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SUMMARY 360-degree video is an important component of the
emerging Virtual Reality. In this paper, we propose a new adaptation
method for tiling-based viewport adaptive streaming of 360-degree video.
The proposed method is able to dynamically select the best tiling scheme
given the network conditions and user status. Experiments show that our
proposed method can improve the viewport quality by up to 2.3 dB com-
pared to a conventional fixed tiling method.
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1. Introduction

360-degree video (360 video for short) is an integral part of
Virtual Reality, which can provide immersive viewing expe-
rience to users [1]. However, streaming of 360 video over
bandwidth-constrained networks is not an easy task because
360 videos require much higher bandwidth than traditional
videos [2]. For effective streaming of 360 video, viewport
adaptive streaming has been introduced. The basic idea is to
deliver viewport, which is the visible part according to cur-
rent position of the user’s head, at high quality, whereas the
other parts are delivered at lower quality [3].

It should be noted that, in practice, video adaptation is
carried out on the basis of adaptation intervals (called tem-
poral segments in DASH [4]). So, even though the network
delay could be very small today (e.g. a few milliseconds),
the streaming system can respond to changes after each in-
terval only.

Tiling-based approach is the most popular approach
for realizing viewport adaptive streaming [3], [5]. In tiling-
based viewport adaptive streaming, the original video is spa-
tially partitioned into regions called tiles. Each tile is fur-
ther encoded into several versions of different quality levels.
Given the user’s viewport, the tiles overlapping the viewport
(called visible tiles) are streamed at high quality while the
other tiles at lower quality [3]. Figure 1 shows a tiling exam-
ple and the visible tiles corresponding to a specific viewport.

In the current literature, typical tiling schemes include
4x3 [6], 6x4 [5], 8x4 [7], and 8x8 [3]. Some studies investi-
gate good tiling schemes from the server’s point of view, by
considering the tradeoff between coding efficiency and the
number of tiles [5], [7]. However, no metric to decide the
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Fig. 1 Illustrations of tiling scheme, viewport, and visible tiles.

optimal tiling scheme has been considered.
In our opinion, the existing studies on optimal tiling

scheme miss two important issues. First, the optimal tiling
scheme should be mainly considered from the client’s point
of view. That is, it should be based on the quality perfor-
mance measured at the client, not at the server.

Second, a tiling scheme so far is fixed during a whole
streaming session. Intuitively, when the head-moving speed
is small, one should use high tiling granularity (i.e., large
number of tiles) as it can reduce the amount of redundant
pixels, which are the pixels belonging to high quality tiles
but not in the viewport. Meanwhile, redundant pixels in case
of low tiling granularity (i.e., small number of tiles) can help
cope with a high head-moving speed. Since the user head
movement is generally varying throughout a streaming ses-
sion, using a fixed tiling scheme as in existing studies might
lead to non-optimal viewport quality.

In this context, it is important to answer some related
questions such as “what is the benefit of adaptive tiling
compared to fixed tiling?”, “which tiling should be selected
given a speed of head movement?”, or “if fixed tiling is pre-
ferred in a given context, what is the best tiling scheme for
the client?”. To the best of our knowledge, there is no pre-
vious work that investigate these questions. As this is a very
complex problem, the aim of this seminal work is essentially
to raise its importance for research.

For that purpose, we will first formulate a general prob-
lem for adaptive tiling in 360 video streaming. Then, cor-
respondingly a simple solution to that problem is devised.
Experiment results show that adaptive tiling can improve
the average viewport quality by up to 2.3 dB compared to a
fixed tiling solution. It is also found that among fixed tiling
schemes, 4x3 tiling achieves the lowest viewport quality and
thus should not be used.

The remainder of the paper is organized as follows.
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Section 2 presents our proposed method. The proposed
method is evaluated in Sect. 3. Finally, the paper is con-
cluded in Sect. 4.

2. Adaptive Tiling Selection Method

In this section, we first present the problem formulation of
adaptive tiling selection. Based on that, a solution to the
problem is described.

2.1 General Problem Formulation

In our system, the tiling scheme is decided every adapta-
tion interval. Each adaptation interval consists of L video
frames. The original 360 video is represented as a rectan-
gular video with a width of W (pixels) and a height of H
(pixels) using Equirectangular projection [8]. There are K
available tiling schemes. The tiling scheme Ck (1 ≤ k ≤ K)
is defined as a grid partition of Tk = Mk × Nk equally sized
tiles (i.e. Nk rows and Mk columns). Each rectangular tile
has a width of W/Mk and a height of H/Nk. Ck is also de-
noted by Mk × Nk. Each tile is encoded into V versions.
Version v (1 ≤ v ≤ V) of tile t (1 ≤ t ≤ Tk) of tiling scheme
Ck (1 ≤ k ≤ K) of the lth frame (1 ≤ l ≤ L) has a bitrate
of Rk

t (v, l) and a distortion of Dk
t (v, l). In this study, the dis-

tortion is measured by the Mean Square Error (MSE). MSE
and bitrate values of tiles can be provided as metadata [3].
It should be noted that, as shown in our previous study [9],
PSNR (which is convertible from/to MSE) is still very ef-
fective to represent the viewport quality for users.

Suppose that, at a given time, the server needs to adapt
an adaptation interval to meet a bandwidth constraint Rc.
Denote P the set of the viewport positions when the user
watches the frames of the considered adaptation interval.
The tiling selection problem can be formulated as follows.

Find a tiling scheme Ck and a version vt of each tile t so
as to minimize the quality objective VQ which is a function
of tiles’ distortions and viewport positions.

VQ = f ({Dk
t (v, l), 1 ≤ t ≤ Tk, 1 ≤ l ≤ L},P) (1)

and satisfy the bitrate constraint

L∑

l=1

Tk∑

t=1

Rk
t (vt, l) ≤ Rc. (2)

2.2 Optimal Solution

In the following, we will describe the computation of the
quality objective and the method to decide the tiling scheme
and the version of each tile. The quality objective VQ is
computed as follows. First, the viewport distortion VQ(l)
of the lth frame (1 ≤ l ≤ L) is calculated as the weighted
average distortion of the visible tiles as follows.

VQ(l) =
Tk∑

t=1

wt(l) × Dk
t (vt, l). (3)

Here, the weight wt(l) indicates how much tile t (1 ≤ t ≤ Tk)

overlaps the viewport at the lth frame. Denote N(t, l) the area
of the overlapped area of tile t and Nvp the total area of the
viewport, the value of wt(l) is computed as follows.

wt(l) =
N(t, l)
Nvp

. (4)

It can be note that the value of wt(l) depends on the head-
moving speed. The quality objective VQ is then computed as
the average viewport distortion over all frames of the adap-
tation interval as follows.

VQ =
1
L

L∑

l=1

VQ(l). (5)

For selecting the version of each tile, a simple tile se-
lection procedure is applied. Basically, the procedure selects
the lowest version for the invisible tiles, and selects the high-
est possible version for visible tiles. Here, the invisible tiles
are also delivered to the client because we have found that
some users suddenly changes his/her viewing direction (to
the left/right or the back). If the invisible tiles are not sent,
the user might experience blank blocks in the viewport. Cur-
rently, similar to the previous studies of [5], [6], the visible
tiles are determined using the viewport at the first frame of
the adaptation interval.

As the problem space is small, a full-search procedure
is used to find the optimal tiling scheme as follows.

• Step 1: For each tiling scheme

– Classifying visible tiles and non-visible tiles of
the interval.

– Assigning the lowest version to all non-visible
tiles.

– Finding the highest possible version for all visible
tiles that is permitted by the bandwidth constraint
Rc.

– Caclulating the quality objective VQ using (3)(4)
(5).

• Step 2:

– Selecting the tiling scheme that achieves the low-
est quality objective.

– Recording the tile versions decided in Step 1 for
that tiling scheme.

With our current implementation, the average calcula-
tion time of the proposed method is less than 1ms. Thus, it
is able to apply in real-time adaptation.

3. Experimental Results

In our experiment, we use a 360-degree video named Time-
lapse, which is provided in [10]. The video is of Equirectan-
gular format, having a duration of 60 seconds, a resolution
of 3840x1920 (4K), and a frame rate of 24 fps. The Field
of View (FoV) of the viewport is 90 horizontal degrees x
90 vertical degrees. We consider K = 4 tiling schemes of
4x3, 6x4, 8x4, and 8x8. Each tile is encoded into 7 versions
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corresponding to 7 quantization parameter values of 24, 28,
32, 36, 40, 44, and 48 using HEVC. The adaptation interval
and the buffer size are both set to 1 second. We use 10 head
movement traces which are recorded from 10 different users
watching the considered video [10]. The CDFs of the angu-
lar speed per interval of each trace are shown in Fig. 2. It
can be seen that the head movements vary among the users.
To clearly see the effect of tiling, we assume that the view-
port positions during each adaptation interval are known in
advance. Also, the network bandwidth is constant during
each streaming session. Three bandwidth values of 2 Mbps,
4 Mbps, and 6 Mbps, are used. The network delay is set to
10ms.

The proposed method is compared to the conventional
method (essentially Step 1 above) in which the tiling scheme
is fixed during the streaming session. As PSNR has been
proved as most suitable metric for evaluating 360 video [9],
viewport PSNR, which measures the quality of a rendered
viewport in the sphere domain, is adopted as the perfor-
mance metric in this study. It is calculated as the PSNR be-
tween the rendered viewport and the original viewport. Be-
sides, it is possible that the boundaries between tiles might
be visible and cause negative impacts to user experience.
This issue will be studied in our future work.

Figure 3 shows the selected tiling schemes and the av-
erage angular speeds of 7th − 55th adaptation intervals of
our method under trace #6 when the bandwidth is 4 Mbps.
It can be seen that our method can dynamically adapt the
tiling scheme. Specifically, a higher number of tiles is se-
lected when the user head movement speed decreases (e.g.,

Fig. 2 CDFs of the angular speed per interval of 10 head traces.

Fig. 3 Selected tiling schemes (1: 4x3, 2: 6x4, 3: 8x4, 4: 8x8) of the
proposed method under trace #6 when the bandwidth is 4 Mbps.

7th − 10th intervals). On the other hand, a small number of
tiles is used when the head movement speed is high. Fig-
ure 4 shows the percentage of tiling schemes decided by the
proposed method with the 10 head traces when the band-
width is 4 Mbps. It can be seen that the selected tiling
schemes are strongly correlated to the movement of each
trace. For example, 4x3 tiling is not selected in case of traces
#10 and #2 as these traces have very low movement speed.
Meanwhile, in case of trace #6 where the angular speed is
mostly in the range of 30–70 (degree/sec), 6x4 tiling is the
most selected scheme. When the movement speed spreads
out evenly between 0 and 90 (degree/sec) as in case trace #9,
the portions of the tiling schemes are very similar.

Tables 1, 2, and 3 show the gain of adaptive tiling com-
pared to fixed tilings when the bandwidth is 2Mbps, 4Mbps,
and 6Mbps respectively. Note that the last two rows in these
tables summarize the average and maximum values of im-
provement among the 10 traces. Figure 5 shows the average
viewport PSNR of adaptive tiling and fixed tilings, where
the average is computed over the three bandwidth values.

It can be seen that, by adapting the tiling scheme during
a streaming session, our proposed method always achieves
higher viewport quality than the conventional method. Es-
pecially, the improvement is consistent over all three band-
width values. In general, the improvement compared to 4x3
tiling is highest, while improvements compared to 6x4, 8x4,
and 8x8 tilings are similar. As seen in Table 2, the proposed
method can improve the average viewport PSNR by up to

Fig. 4 Percentage of each selected tiling scheme of the proposed method
when the bandwidth is 4 Mbps.

Table 1 Quality gain of adaptive tiling over fixed tiling when the band-
width is 2 Mbps. The last two rows summarize the average and max values
of improvement.

Trace
Quality gain (dB)

vs. 4x3 vs. 6x4 vs. 8x4 vs. 8x8
#1 1.6 0.7 0.6 0.3
#2 1.6 0.7 0.3 0.4
#3 1.2 0.7 0.4 0.4
#4 0.9 0.7 0.3 0.4
#5 1.4 0.5 0.5 0.6
#6 1.1 0.3 0.4 0.6
#7 1.3 0.5 0.5 0.6
#8 1.9 0.5 0.5 0.8
#9 1.4 0.7 0.5 0.6

#10 1.9 0.5 0.5 0.4
Average 1.4 0.6 0.4 0.5

Max 1.9 0.7 0.6 0.8
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Table 2 Quality gain of adaptive tiling over fixed tiling when the band-
width is 4 Mbps. The last two rows summarize the average and max values
of improvement.

Trace
Quality gain (dB)

vs. 4x3 vs. 6x4 vs. 8x4 vs. 8x8
#1 1.9 0.9 0.7 0.3
#2 2.1 0.8 0.4 0.3
#3 1.6 1.0 0.6 0.4
#4 1.2 0.8 0.4 0.4
#5 1.8 0.6 0.8 0.7
#6 1.3 0.4 0.7 0.9
#7 1.7 0.8 0.8 0.9
#8 2.2 0.6 0.7 0.8
#9 1.6 0.8 0.7 0.7

#10 2.3 0.8 0.4 0.2
Average 1.8 0.8 0.6 0.5

Max 2.3 1.0 0.8 0.9

Table 3 Quality gain of adaptive tiling over fixed tiling when the band-
width is 6 Mbps. The last two rows summarize the average and max values
of improvement.

Trace
Quality gain (dB)

vs. 4x3 vs. 6x4 vs. 8x4 vs. 8x8
#1 1.5 0.8 0.6 0.2
#2 1.9 0.8 0.4 0.3
#3 1.2 0.8 0.5 0.4
#4 1.0 0.6 0.3 0.4
#5 1.5 0.5 0.7 0.7
#6 1.2 0.3 0.7 0.8
#7 1.3 0.7 0.7 0.8
#8 1.6 0.5 0.5 0.6
#9 1.2 0.7 0.6 0.6

#10 1.9 0.9 0.3 0.1
Average 1.4 0.7 0.5 0.5

Max 1.9 0.9 0.7 0.8

Fig. 5 Average viewport PSNR per trace of our proposed method and the
conventional method (averaged over three bandwidth values).

Table 4 Number of traces in which a fixed tiling scheme achieves the
highest performance compared to other fixed tilings.

Tiling Scheme 4x3 6x4 8x4 8x8
Number of Traces 0 3 3 4

2.3 dB compared to 4x3 tiling, and up to 0.8 ∼ 1.0 dB com-
pared to other tilings.

Table 4 shows the number of head movement traces
in which a fixed tiling scheme achieves the highest perfor-
mance compared to the other fixed tilings. It can be noted
that, though having the highest coding efficiency, 4x3 tiling
scheme does not achieve the highest viewport PSNR for any
traces. This suggests that 4x3 tiling is not effective and thus

should not be used. This finding in fact cannot be found
if the tiling is considered from the server’s point of view.
We can also see that the tiling schemes of 6x4, 8x4, and
8x8 have similar number of traces where they achieve the
highest viewport PSNR. From this result, 6x4 tiling seems
to be the best choice of fixed tiling, due to its high PSNR
value and lowest number of tiles. A related tiling approach
is using overlapped tiles (e.g. [11]) to cope with user head
movements. Here, one may adjust both the size and the
overlapped parts of tiles. This approach is reserved for our
future work.

4. Conclusion

In this paper, we have presented an adaptation method for
viewport adaptive streaming of 360 video that is able to dy-
namically adapt the tiling scheme based on the user’s head
movements and the network bandwidth. It was shown that
adaptive tiling can improve the average viewport quality by
up to 2.3 dB. For future work, we will investigate optimal
tiling selection scheme when applying other tile selection
methods.
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