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* Short Paper 

 

Abstract: Videos for 360-degree virtual reality (VR) systems have a large amount of data because 
they are made with several different videos from multiple cameras. To store the VR data in limited 
space or to transmit it through a channel with limited bandwidth, the data need to be compressed at 
a high ratio. This paper focuses on the compression efficiency of VR videos for good visual quality. 
Generally, 360-degree VR videos should be projected into the planer format to cope with modern 
video coding standards. Among various projection schemes, three typical schemes (equirectangular, 
line-cubic, and cross-cubic) are selected and compared in terms of compression efficiency and 
quality using various videos.     
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1. Introduction 

Recently, virtual reality (VR) systems have come to be 
expected for wide use in various applications. Fig. 1 shows 
a block diagram of typical VR systems. In the capture 
steps, omnidirectional videos are obtained using multiple 
cameras. In the video stitching steps, the input frames of 
each camera are stitched to cover a 360-degree view for 
users, horizontally and vertically. The output of video 
stitching is transferred to the sphere-to-plane projection 
step, where the three-dimensional (3D) representation is 
mapped to two-dimensional (2D) representation. VR 
videos that are changed to a rectangular shape (like 
ordinary videos) are encoded. To play the VR videos, the 
encoded data are decoded, and then 2D videos are 
projected onto a 3D sphere in the viewers. Users are able 
to select a view via control input devices, such as a mouse, 
a keyboard, or motion sensors. 

To generate the VR videos, multiple videos from 
multiple cameras are required to represent a wide range of 
views. For 2D representation of VR videos, there are many 
projection formats, such as equirectangular, icosahedral, 
cubic, octahedral, truncated square pyramid, segmented 
sphere, and equal-area formats [1-7]. These projected 2D 
videos include multiple views in one frame. The resolution 
of videos increases, and thereby, the amount of video data 

is significantly large. To store the VR data in limited space 
or to transmit it through a channel with limited bandwidth, 
the data need to be compressed at a high ratio. The popular 
video compression standards do not consider the 
characteristics of VR videos. In this VR video coding 
environment, the degradation of video quality is serious. 
This paper focuses on the coding efficiency of different 
projection formats in VR systems. The results from this 
paper will be a good guideline for producers and 
consumers when the projection format of the VR system is 
chosen.  

The rest of this paper is organized as follows. Section 2 
introduces several projection formats and the video 
compression technology for VR systems. The experimental 
environment and the results are presented in sections 3 and 
4, respectively. Conclusions are given in Section 5. 
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Fig 1. A block diagram of VR systems. 
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2. Background 

2.1 Projection Schemes in VR Systems 
Among various 3D-to-2D panoramic projection 

schemes, equirectangular and cubic formats are ones that 
are most widely used in commercial VR systems. Fig. 2 (a) 
shows the equirectangular format, where a surface of a 
sphere is mapped to a flat image that has an aspect ratio of 
2:1. The zenith and nadir are located at the top and bottom 
edges, respectively, and stretch the entire width of the 
image. Here, areas near the poles get stretched horizontally. 
This causes serious distortion of an image and unnecessary 
data redundancy. In particular, when the objects in the 
videos or cameras move vertically, the scene in the top and 
bottom areas look very different, frame by frame. This 
lowers the temporal correlation between frames. In most 
video coding standards, the low temporal correlation 
directly leads to a decrease in coding efficiency. Fig. 2 (b) 
shows the cross-cubic format, which consists of six 
squares. Squares correspond to the front, back, left, right, 
upward, and downward views. The field of view in a 
square is 90 degrees. There is no distinct distortion in the 
mapped flat image. Thus, it keeps the temporal correlation 
between frames, unlike an equirectangular format. The 
equirectangular format is dominantly used in the current 
VR viewers, and some of them also support a cubic format. 

2.2 Video Compression 
For video compression in VR systems, H.264 and High 

Efficiency Video Coding (HEVC) compression standards 
are frequently used. The main technology in these 
standards takes advantage of spatial and temporal 

correlation in videos. The processing unit is a 2D block. 
Through intra and inter predictions, a predicted block is 
generated. Transform and quantization processes are 
performed for the residual data, which are calculated from 
the difference between current and predicted blocks. Lastly, 
the transformed and quantized residual data and other side 
information are coded in the entropy coder. During this 
encoding process, accurate inter prediction plays a most 
important role for coding efficiency. Fig. 3 shows inter 
prediction in video compression. The reference frames are 
searched to find the most similar block to the block of the 
current frame. The best matched block is chosen as a 
predicted block. This process is called motion estimation 
and motion compensation. Here, the predicted block would 
be more similar to the current block, and its residual data 
would be small, as the temporal correlation is high 
between current and reference frames.  

 

2.3 Quality Measurement 
To compare coding efficiency, object quality is 

measured when the same bitrate is used to encode video 
data. The peak signal-to-noise ratio (PSNR) is most widely 
used for quality measurement and is calculated as shown in 
(1). 
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Here, n represents the bit depth of a pixel, whereas 

MSE represents the mean-square-error, which is calculated 
as seen in (2), where error e denotes the difference in pixel 
values from two images. M and N denote the width and 
height of the images, respectively, whereas m and n denote 
horizontal and vertical positions, respectively. 
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In the PSNR calculation in (1), all pixels have equal 

weight. However, in an image with an equirectangular 
format, there is high spatial redundancy in the top and 
bottom areas. Thus, weighted spherical PSNR (WS-PSNR) 

 
(a) 

 

 
(b) 

Fig. 2. Panoramic projection formats (a) equirec-
tangular, (b) cross-cubic. 

 

Fig. 3. Inter prediction in video compression. 
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was proposed for the equirectangular format, where 
different weights are assigned depending on latitude [8]. In 
(3), j denotes the latitude in image height. When j is near 
the equator (height/2), the weight is close to 1. On the 
other hand, weight becomes small as j is closer to the pole 
areas. 
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3. Environment for Experiments 

In this paper, three projection schemes (equirectangular, 
line-cubic, and cross-cubic) are used in the experiments. 
For a fair comparison of coding efficiency, the resolution 
of videos with different projection formats needs to be set 
similarly. In Fig. 4(a), a video with equirectangular format 
has a resolution of 1024 x 512 (524,288 pixels). It is 
transformed to the line-cubic format where the resolution 
is 1776 x 296 (525,696 pixels), as shown in Fig. 4(b). The 
resolution of a video with a cross-cubic format in Fig. 4(c) 
is 1184 x 888 (1051,392 pixels), where the valid pixel area 
is exactly the same as the line-cubic format. The other area, 
represented in black, carries no information. 

Test sequences used in the experiments are shown in 
Fig. 5. The two video sequences in Figs. 5(a) and (b) 
contain static and slow motion, whereas the two videos in 

Figs. 5(c) and (d) contains fast and complex motion. Those 
video sequences were downloaded from YouTube. Videos 
in Figs. 5(e) and (f) were captured using the VR camera in 
Fig. 6. Static videos, Amsterdam and Boat, in Figs. 5(a) 
and (b) consist of 150 and 118 frames, respectively. There 
is almost no motion in the top and bottom areas. Dynamic 
videos, DeepBlueSea and Rollercoaster, in Figs. 5(c) and 
(d) consist of 68 and 191 frames, where there is a lot of 
motion, especially in the top and bottom areas. Inha1 and 
Inha2 sequences in Figs. 5(e) and (f) consist of 124 and 
153 frames. These videos were captured while walking, 
and thus, contain very dynamic and complex motion.  

For video encoding, HEVC test model (HM) 13.0 was 
used with the low-delay P configuration. The quantization 
parameters were set to 22, 27, 32, and 37. The coding 
efficiency of each projection is compared through a rate-
distortion (RD) curve. For quality measurement, WS-
PSNR was used for the equirectangular format, whereas 
PSNR was used for line-cubic and cross-cubic formats. In 
the cross-cubic formats, there is an invalid pixel area 
denoted in black, as shown in Fig. 4(c). To measure the 
quality of the area a viewer actually watches, the pixels in 
the black area are excluded for the PSNR calculation. 

 
(a) 

 

(b) 
 

 
(c)  

Fig. 4. Projection schemes used for experiments. 

 

                           (a)                                            (b) 
 

                          (c)                                             (d) 
 

                          (e)                                              (f) 

Fig. 5. Test sequences. 
 
 

 

Fig. 6. A VR camera rig with six Xiaomi Yi cameras. 
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4. Experimental Results 

Figs. 7(a)-(c) show equirectangular, line-cubic, and 
cross-cubic formats for the static video sequence, 
Amsterdam, whereas Figs. 8(a)-(c) show equirectangular, 
line-cubic, and cross-cubic formats for the static video 
sequence Boat. The compression performance is presented 
in the RD curves of Fig. 7 (d) and Fig. 8(d), where the 
horizontal axis represents the bitrate, whereas the vertical 
axis represents the quality. Fig. 7(d) shows that the 
compression performance of an equirectangular format is 
better than that of the cross-cubic format. The Amsterdam 
sequence has very static motion, and thus, the distortion of 

top and bottom areas does not affect the decrease in 
temporal correlation. On the other hand, the spatial 
correlation increases due to the data redundancy. This can 
increase the compression efficiency. The sequence in 
cross-cubic format in Fig. 7(c) has no image distortion, but 
an invalid black area consumes some bits for encoding. 
This lowers the compression efficiency. Boat in Fig. 8 has 
a small amount of motion. The performance gap between 
equirectangular and cross-cubic formats decreases. 

Figs. 9(a)-(c) show equirectangular, line-cubic, and 
cross-cubic formats for the dynamic video sequence, 
DeepBlueSea, whereas Figs. 10(a)-(c) show equirec- 
tangular, line-cubic, and cross-cubic formats for the 
dynamic video sequence Rollercoaster. The compression 

 
(a) 

 

 
(b) 

 

 
(c) 

 
(d) 

Fig. 7. Compression performance results for the Amsterdam sequence. 

 

 
(a) 

 

 
(b) 

 

 
(c) 

 
(d) 

Fig. 8. Compression performance results for the Boat sequence. 
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performance is presented in the RD curves of Figs. 9(d) 
and 10(d), where the compression performance of cubic 
formats is better than with the equirectangular format in 
dynamic video sequences. As assumed in this paper, these 
experimental results show that the distortion of an 
equirectangular format has a bad influence on coding 
efficiency when motion is dynamic. Between the two cubic 
formats, line-cubic shows a higher PSNR than cross-cubic. 
Except for image boundaries, there are two discontinuity 
edges in the line-cubic formats, whereas there are eight 
discontinuity edges in the cross-cubic formats. Most video 
coding standards do not consider this special case of VR 
format. Thus, this discontinuity decreases the coding 
efficiency in a general video encoder environment.  

Figs. 11(a)-(c) show equirectangular, line-cubic, and 
cross-cubic formats for dynamic video sequence Inha1, 
whereas Figs. 12(a)-(c) show equirectangular, line-cubic, 
and cross-cubic formats for dynamic video sequence Inha2. 
In these video sequences, the motion is extensive and 
complex. The compression performance is presented as 
RD curves in Figs. 11(d) and 12(d). The cubic formats 
show much better coding performance than the 
equirectangular format, and line-cubic has the highest 
coding efficiency. 

The observations made in this comparison experiment 
are as follows. First, the distortion at the top and bottom 
areas in the equirectangular formats is caused by data 
redundancy. This makes the spatial correlation high. Thus, 

 
(a) 
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(d) 

Fig. 9. Compression performance results for the DeepBlueSea sequence. 
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(b) 

 

 
(c) 

 
(d) 

Fig. 10. Compression performance results for the Rollercoaster sequence. 
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in a static video (which has little or no motion), especially 
in the top and bottom areas, this distortion does not affect 
the decrease in coding efficiency. Second, in the dynamic 
video sequences, cubic formats, which keep a high 
temporal correlation, show good compression performance. 
Among line- and cross-cubic formats, the line-cubic 
format (which has less discontinuity) shows equal or better 
performance than the cross-cubic format. 

5. Conclusion 

In this paper, various projection schemes that are used 
for VR systems are compared in terms of coding efficiency. 

In subsequent work, other projection schemes besides 
equirectangular, line-cubic, and cross-cubic need to be 
compared. In the experiment for this paper, cubic formats 
are transformed from the equirectangular format. This can 
cause unpredicted quality loss. For better comparison 
experiments, all projection formats need to be made from 
the originally captured videos.  
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Fig. 11. Compression performance results for the Inha1 sequence. 
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Fig. 12. Compression performance results for the Inha2 sequence. 
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