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ABSTRACT

The popularity of multi-view panoramic videos has been con-
siderably increased for producing Virtual Reality (VR) con-
tent, due to its immersive visual experience. We argue in this
paper that PSNR is less effective in assessing visual quali-
ty of compressed panoramic videos than Sphere-based PSNR
(S-PNSR), in which sphere-to-plain mapping of panoramic
videos is considered. Thus, the conventional rate control (R-
C) schemes of 2-Dimensional (2D) video coding, which opti-
mize on PSNR, are not suitable for panoramic video coding.
To optimize S-PSNR , we propose in this paper a novel RC
scheme for panoramic video coding. Specifically, we devel-
op an S-PSNR optimization formulation with constraint on
bit-rate. Then, a solution is provided to the developed formu-
lation, such that bits can be allocated to each coding block for
achieving optimal S-PSNR in panoramic video coding. Final-
ly, the experiment results validate the effectiveness of the pro-
posed RC scheme in improving S-PSNR of panoramic video
coding.

Index Terms— Virtual reality, panoramic video, rate con-
trol

1. INTRODUCTION

Panoramic videos, as a form of Virtual Reality (VR) content,
offer 360-degree viewing direction when playing videos. Re-
cently, panoramic video has been increasingly popular due
to its immersive visual experience. On the other hand, high
resolution (4K or beyond) is required in panoramic video for
pleasant visual experience, such that tremendous communi-
cation bandwidth is consumed by panoramic video. This may
cause bandwidth-hungry issue in communications. There-
fore, there is a desire demand for improving compression ef-
ficiency of panoramic video.

During the past decade, several approaches [1-12]
have been proposed to enhance compression efficiency of
panoramic video. For example, in the early time, user-driven
interactive compression [1-3] was proposed for panoramic
video coding. In particular, the panoramic video is com-
pressed into multiple tile-based streams, and then a specific
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set of streams is transmitted, decoded and rendered, according
to the user’s present viewpoint at the decoder side. Although
there exist a couple of advanced user-driven approaches in
recent years [4, 5], user-driven approaches are not matura-
tive for practical applications. It is because there exists large
transmission delay on the feedback of the user’s present view-
point. Recently, encoder optimization approaches [6, 7, 11]
have been proposed for panoramic video coding. For in-
stance, Zheng et al. [6,7] proposed a novel motion compensat-
ed prediction approach to improve the quality of compressed
panoramic video. Besides, Yu ef al. [11] presented an H.264-
complaint coding optimization approach, which adaptively
adjusts different sizes and bit-rates of various tiles to enhance
the overall quality of panoramic video. Instead of optimiz-
ing the encoder, some preprocessing approaches [8—10] have
been proposed for panoramic video coding. In [8], Budagavi
et al. proposed to utilize region adaptive smoothing before
encoding panoramic videos, so that more bits can be saved in
the regions close to poles which are rare to be viewed. Simi-
larly, Youvalari [ 10] proposed a regional down-sampling pre-
processing approach to decrease the extra bit-rate caused by
over-stretched polar areas. However, the preprocessing ap-
proaches cannot control bit-rate for panoramic video coding,
and thus compressed panoramic videos can hardly resume o-
riginal quality at sufficient bit-rates. In fact, rate control (R-
C) can be applied to optimize visual quality of compressed
panoramic video at a given target bit-rate.

The existing 2-Dimensional (2D) video coding standards,
such as the latest High Efficient Video Coding (HEVC) [13],
have been used for panoramic video coding, and their R-
C scheme may be applied as well. Most recently, the R-\
scheme [14] has been proposed for the latest HEVC, as the
state-of-the-art RC scheme. The R-\ scheme performs well
in both rate distortion (RD) optimization and control accura-
cy. Unfortunately, the RD optimization of the R-\ scheme
mainly focuses on improving PSNR for 2D video coding,
while Sphere-based PSNR (S-PSNR) [15] is more effective in
measuring visual quality for panoramic video coding. Thus,
it is necessary to control bit-rate of panoramic video coding,
with optimization on S-PSNR. To the best of our knowledge,
there is no RC work on optimizing S-PSNR for panoramic
video coding.

In this paper, we propose an RC scheme for panoram-
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ic video coding, which optimizes S-PSNR at a given bit-
rate. First, we evaluate subjective quality of some compressed
panoramic videos by Differential Mean Opinion Score (D-
MOS). Next, we find that DMOS is more correlated to S-
PSNR than PSNR. Thus, S-PSNR is used as the optimization
objective in our RC scheme. Accordingly, we propose a for-
mulation to optimize S-PSNR with constraint on the target
bit-rate, based on the R-\ RC scheme. In our formulation,
the non-uniform sampling of sphere-to-plain map of S-PSNR
is taken into account. Then, we develop a solution to our for-
mulation, such that bits are optimally assigned to each Coding
Tree Unit (CTU) according to S-PSNR. In summary, the main
contributions of this paper are as follows: (1) We prove that
S-PSNR is an effective metric for evaluating visual quality
of panoramic video coding. (2) We propose the RC formula-
tion for optimizing S-PSNR in panoramic video coding, with
a solution achieving optimal CTU-level bit allocation.

2. PRELIMINARY

Since our RC scheme mainly concentrates on optimizing S-
PSNR, we briefly review S-PSNR in Section 2.1, and verify
its effectiveness in Section 2.2.

2.1. Overview of S-PSNR

S-PSNR aims at measuring distortion of impaired panoram-
ic video given its reference video. Different from PSNR, S-
PSNR is based on mean square error (MSE) at sphere domain,
such that sphere-to-plain projection needs to be employed in
calculating S-SPNR. Figure 1 shows the sphere-to-plain pro-
jection for both reference and impaired sequences, in which
pixels at plain domain are non-uniformly sampled for com-
puting pixel-wise S-PSNR.

To be more specific, we assume that pixels on the sphere
are denoted as {gy })_;, where IV is total number of pixels
in the sphere of the panoramic video. Then, g, on the sphere
is projected to location (x,,, ¥, ) in the reference and impaired
sequences. Given (z,, y»), S-PSNR can be computed based
on the averaged sphere-based MSE (S-MSE) as follows,

N

_qQr 2
smsp — et (S@nyn) = 5w, y0)*
N
2552
-PSNR = 101 — 1
S-PS 0logyg S-MSE’ (1)

where S(xy,,y,) and S’(z,, y,) are pixel values of the n-th
pixel projected to reference and impaired sequences, respec-
tively. However, the sphere-to-plain projection may make
(Zn,yn) as sub-pixels without knowing its pixel values. To
solve such an issue, the Lanczos interpolation is used in [16]
to estimate S(z,,, y,) and S’(x,,, yn ), according to the values
of its neighboring pixels. Finally, S-PSNR can be obtained by
(1), with interpolated values of {(,, y, ) }2_;.

2.2. Verification of S-PSNR

To verify the effectiveness of S-PSNR, we compare the per-
formance of PSNR and S-PSNR, via evaluating their corre-
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Fig. 1: Illumination of sphere-to-plain projection for refer-
ence and impaired sequences. Such projection leads to non-
uniform sampling for computing S-PSNR in plain domain.
lation with subjective quality over several panoramic video
sequences. For comparison, 8 panoramic video sequences in
raw format are selected from the standard test set of IEEE
1857 working group [17]. These sequences are compressed at
500 Kbps, 3Mbps and 100 Mbps. Then, PSNR and S-PSNR
are measured for compressed sequences, with regard to their
reference raw sequences.

Next, we follow the way of [ 18] to conduct the subjective
test, for quantifying subjective quality of those compressed
sequences in terms of DMOS. In our subjective test, there are
int total 17 subjects (10 males and 7 females, aging from 19
to 30) involved in rating raw quality scores of all sequences.
Here, the VR headset Oculus Rift DK2 is utilized to display
the test panoramic videos at their original resolution. In addi-
tion, we leverage LiveViewRift as the Oculus Rift video play-
er, with its default projection type of sphere. Finally, the D-
MOS value of each compressed sequence can be obtained on
the basis of their rated subjective scores, as reported in Ta-
ble 1. Table I also tabulates PSNR and S-PSNR of each se-
quence.

Now, we measure the correlation between PSNR/S-PSNR
and DMOS for each compressed sequence, using Pearson
Correlation Coefficient (PCC), Spearman Rank Order Corre-
lation Coefficient (SROCC), Root MSE (RMSE), and Mean
Absolute Error (MAE)!. The correlation results, over all com-
pressed sequences, are shown in Table 2. As observed from
this table, S-PSNR is more correlated with DMOS, compared
to PSNR. Besides, the error between DMOS and S-PSNR
is smaller than those between DMOS and PSNR. Hence, S-
PSNR is a more reasonable objective metric than PSNR, val-
idating the effectiveness of S-PSNR.

3. PROPOSED RATE CONTROL SCHEME

The main goal of RC in panoramic video coding is to maxi-
mize S-PNSR at a given bit-rate, since the above section veri-
fies the effectiveness of S-PSNR. Based on the definition of S-
PSNR in (1), the sphere-based distortion is the sum of square

Since DMOS and PSNR/S-PSNR have negative correlation, we use
(100 — DMOS) instead of DMOS, to compute the RMSE and MAE.



Table 1: Subjective and objective metrics of sequences compressed at different bit-rates.

Name Bit-rate DMOS PSNR S-PSNR Name Bit-rate DMOS PSNR S-PSNR Name Bit-rate DMOS PSNR S-PSNR
500kbps 60.04 30.89 31.02 500kbps 57.54 36.35 36.01 500kbps 57.31 33.33 32.79
Fengjing_1 IMKbps 7633 3358 39.05 Tiyu_l IMKkbps 3748 093 .04 Yanchanghui_2 IMKbps 39.68 1 7786
T0Mkbps 37.86 41.22 41.86 T0Mkbps 35.37 45.18 4532 T0Mkbps 36.02 46.21 46.05
500kbps 59.97 41.02 39.70 500kbps 68.89 27.19 26.82 500kbps 75.44 22.83 23.01
Dianying 3MKbps 3850 7634 3570 Hangpai_l 3MKbps 202 3557 3539 Hangpai_2 IMKbps 59.90 27.66 27779
10Mkbps 36.57 49.32 48.35 10Mkbps 35.36 39.92 39.85 10Mkbps 43.51 3242 3251
500kbps 64.53 30.79 30.17 500kbps 71.83 26.47 25.69 500kbps 66.64 39.28 38.71
AerialCity 3Mkbps 39.66 37.92 37.74 DrivingInCountry 3Mkbps 48.15 31.61 31.02 Average 3Mkbps 49.54 45.22 44.77
10Mkbps 36.26 39.13 39.18 10Mkbps 39.57 3513 34.72 10Mkbps 44.08 47.94 47.62
Table 2: Correlation between DMOS and objective metrics. Fengjing 1 - Tiyu_1
+ S-MSE vs. bpp ) + S-MSE vs. bpp
60! —Hyperbolic fitting — Hyperbolic fitting
- §-MSE = 0.2534bpp 0712 i S-MSE = 0.231bpp 0563
Metrics PCC SROCC | RMSE | MAE 5 o g e Rsimre OkE
S-PSNR | -0.8526 | -0.8526 | 0.1147 | 0.0935 ga o
% %
PSNR | -0.8369 | -0.8363 | 0.1210 | 0.1000 .
20/ 10
10/
. 8 5 X .
error between pixels sampled from sphere: ™ ’ e
Dianying Hangpai 2
d S S/ 2 2 ¢ 'SIVISF;VI{- hrl"l:‘ 70 + S-MSE vs. bpp ‘
— T _ T — Hyper iting — Hyperbolic fitting
m Z ( ( s yn) ( s yn)) ’ ( ) Y S-MSE = 0.03365bpp 4728 60 S-MSE =2.916bpp 0652
ne C:771 s R-square= 0.9980 50 R-square= 0.9997
H Z
. . . 34 3
where C,, is the set of pixels belonging to the m-th CTU. *
Therefore, at target bit-rate R, the optimization on S-PSNR 4 »
can be formulated by 2 L

M M
min(z dpm,) s.t. Z rm = R. 3)
m=1 m=1

In (3), 7y, is the assigned bits at the m-th CTU, and M is the
total number of CTUs in the current frame. To solve the above
formulation, a Lagrange multiplier A is introduced, and (3)
can be converted to an unconstrained optimization problem:

M
min J = (dm + M)
{Tm M

m=1 m=1

(4)

Here, we define J as the value of RD cost. By setting deriva-
tive of (4) to zero, minimization on .J can be achieved by

0J Ay (d + M)

Orm Orm
 Od (5)
- % + A
=0.

Next, we need to model the relationship between distor-
tion d,,, and bit-rate r,,, for solving (5). Note that d,,, and r,,
are equivalent to S-MSE and bit per pixel (bpp) divided by
the number of pixels in a CTU, respectively. Similar to [14],
we use the Hyperbolic model to investigate the relationship
between sphere-based distortion S-MSE and bit-rate bpp, on
the basis of four encoded panoramic video sequences. Figure
2 plots the fitting RD curves using the Hyperbolic model, for
these four sequences. In this figure, bpp is calculated by

bpp (6)

T fxWx H’

002 004 006 008 o1 012
bpp

Fig. 2: R-D fitting curves using the hyperbolic model. Note
that these four sequences are encoded by HM 15.0 with the
default Low Delay P profile. The bit-rates are set as the actual
bit-rates when compressing at 4 fixed QP (27, 32, 37, 42), to
be described in Section 4.1.

where f means frame rate, and W and H stand for width and
height of video, respectively. Figure 2 shows that the Hyper-
bolic model is capable of fitting on the relationship between
S-MSE and bpp, and R-square for the fitting curves of four
sequences are all more than 0.99. Therefore, the Hyperbolic
model is used in our RC scheme as follows,

), (7

where ¢,,, and k,, are the parameters of the Hyperbolic model
that can be updated for each CTU using the same way as [19].
The above equation can be rewritten by

A = Cm - (T

adm
= G = Cm ki, ®)
Given (5) and (8), the following equation holds:
cmk 1
_ (Zmm (km+1)_ 9

Moreover, according to (3), we have the following constraint:

M
E rm = R.
m=1

Upon (9) and (10), the bit allocation for each CTU can be
formulated as follows,

M Cm'l{m ( 1 )
Tm = Z(f) FmFl) = R.

(10)

(11)
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Fig. 3: The framework of the proposed RC scheme for panoramic video coding.

Therefore, once (11) is solved, target bit r,,, can be obtained
for each CTU, with maximization on S-PSNR. In this pa-
per, we apply the latest Recursive Taylor Expansion (RTE)
method [19] in solving (11) with the closed-form solution.
Note that the computational speed of the RTE method [19] is
rather fast (0.0015 ms for a CTU), such that our RC scheme
takes little overhead on computational cost.

After obtaining the optimal bit-rate allocation, Quantiza-
tion Parameter (QP) of each CTU can be estimated using the
method of [14]. Figure 3 summarizes the overall procedure
of our RC scheme for panoramic video coding. Note that our
RC scheme is mainly applicable for the latest HEVC-based
panoramic video coding, and it can be extended to other video
coding standards by re-investigating the Hyperbolic model of
bit-rate and distortion.

4. EXPERIMENT

In this section, experiments are conducted to validate the ef-
fectiveness of our RC scheme. Section 4.1 presents the set-
tings for our experiments. Section 4.2 evaluates our approach
from aspects of RD performance, Bjontegaard delta bit-rate
(BD-rate) and Bjontegaard delta S-PSNR (BD-PSNR). Sec-
tion 4.3 discusses the RC accuracy of our scheme.

4.1. Settings

Due to space limitation, 8 panoramic video sequences at 4K
are chosen from the test set of IEEE 1857 working group
[17], in our experiments. They are shown in Figure 4.
These sequences are all at 30 fps with duration of 10 sec-
onds. Figure 4 shows that the contents of these sequences,
which vary from indoor to outdoor scenes and contain peo-
ple and landscapes. Then, these panoramic video sequences
are compressed by the HEVC reference software HM-15.0.
Here, we implement our RC scheme in HM-15.0, and then
compare our scheme with the latest R-A RC scheme [14]
that is default RC setting of HM-15.0. For HM-15,0 the
Low Delay P setting is applied with the configuration file
encoder_lowdelay_P_main.cfg. The same as [14], we first
compress panoramic video sequences using the convention-
al HM-15.0 at four fixed QPs, which are 27, 32, 37, and 42.
Then, the obtained bit-rates are used to set the target bit-rates
of each sequence for both our and conventional [ 14] schemes.
It is worth pointing out that we only compare with the state-
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of-the-art RC scheme [14] of HEVC for 2D video coding,
since there exists no RC scheme for panoramic video coding.

4.2. Evaluation on RD performance

RD curves. We compare the RD performance of our and the
conventional RC [14] schemes using S-PSNR in Y channel,
since Section 2.2 has proved that S-PSNR is more effective
than PSNR in evaluating the objective quality of panoramic
videos. We plot in Figure 5 the RD curves of all test panoram-
ic video sequences, for both our and the conventional RC
schemes. We can see from these RD curves that our scheme
achieves higher S-PSNR than [14] at the same bit-rates, for
all test sequences. Thus, our RC scheme is superior to [14] in
RD performance.

BD-PSNR and BD-rate. Next, we quantify RD perfor-
mance in terms of BD-PSNR and BD-rate. Similar to the
above RD curves, we use S-PSNR in Y channel for measur-
ing BD-PSNR and BD-rate. Table 4 reports the BD-PSNR
improvement of our scheme over [14]. As can be seen from
this table, our scheme averagely improves 0.1613 dB in BD-
PSNR over [14]. Such improvement is mainly because our
scheme aims at optimizing S-PSNR, while [14] deals with op-
timization on PSNR. Table 4 also tabulates the BD-rate sav-
ing of our RC scheme with [14] being an anchor. We can see
that our RC scheme is able to save 5.34% BD-rate in aver-
age, when compared with [14]. Therefore, our scheme has
potential in relieving the bandwidth-hungry issue posed by
panoramic videos.

Subjective quality. Furthermore, Figure 6 shows visual
quality of one selected frame of sequence Dianying, encod-
ed by HM-15.0 with our and conventional RC schemes at the
same bit-rate. We can observe that our scheme yields better
visual quality than [14], with smaller blurring effect and less
artifacts. For example, both regions of fingers and light gen-
erated by our scheme is much more clear than those by [14].
Besides, the region of the leg encoded with our RC scheme
has less blurring effect, compared to [14]. In summary, our
scheme outperforms [14] in RD performance, evaluated by
RD curves, BD-PSNR, BD-rate and subjective quality.

4.3. Evaluation on RC accuracy

Now, we evaluate the RC accuracy of our scheme. For such
evaluation, Table 3 illustrates the error rate of actual bit-rate



(¢) Hangpai 1 (4096x2048) (D) Hangpai_2 (4096x2048)

(d) Dianying (4096x2048)

(2) AerialCity (3840x1920)

(h) DrivingInCity (3840x1920)

Fig. 4: Selected frames from all test panoramic video sequences.
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Fig. 5: RD curves of all test sequences compressed by HM-15.0 with our and conventional RC [14] schemes.
Table 3: S-PSNR improvement and RC accuracy of our RC scheme, compared with the conventional scheme [14].
Name Fixed QF RC error (%) RC error (%o) S-PSNR (dB) Name Fixed QP RC error (%) RC error (%) SPSNR (aB) Name Fixed QP RC error (%) RC error (%) S-PSNR (dB)
(conventional) (our) improvement (conventional) (our) improvement (conventional) (our) improvement
27 0.07 0.12 0.27 27 0.04 0.04 0.18 27 0.74 0.34 0.03
Fengjing 1 32 0.06 0.05 0.28 Tivu | 32 0.46 0.08 0.13 5 32 0.34 0.52 0.17
negjing_ 37 032 0.20 023 R 37 001 T8 0.07 -~ 37 025 096 0.19
42 0.31 023 0.15 42 1.37 3.02 0.10 42 0.54 1.89 0.20
27 0.02 1.68 -0.07 27 0.05 0.19 0.19 27 0.02 0.18 0.15
Dianvi 32 0.00 2.00 0.1T Hanepai | 32 0.10 0.29 0.1T Hanepai 2 32 0.45 027 0.14
nanying 37 026 049 0.5 angpa_ 37 0.06 146 0.09 angpai_: 37 042 0,50 0.09
42 0.70 0.04 0.32 42 0.12 0.10 0.12 42 0.01 0.78 0.09
27 0.17 0.95 0.06 27 0.02 275 0.34 27 0.14 0.78 0.14
AerialCity 32 0.28 0.74 0.12 DrivingInCountry 32 0.04 0.24 0.27 Aver: 32 0.21 0.52 0.17
eriaiCity 37 0.06 118 0.20 inglnCountry 37 0.02 052 021 erage 37 0.17 091 0.17
42 0.09 443 0.18 42 0.05 1.24 0.19 42 0.40 147 0.17
Overall average 0.23 0.92 0.16
Table 4: BD-rate saving and BD-PSNR enhancement for each test panoramic video sequence.
Name Fengjing 1 Tiyu_1 Yanchanghui_2 | Dianying | Hangpai 1 | Hangpai 2 | AerialCity | DrivingInCountry | Average
BD-rate saving -7.63% -4.39% -3.96% -4.81% -3.87% -4.04% -5.41% -8.63% -5.34%
BD-PSNR (dB) 0.2527 0.1155 0.1619 0.1441 0.1143 0.1197 0.1356 0.2464 0.1613

with respect to target bit-rate, for both our and the convention-
al RC [14] schemes. We can see from this table that the aver-
age RC error rate is less than 1%o, comparable to the error rate
of [14]. Besides, the maximum error rate for our RC scheme
is 3.02%ofor sequence Tiyu_1, and the error rate of [14] is up
to 1.37%o. Although the RC accuracy of our scheme is smaller
than [14], it is rather high and very close to 100% accuracy.
Therefore, our scheme is effective and practical for control-
ling bit-rate of HEVC-based panoramic video coding. More
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importantly, our RC is capable of improving RC performance
for panoramic video coding.

5. CONCLUSION

In this paper, we have proposed a novel RC scheme for
panoramic video coding, which minimizes the sphere-based
distortion at a target bit-rate. Specifically, we first verified the
effectiveness of the latest sphere-based distortion measure-
ment metric S-PSNR, by comparing with PSNR. Next, our



(a) Conventional RC scheme

(b) Our scheme

Fig. 6: Visual quality of Dianying compressed at 158 Kbps by HM-15.0 with our and conventional RC [14] schemes. Note that
this figure shows the 68-th frame of compressed Dianying.

RC scheme was proposed to optimize S-PSNR, rather than
PSNR, for panoramic video coding. As such, the coding effi-
ciency of HEVC-based panoramic video coding, evaluated by
S-PSNR can be improved, leading to better subjective quality.
Finally, experimental results showed that our scheme is better
than the state-of-the-art R-\ RC scheme, with averagely 0.16
dB S-PSNR improvement and 5.34% bit-rate saving.
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