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Abstract

This contribution presents the truncated square pyramid (TSP) projection scheme for VR/360 video. The implementation of the TSP projection, which has been integrated in the ‘360tools’ software, is described. Encoding results are reported comparing TSP projection, equirectangular (ERP) and downsampled cube map projection (DCP). The results suggest that: (1) TSP gives BD-rate savings over ERP for S-PSNR window sizes up to approx. 170°; (2) TSP provides coding gains of approximately 10% over the DCP projection.
1 Problem Statement
Virtual reality and 360 degree video content require high quality to provide an immersive experience to the viewer. Table 1 enumerates video resolution requirements considering that the HVS can distinguish up to 60 pixels per degree of field of view (FOV).
	Device
	Screen Size
	FOV
	Screen Resolution
	ppi
	360 Video Res.

	TV
	40” diag. (16:9)
	~32°
	1920 × 1080
	48
	7680 × 3840


	Smartphone
	5.5” diag. (16:9)
	~32°
	1920 × 1080
	400
	7680 × 38401

	HMD
	2.5” × 2.5” / eye (1:1)
	~90°
	5400 × 5400
	2160
	21600 × 10800 / eye


Table 1: 'Retina' 360 video resolution requirements (equirectangular projection).
Given the high resolution requirements for video and high frame rates, the problem is to represent the video content as efficiently as possible to save transmission bandwidth. Furthermore, hardware decoders have restrictions on maximum frame resolutions and frame rates that they can process, for example, 3840×2160 @ 60fps.

One approach is to transmit the full VR/360 content to the viewer. In this case, all possible viewports are available simultaneously to the viewer even though the viewer’s head position is facing in one particular direction, which defines the viewport. A potential solution that saves transmission bandwidth can limit the content that is transmitted to the current viewport only and switch to transmitting a different viewport when the viewer’s head position is changed. This contribution reports on a viewport switching scheme that employs the truncated square pyramid projection and its coding performance.
2 Truncated Square Pyramid Projection
2.1 Introduction

Fig. 1(left) illustrates how the environment sphere is mapped onto a cube (black) or onto the truncated square pyramid (TSP) geometry (blue). The 6 faces of the cube are designated with the following letters: front (F), left (L), right (R), back (B), top (T), down (D). Similarly, the corresponding faces of the TSP are assigned the same letters. At least six full TSP mappings (one per cube face) are required to represent the full sphere. Potentially, the TSP mappings may overlap to generate an even better representation of the sphere and viewing experience, for example, 30 TSP mappings. The intention is to transmit a first TSP map with the highest quality face corresponding to the viewer’s current viewport and switch to a second TSP map depending on the viewer’s head orientation. If the transmission or switching of the second TSP map is delayed, then the viewer may be presented with the first TSP map until the second TSP arrives. Depending on the viewer’s head orientation and the TSP map, the quality experienced may be reduced until the second TSP map is received.


[image: image1]
Fig. 1: (Left) Mapping of sphere onto cube or TSP geometry. (Right) TSP frame packing.

Fig. 1(right) introduces a frame packing structure that corresponds with the TSP mapping. In this frame packing structure the warped sides of the TSP are grouped next to the front face. The transitions between the front face and the various warped sides are continuous. In Fig. 1(right), the striped lines represent a frame boundary extension that may be required before encoding the frame to avoid transition artifacts across the frame boundaries.
The TSP geometry is described with the parameters proposed in [1], [2]: TSP depth, size of TSP back face. With these parameters various degrees of quality optimizations are feasible. One significant advantage of the TSP is the smooth quality transitioning from the front face (high quality) towards the back face (lowest quality).
The resolution of the TSP front face is identical to the front cube face and can represent any other viewport orientation within the sphere. Table 2 presents examples of recommended TSP decoding resolutions corresponding with 4K, 6K, 8K equirectangular projection (ERP) resolutions. The TSP pixel count is reduced by 75% compared with ERP. This significantly reduces the decoder requirements or, conversely, a 3840×1920 decoder would be capable of decoding the equivalent of 8K ERP resolution. Since a TSP based viewport scheme switches between bit streams, a single decoder session is sufficient.
	Video Frame Resolution (Decode)

	ERP
	TSP

	3840x1920 (4K)
	1920×960

	5760x2880 (6K)
	2880×1440

	7680x3840 (8K)
	3840×1920


Table 2: TSP resolution is 75% of corresponding 4K, 6K, 8K ERP resolution.

For stereoscopic content, the TSP frame packing can, for example, be organized in top-bottom configuration as illustrated in Fig. 2(right). A decoder with 3840×2160 resolution capability is able to decode the stereo TSP frame with resolution 2880×2880 (= 3840×2160). This way, the equivalent of 6K resolution per eye is achieved compared with approximately half of 4K resolution per eye with ERP in top-bottom configuration (Fig. 2 left).

[image: image2]
Fig. 2: Stereoscopic TSP frame packing example offering the equivalent of 6K resolution per eye compared with half of 4K resolution per eye for ERP.
	


2.2 Integration with ‘360tools’ Software
In the context of JVET AHG8, Samsung released the ‘360tools’ open source software on GitHub [3] with support for various projection conversions and quality metrics (under study). Conversion from ERP to TSP projection has been implemented and included in the ‘360tools’ software (see software manual in Section 5). In this implementation, the TSP geometry is configured as a cube, which is a special case of the TSP geometry with the back face configured equal to the front face. The cube faces are warped directly onto the TSP frame packing structure, i.e., the right/left/top/bottom cube faces are warped directly onto the trapezoids and the back face is warped onto the small square. There are some advantages to this implementation on a GPU, such as hardware accelerated seam handling for cube map rendering.

[image: image3]
Fig. 3: Illustration of cube based TSP projection implementation in ‘360tools’ software.
The following specifies the mapping in detail. Fig. 4 defines the (x,y) coordinates inside the TSP map. The coordinates (x’,y’) inside a single cube map face have normalized ranges [0.0,1.0]. In this implementation, the back face is subsampled by 4 horizontally and vertically. Table 3 specifies the warping equations.
[image: image9.png]



Fig. 4: Definition of coordinates within TSP map.
	Forward equations (cube faces to TSP)
	Inverse equations (TSP to cube faces)

	Right TSP trapezoid from right cube face:

x’ = (x – 0.5) / 0.1875

y’ = (y – 2.0x + 1.0) / (3.0 -  4.0x)
	Right cube face from right TSP trapezoid:

x = 0.1875x’ + 0.5

y = 0.375x’ – 0.75x’y’ + y’

	Left TSP trapezoid from left cube face:

x' = (x – 0.8125) / 0.1875

y' = (y + 2.0x – 2.0) / (4.0x – 3.0)
	Left cube face from left TSP trapezoid:

x = 0.1875x’ + 0.8125

y = 0.25y’ + 0.75x’y’ – 0.375x’ + 0.375

	Bottom TSP trapezoid from bottom cube face:

x' = (1.0 – x – 0.5y) / (0.5 – y)

y’ = (0.375 – y) / 0.375
	Bottom cube face from bottom TSP trapezoid:

x = 0.1875y’ – 0.375x’y’ – 0.125x’ + 0.8125

y = 0.375 – 0.375y’

	Top TSP trapezoid from top cube face:

x' = (0.5 – x + 0.5y) / (y – 0.5)

y’ = (1.0 – y) / 0.375
	Top cube face from top TSP trapezoid:

x = 1.0 – 0.1875y’ – 0.5x’ + 0.375x’y’

y = 1.0 – 0.375y’

	Back TSP face from back cube face:

x' = (x – 0.6875) / 0.125

y’ = (y – 0.375) / 0.25
	Back cube face from back TSP face:

x = 0.125x’ + 0.6875

y = 0.25y + 0.375


Table 3: Forward and inverse equations between cube faces and TSP faces.
3 Viewport Streaming
Viewport aware 360 video streaming schemes target delivery of high resolution (>4K) 360-degree video within the bandwidth and decoding constraints imposed by networks and video decoders. Viewport based schemes have a number of additional factors/parameters compared to the non-viewport based schemes that affect the delivered video quality. In this section, TSP based viewport aware 360 video streaming is presented as an example and factors involved with the observed video quality are discussed.

Viewport based schemes attempt to deliver the viewport representing a portion of the sphere that is closest to the viewer’s FOV at full resolution/quality and the remaining part of the 360 video at a lower resolution/quality. The entire sphere is covered by multiple (overlapping) viewports. A switch between viewports happens as the viewer’s head orientation crosses viewport switching boundaries. Fig. 5 shows the TSP with 30 viewports.
Fig. 5[image: image10.png]


: TSP with 30 viewports.
Switching between viewports can occur at random access point (RAP) pictures. In order to achieve fast switching between video tracks, time aligned periodic RAP pictures with 1 second period are inserted. For DASH streaming (Fig. 6), (sub)segments should be aligned with the RAP pictures. During switching, the viewer will continue viewing the previous viewport stream until the arrival of the current (last requested track) viewport. The switching duration is mainly determined by the RAP period, and the amount of playback buffering in the client.
Fig. 6[image: image11.png]


: Adaptive viewport streaming.
For a given average switching duration, the geometry/projection used, the number and the distribution of the viewports, and the head rotational speed determine the FOV window, i.e., the viewable region on the sphere.
4 Experimental Results
This section provides encoding results for the TSP based switching scheme. The S-PSNR metric [4] is employed to compare with ERP and with an alternative switching scheme.
4.1 Test Conditions
The HM16.11 reference software is used. The test sequence set includes 7 GoPro [5] and 3 Nokia [6] (left views) sequences in ERP format. The ERP encodings serve as the anchor for the BD-rate computations. The test configuration is random access (Main10 profile). The first second of each sequence is encoded. All projection conversions and quality metrics are executed with 10bit precision.
The first test compares the ERP encodings with a TSP scheme using 30 viewports distributed on the sphere. The TSP viewports are generated with the ‘360tools’. Table 4 enumerates the TSP frame resolutions corresponding with ERP frame resolutions. The recommended TSP frame resolution is 25% of ERP resolution with the front TSP face equivalent to the cube map projection at 75% of ERP resolution.
	ERP
	TSP
	DCP

	3840×1920
	1920×960
	1440×1440

	4096×2048
	2048×1024
	1536×1536

	4320×2160
	2160×1080
	1632×1632


Table 4: Frame resolutions for ERP, TSP, DCP encodings.

In the second test, the TSP projection is compared with a downsampled cube map projection (DCP). Fig. 5 illustrates the DCP frame packing structure. As for TSP, the front face of the DCP is equivalent to the front face of the cube map. The other DCP faces are downsampled by factor 2 horizontally and vertically. For DCP 30 viewports are generated with identical spherical distribution as for TSP. Table 4 enumerates the DCP frame resolution corresponding with ERP frame resolutions.

[image: image4]Fig. 7: Downsampled cube map projection (DCP).
The TSP and DCP comparison with ERP employs the S-PSNR metric [4] with a window defined around the center of each viewport. For example, for the default viewport with orientation pitch 90° and yaw 0°, the window with size 120° is defined by latitude interval [90° - 60°, 90° + 60°] and longitude interval [0° - 60°, 0° + 60°]. In general, for a viewport with orientation pitch Φ and yaw θ and window size 2Δ, the window for computing the S-PSNR metric is [Φ - Δ, Φ + Δ] and [θ - Δ, Φ + Δ]. The window sizes in this comparison range from 90° to 180° in steps of 10°. In a real-world implementation, the actual window sizes observed by the viewer will depend on the viewer’s head rotational speed and switching delays. For the 30 viewport case, the 180° window size would correspond with a rotational speed of approx. 45°/sec, which is a speed at which motion blur effects will affect the experienced quality depending on display characteristics. This observation also applies to the viewing of ERP content and, therefore, a comparison with larger window sizes needs to consider these effects on quality.
The BD-rates are computed with ERP encodings as the anchor and TSP, DCP encodings as the test. For TSP and DCP, the encoding bit rates and windowed S-PSNR values are averaged across the 30 viewports.
4.2 Encoding Results
Table 5 enumerates BD-rate results as a function of the S-PSNR window size for TSP and DCP. Fig. 6 is a plot of the Y component BD-rates. For TSP, there is a Y component BD-rate gain of 61.5% for S-PSNR window size 90° and the gain decreases approximately linearly with the window size. TSP exhibits BD-rate gain up to approximately window size 170°. For DCP the BD-rate gain is 8-12% lower than for TSP across all window sizes. DCP has BD-rate gain up to approximately window size 150°. The BD-rate gain of TSP over DCP is expected, because the quality roll-off of TSP is smoother than DCP and because DCP has 12.5% more pixels per frame than TSP, while the front faces are equal.
	ERP (Anchor)
	TSP BD-rate (Test)
	DCP BD-rate (Test)

	S-PSNR Win (°)
	Y
	U
	V
	Y
	U
	V

	90
	-61.54%
	-64.67%
	-65.40%
	-53.47%
	-58.63%
	-60.19%

	100
	-53.25%
	-58.73%
	-59.68%
	-42.88%
	-50.30%
	-52.12%

	110
	-44.45%
	-52.88%
	-54.10%
	-33.22%
	-42.76%
	-44.91%

	120
	-35.89%
	-46.95%
	-48.45%
	-24.25%
	-35.52%
	-38.21%

	130
	-27.59%
	-40.81%
	-42.94%
	-16.14%
	-28.40%
	-31.82%

	140
	-19.89%
	-34.70%
	-37.16%
	-8.53%
	-21.60%
	-25.48%

	150
	-12.44%
	-28.73%
	-31.17%
	-1.57%
	-15.23%
	-19.15%

	160
	-5.30%
	-22.78%
	-24.81%
	5.11%
	-8.97%
	-12.47%

	170
	2.14%
	-16.18%
	-17.89%
	11.61%
	-2.35%
	-5.69%

	180
	9.89%
	-9.40%
	-10.93%
	18.47%
	4.61%
	1.27%


Table 5: BD-rates for TSP, DCP comparison with ERP (negative BD-rate is gain).
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Fig. 8: BD-rate comparison between ERP (anchor) and TSP, DCP

5 Conclusion

This contribution presented the TSP viewport switching scheme and encoding results. With the TSP frame packing structure, which is 25% of the ERP frame size, the decoder requirement is one quarter of the ERP decoding requirement, which means that TSP can support the equivalent of 4 × ERP resolution with the same decoding requirement. For equivalent ERP and TSP resolutions, the encoding results suggest that significant bit rate savings are feasible with the TSP switching scheme depending on the viewer’s head rotational speed and switching delays (gain for S-PSNR window sizes up to approx. 170°). The encoding result comparison of the TSP switching scheme with the DCP switching scheme indicated that the BD-rate gain for TSP is approximately 10% better compared with ERP than for DCP.
6 Software Manual

The TSP as described in Section 2.2 is implemented as part of the 360tools [3] software. The following describes the command line parameters and examples.

Command line parameters:

-f 7 : ERP → TSP

-f 8 : TSP → ERP

-p pitch : [0°,180°] (bottom → top)

-t yaw : [0°,360°] (counter clockwise)

Command line examples:

ERP → TSP: 

360tools_conv.exe -i erp_3840x1920.yuv -o test_tsp_1920x960.yuv -w 3840 -h 1920 -f 7 -l 1920 -m 960 -n 1 -x 1 -y 1 -p 90 -t 0

TSP → ERP: 

360tools_conv.exe -i test_tsp_1920x960.yuv -o test_tsp2erp_3840x1920.yuv -w 1920 -h 960 -f 8 -l 3840 -m 1920 -n 1 -x 1 -y 1
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� Assumption is that 90° of content is displayed on the screen horizontally.
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