delta Rate of the FoV with the highest Py ;.

Sequence BD-Rate-Single-FoV
UR Propa = 1.5 Propa =2

Abbottsford 36.7 -6.12 -3.33
Cockpit 32.6 -25.3 -35.1
PortoRiverside 17.5 -26.2 -33.0
TeatroRegioTorino -0.84 -28.5 -32.3
Touvet 19.6 -30.3 -37.2
Turtle 22.6 -29.5 -35.0
Average 214 -24.3 -29.3

also higher quality gains (see top graphs of Figures 5 and 6). This
is due to the adaptive FoV resolution encoding, which assigns lower
resolution to the FoVs with lower Py ;. Moreover, the results also
reveal that the proposed method is able to adjust the FoV resolution
whenever the visual attention switches from one FoV to another.
This happens, for example, when there is an attention change in the
Cockpit sequence at time instant 10 (see bottom graph of Figure 5),
from the Back FoV to the Front FoV. As can be inferred from the
bottom graph of Figure 6, the proposed method is able to follow the
change in perceptual relevance by increasing the spatial resolution of
the Front FoV (e.g., time instant 10). Simultaneously, lower quality
is obtained in the FoVs where the perceptual relevance decreases,
due to their lower resolution.

The bitrate savings of the proposed method were also evaluated
using the Bjgntgaard delta rate measured from the bitrate required to
encode the whole 360° video and the quality of most relevant FoV
(BD-Rate-Single-FoV). The full-FoV encoding was used as refer-
ence, as above. These results are shown in Table 2 for downscaling
ratios of & = 1.5 and o = 2. These results confirm that uniform
coding of all FoVs (UR) leads to higher bitrate than full-FoV en-
coding, for most sequences. By establishing a relation between the
results of the UR case and the SI values in Table 1, it is possible
to observe that sequences with higher spatial complexity generate
higher bitrates. On contrary, the proposed method (Prop) is able to
achieve bitrate saving for the same sequences. As shown in col-
umn 3 and 4 of Table 2, for different values of o one can confirm
that higher spatial downscaling ratios (e.g.,« = 2), achieve higher
bitrate savings. Overall the proposed method is able to save an aver-
age of 29.3% bitrate, when compared to the reference VVC encoding
all-FoV without ARC.

5. CONCLUSIONS

In this paper an adaptive coding approach for 360° video using the
new ARC concept of VVC is proposed. The proposed approach uses
FoV-to-frame mapping to encode omnidirectional video as multiple
frames, each one corresponding to a different FoV. Based on vi-
sual attention, a new method is proposed to dynamically adapt the
image resolution, by selectively downscaling those FoVs with lower
visual relevance. The experimental results show a significant reduc-
tion in the overall bitrate, 29.3% on average, and up to a maximum
of 37.2%, maintaining high quality in the most relevant FoV. The
consistent bitrate savings for the same quality of the most relevant
FoVs reveals that the ARC mechanism defined for the VVC is an
efficient approach to enable partial delivery and decoding of 360°
video streams. Furthermore, the proposed approach also allows in-
dependent decoding of each FoV and enables stream truncation for
reduced bandwidth utilisation in delivery services and applications.
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