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Abstract 
This contribution provides description of Rotated Sphere Projection (RSP) for 360 video. RSP represents 
360 video using only two faces that are arranged in two rows. The top face is directly cropped from middle 
270°x90° of ERP, while the bottom face is also cropped from middle 270°x90° of ERP after performing a 
spherical rotation by 180° along Y-axis and 90° along X-axis. Average coding gains of 10.5%, 4.5% and 
5.2% are observed for WS-PSNR-E2E metrics. 

1 Introduction 
Omnidirectional or 360/VR video involves capturing all sides around the observer at the same time. 
Typically, this is accomplished by way of gen-locked multi-lens camera rigs, which are designed to capture 
video with some overlap. Stitching tools, which are usually aware of camera configuration, try to remove 
parallax between different views and create a perfectly calibrated 3D model of the scene. Once content is 
stitched, it must be projected onto a 2D plane, so that codecs can encode this video representation. 

The Equirectangular Projection [9] (ERP) has the advantage of being simple and straightforward to 
visualize. It also has lowest number of discontinuities and is relatively easy to manipulate using existing 
video editing tools and rendering engines. This is one of the reasons that ERP is currently the most widely 
deployed projection format. However, ERP exhibits extreme distortion at poles which results in “pixel 
inefficiencies” – i.e. much higher number of pixels are devoted to poles than equator. Furthermore, 
traditional codecs were never designed for content with so much geometric distortions at poles, hence they 
perform poorly and/or need to work harder. 

Numerous projection formats and frame packing arrangements have been proposed recently. Some of these 
include Icosahedral projection [1] (ISP), Segmented Sphere Projection [6] (SSP), Cubemap Projection [8] 
(CMP), Octahedron Projection [5] (OHP). There has been considerable work underway at JVET to define 
common objective and subjective test conditions to evaluate different projection formats [1]. While certain 
projections seem to have advantages over others, there is a clear need to identify important factors that 
make one projection more desirable over another. Some of these factors are stated below: 

1. Low surface area compared to sphere. Projections like ISP and SSP get very close to sphere. As 
a result, they need 25% lower number of pixels compared to ERP to represent sphere. Alternatively, 
one can pack 25% more resolution under same level constraints, which is equivalent to 5K 
resolution on sphere. This is important, because most people agree that VR/360 systems need to 
improve on resolution. In contrast, CMP must lie farther than sphere (in order circumscribe it) and 
hence it needs 22% more pixels than ERP (38% more pixels than ISP and SSP). 

2. Number of faces and face arrangement. A projection like SSP (with only 3 faces) performs better 
with existing coding tools because 2/3rd of the picture looks almost like normal video i.e. has no 
soft and hard discontinuities. Projections like ISP and OHP have greater number discontinuities 
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where coding tools suffer. As a result, we observe lower compression performance from these 
projections. Secondly, having more faces requires one to devote more pixels in storing padded or 
overlap region, which again sacrifices resolution. 

3. Aspect ratio. Most hardware encoders and decoders that are deployed today are designed to 
optimally handle 3840x2160 video with 16:9 aspect ratio. To guarantee compatibility with already 
deployed codecs and to be aligned with non-360 applications of a future codec, it is desirable to 
have an aspect ratio of a projection that is closer to 16:9. Projections that have a very wide aspect 
ratio, for example SSP and NPCM [7] pose several challenges: 

§ Most already deployed codecs are designed to handle maximum picture width of 4K, thus their 
line buffers are designed such that width of the image will never exceed 3840 or 4096 pixels. 
If we are to signal a projection with wide aspect ratio and be compliant with these codecs, it 
appears that resolution will have to be sacrificed. 

§ The wide aspect ratio looks unfit for most 16:9 monitors, television sets and phone screens. As 
a result, one is not able to appreciate resolution of the content in native projection format 
(because width of the display device becomes limiting factor). 

§ Wider aspect ratio does not lend well to some parallel processing tools, e.g. slices in 
H.264/AVC. Most common multi-slice implementations of H.264 encoders will split 6:1 frame 
into very thin rectangular slices, which are inefficient for compression (slices are most efficient 
when they are square). 

There has been a suggestion to rotate SSP by 90° and encode the image in 1:6 aspect ratio. This 
solves the issues of line buffer and slice parallel processing, but creates new challenges: 

§ Most already deployed codecs are designed to handle content in wider aspect ratio (with more 
horizontal than vertical motion e.g. camera pans). This tall and rotated orientation may result 
in sub-optimal codec performance in terms of compression efficiency. 

§ With 1:6 aspect ratio, the codec pipeline (which was designed to handle 4K line buffers) may 
now be sub-optimally used, as the picture is taller. This may also result in worst throughput. 

From above discussion, it seems that a good projection would have a more “compliant” aspect ratio, lower 
surface area compared to sphere and lesser face discontinuities. 

2 Rotated Sphere Projection (RSP) Explained 
The Rotated Sphere Projection is composed of only two faces arranged in two rows such that aspect ratio 
of the final picture is 3:2. The first face (or row) can be obtained by directly cropping middle 270°x90° 
from Equirectangular (ERP) image, as shown by white dotted line in Figure 1. 
  

 
Figure 1 – Cropping top face of RSP 

 
Since ERP can be viewed as a cylinder surrounding a sphere, the above operation extracts a partial 
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cylinder. The 90°x270° from top, bottom and back side must now be extracted and packed into RSP. To 
do so, ERP image can be rotated such that pixels at the poles are brought to the equator and pixels 
corresponding to back face are brought to the front. The new image is shown in Figure 2. 
  

 
Figure 2 – Cropping bottom face of RSP 

  
The image along dotted line is cropped to get top, back and bottom field of view information. After 
stacking both the cropped images, final RSP frame is shown in Figure 3. 
  

 
Figure 3 –RSP frame 

 
The RSP projected video has same height as original ERP video, but width is reduced by 25%. For instance, 
an ERP frame of size 4096x2048 would convert to size 3072x2048 in RSP format. In Figure 3, since corners 
of each strip overlap with other strip’s middle section, they can be greyed out (to mark them as inactive). 
Since JVET rules require each projection to have same number of active pixels on sphere, the RSP 
resolution can be set to 3648x2432 to have same number of active pixels as ERP. However, an RSP image 
with 5K resolution on sphere will have a resolution of 3744x2496 (width of this resolution is still less than 
3840 and this is under Level 5.1/2 constraints for H.264/AVC). We understand that height of this image is 
more than 2K, but many smartphone decoders can already decode this resolution.  
Almost like a tennis ball as shown in Figure 4, RSP envelops the sphere with two faces. The face that 
captures front side is called top face, while the face that captures back side, along with top and bottom is 
called bottom face. The size and geometry of both faces is identical and as a result, the shape is symmetric. 
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Figure 4 –Showing RSP faces arranged around sphere like a tennis ball 

3 Mathematical Formulation 
A typical representation of a sphere in 3D XYZ coordinate system is shown in Figure 5. X axis points 
toward the front view of the sphere from the center of sphere. Y axis points toward the top view of the 
sphere from the center of sphere. Z axis points toward the right side of the sphere from the center of sphere.  

The sphere can be sampled with longitude (ϕ) and latitude (θ). The longitude ϕ in the range [-π, π] while 
latitude θ in the range [-π/2, π/2]. Using convention shown, longitude is defined by the angle starting from 
X axis in counter-clockwise. The latitude is defined by the angle from equator plane toward Y axis. 

 
Figure 5 –Sphere representation in 3D XYZ Coordinate System 

RSP consists of two faces as shown in Figure 6. The top face derivation is trivial, since it is directly cropped 
from ERP. For the bottom face, we perform following rotation on the sphere: 

§ 180° rotation along Y-axis (to bring back side to the front) 
§ 90° along X-axis (to bring polar data to equator). 

The X’, Y’ and Z’ coordinates on sphere after performing this rotation are defined below: 

X’ = –X 

Y’ = –Z 

Z’ = –Y 

Now, we describe how a point on sphere will map to top and bottom facets of RSP. In 2D (u,v) coordinate 
system, as shown in Figure 2, a point (xt, yt) contributed by the top face to the sphere is given as: 

 

(1) 

For the bottom face, as shown, a point specified by coordinates (xb, yb) is given by equation: 
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(2) 

The longitude (ϕ’) and latitude (θ’) of bottom face (after rotation) can be expressed in terms of longitude 
(ϕ) and latitude (θ) of top face (before rotation) as follows:] 

 

(3) 

Equations (1) and (2) indicate how to map sphere to top and bottom faces. These equations are same as 
Equirectangular Projection (ERP). The derivation of formula (3) is not reported for the sake of brevity. 

 

 
 

Figure 6 –RSP projection to sphere 

4 Coding Performance 
RSP has been implemented in JVET 360Lib-2.1 software [11] and tested as per common test conditions 
described in [1]. Face sizes for RSP were set to 1216x1216 and 1008x1008 for 8K and 4K input 
respectively. This equates to a frame resolution of 3648x2432 and 3024x2016 for 8K and 4K input 
respectively. With these sizes and the fact that RSP has inactive pixels on the corners, the number of active 
pixels is nearly same as ERP. 

 
Table 1 –Results for all projections using HM-16.15 

In Table 2, results of RSP for individual sequences are shown. 

PROJECTION Y U V Y U V Y U V Y U V
CMP -3.9% -2.6% -2.5% -3.8% -2.7% -2.7% -3.8% -2.8% -2.8% -3.8% -2.7% -2.6%

EAP 11.7% -2.3% -3.1% 11.9% -2.4% -3.2% 11.6% -2.4% -3.3% 11.5% -2.3% -3.2%

OHP1 -1.3% 3.3% 2.3% -1.3% 3.0% 2.0% -1.4% 3.0% 2.0% -1.4% 3.3% 2.3%

ISP1 -5.0% -0.4% -1.2% -4.9% -0.6% -1.3% -5.0% -0.6% -1.4% -5.2% -0.5% -1.3%

SSP(vert) -10.2% -4.1% -4.6% -10.1% -4.2% -4.7% -10.2% -4.4% -4.9% -10.3% -4.0% -4.6%
RSP -10.5% -4.4% -5.1% -10.3% -4.7% -5.3% -10.4% -4.8% -5.4% -10.5% -4.5% -5.2%

SPSNR-NN-E2E SPSNR-I-E2E CPP-PSNR-E2E WS-PSNR-E2E
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Table 2 – RSP results for all sequences 

We would like to thank experts from InterDigital for cross-checking this data in [12]. 

5 Conclusion 
Rotated sphere projection (RSP) is proposed. RSP uses two symmetric and perfectly continuous faces to 
represent omnidirectional video. It has a simple 3:2 aspect ratio like CMP, proximity to sphere like ISP and 
SSP, high continuity like SSP and a very simple mathematical representation that is based on ERP. Hence, 
it is recommended to adopt RSP into 360Lib for further work on 360 video coding. 
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Y U V Y U V Y U V Y U V

Trolley -8.4% 3.0% -1.9% -8.5% 2.9% -2.0% -8.7% 2.8% -2.2% -8.6% 2.9% -2.1%

GasLamp -4.0% 3.4% 8.0% -4.0% 3.2% 7.7% -4.3% 3.0% 7.6% -4.2% 3.2% 7.8%

Skateboarding_in_lot -17.4% -15.3% -16.4% -17.5% -15.6% -16.6% -17.5% -15.6% -16.7% -17.4% -15.4% -16.5%

Chairlift -23.5% -16.3% -16.7% -23.5% -16.4% -16.8% -23.7% -16.4% -16.9% -23.6% -16.4% -16.8%

KiteFlite -9.5% -2.8% -3.7% -9.7% -2.9% -3.8% -9.6% -3.1% -3.9% -9.5% -3.0% -3.8%

Harbor -8.4% -1.2% -1.0% -8.6% -1.4% -1.1% -9.1% -1.5% -1.2% -8.9% -1.4% -1.1%
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AerialCity -1.8% 1.9% 0.9% -2.0% 1.1% 0.5% -1.9% 1.0% 0.3% -1.8% 1.9% 0.9%

DrivingInCity -2.6% 9.0% 6.6% -1.9% 8.2% 6.1% -1.9% 8.0% 6.0% -2.6% 9.1% 6.6%

DrivingInCountry -19.9% -16.7% -17.4% -19.2% -17.0% -17.5% -19.2% -17.1% -17.6% -19.9% -16.7% -17.3%

Overall -10.5% -4.4% -5.1% -10.3% -4.7% -5.3% -10.4% -4.8% -5.4% -10.5% -4.5% -5.2%

RSP
SPSNR-NN-E2E SPSNR-I-E2E CPP-PSNR-E2E WS-PSNR-E2E
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