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Abstract—Virtual Reality (VR) may fundamentally change
the way of human interaction with cyberspace, and VR video
streaming is key to create an immersive VR experience. However,
the delivery of VR video requires high spatial and temporal
fidelity contents and strict low-latency, which causes that VR
video streaming requires much larger bandwidth compared to
traditional 2D videos. In this paper, we design and implement a
VR video delivery system over Named Data Networking (NDN),
which can be regarded as a future network architecture. We study
the namespace design of video data, dynamic streaming switch of
VR video, pipeline design of Interests. Besides, we also propose
an integrating hotspot-based and popularity-based cache policy
to cache the contents which are most likely to be requested.
The experimental result shows that our proposed method can
significantly reduce the transmission delay of VR video and
enhance user experiences.

Index Terms—Named Data Networking,
pipeline, cache policy

virtual reality,

I. INTRODUCTION

Virtual Reality, known as VR, is becoming popular due to
amusingness, future outlook and adaptive flexibility. Accord-
ing to a Goldman Sachs forecast, VR will grow to become a
$100 billion market in 2025. Panoramic videos are widely used
to build VR because they can immerse the users in an artificial
environment. Compared to normal videos, a VR video has a
larger Field of View (FoV), typically 360° x 180° around a
center point, and consists of two separate views to feed two
eyes individually in order to construct a 3D panoramic scene.
As a consequence, the delivery of VR video streaming requires
much larger bandwidth compared to 2D video.

However, for VR videos, a watcher just focuses on a very
small area of the 360° x 180° video at a given time and
it is a bandwidth waste to transmit the whole video. Based
on this observation, Facebook proposed dynamic streaming
technology to save bandwidth. Dynamic streaming produces
several copies of videos, each of which contains only a fixed
high-resolution area, while the other areas are low-resolution.
It chooses the most appropriate copy and transmits it to
users based on the users’ current viewpoints. In this way, the
bandwidth for transmission is significantly reduced. However,
when the viewpoint of a user changes, the user will watch the
low-resolution area, thus an appropriate copy in the server
needs to be transmitted immediately, which is called copy

switching. Obviously, Facebook’s solution inevitably results
in frequent copy switching in practice.

In this paper, we exploit Named Data Networking (NDN)
[1] to facilitate VR streaming. NDN naturally supports
viewpoint-dependent VR streaming by naming the data explic-
itly with additional bonuses: a) Smoothing dynamic streaming
via “free-riding”: a newly-sent request fetches data from
“trace” (e.g., cached data) previously left by other nodes;
b) Smoothing mobiles’ handoff by simply re-issuing pend-
ing interest, noting that VR videos are usually consumed
on mobile devices, such as smartphone and helmet-mounted
device (HMD); c¢) Serving multiple devices simultaneously via
broadcasting at mobile’s last hop in 5G and WiFi network;
d) Minimizing the transmission delay and saving network
congestion with adaptive forwarding to leverage redundant
links in real time [2].

In this paper, we design and implement a VR video delivery
system over NDN. Note that cache is very important both in
NDN and video distribution, so we propose a cache policy for
VR video data, aiming to reduce transmission latency as much
as possible and improve the user experience.

The rest of the paper is organized as follows. In Section II,
we briefly discuss related work. Then we present an overview
of our system in Section III. We describe our design details
(including namespace design, smooth switch of viewpoint, and
pipeline of interests) in Section I'V. The design of cache policy
for VR video data is presented in Section V. We evaluate
our implementation and provide some results in Section VI.
Finally, We discuss future works and conclude in Section VII.

II. RELATED WORK

The Voice-over-CCN [3] project is an early exploration
of the project’s real-time communications in ICN. Compared
with traditional VoIP [4], VOCCN has a shoulder-to-shoulder
service quality, and its system architecture is more simple and
flexible, and the potential scalability of the system is also
better. The VoCCN design concept has a significant impact
on the successive NDN applications. Many NDN real-time
distribution systems draw on VoCCN’s “pipelining Interests”
solution for real-time scenarios. ACT [5] was an early NDN
voice conference application proposed by Jacobson et al.,
Which mainly delineates the NDN network architecture. ACT

280



2018 IEEE Conference on Computer Communications Workshops (INFOCOM WKSHPS): IECCO: Integrating Edge Computing, Caching, and Offloading in

Next Generation Networks

enables efficient conversation and user discovery, which are
problems that IP voice conference can not handle. However,
subject to the construction of an early foundation platform for
the NDN project, ACT is difficult to deploy on a large scale.

NDNVideo proposed by UCLA [6] supports two working
modes of video-on-demand and live broadcasting, which is
regarded as a typical example of network application devel-
opment in content center. NDNVideo adopts the hierarchical
naming data method and the sequential numbering mechanism
based on the time line to name the video segment, so as to
achieve random access. NDNVideo can be deployed on the
NDN test network and can support multi-consumer, single-
production mode of operation. From the experimental results:
NDNVideo has good scalability, but suffers higher real-time
streaming media distribution delay. After that, the NDN project
team put forward two new application frameworks and related
APIs for NDNLive and NDNtube [7] on their basis and
dealt with two scenarios of live video and on-demand respec-
tively. In summary, NDNVideo and NDNLive architectures are
simple, flat, and has good scalability, but simple sequential
request mode will lead to high latency. In addition, their main
application scenario is a fixed terminal device.

The NDN-RTC [8] proposed by Peter Gusev et al. is another
NDN real-time conferencing solution and aims to build an
experimental research platform with low latency and real-
time communication on NDN. The NDN-RTC aims to enable
a demand-driven live broadcast system using NDN features
such as named forwarding, data signing, caching, and request
aggregation. NDN-RTC uses the WebRTC library for audio
and video encoding and decoding, while potentially supporting
the browser as a client. NDN-RTC uses a different naming
scheme for the audio and video of live streams and enables
the “meta-information” concept and the quick access to the
“newest” data segment of the Interest filter. Currently, NDN-
RTC is still in the architecture design and small-scale testing
phase.

In addition, [9] proposed overall guidelines for the design
of streaming media applications in the information center
network. Reference [10] studied and discussed the NDN
real-time TV service. The literature [11] describes the pro-
ducer/subscriber service model in the content center network.
It proposes the concept of "ADU” mainly at the application
layer. FileSync/NDN [12] discusses a solution for synchroniz-
ing data sets with iSync [13]. ChronoSync [14] is a synchro-
nization protocol under NDN that provides a method of data
synchronization and shows the architecture of an NDN chat
and file sharing system based on synchronization protocols,
ChronoChat [15] and ChronoShare [16].

Recently, with the booming development of Virtual Reality,
the research on the transmission of VR video over NDN is
put forward. The publication of [17] designs a VR video
conference system over NDN. However, this system doesn’t
take dynamic streaming technology of Facebook into account.
As a contrast, our work is based on the dynamic streaming
technology and has more innovativeness.

III. SYSTEM OVERVIEW

Our objective is to design a VR video delivery system over
NDN, and this system should have the ability to address the
following questions effectively:

1) The naming of video data. NDN 1is such a kind of
network which use the name of content to fetch the
corresponding data, so we should design a suitable
namespace and decide what name should be given to
each new data object.

2) The smooth switch of viewpoint. The dynamic streaming
technology of Facebook can not guarantee the immediate
handoff of streaming and smooth viewpoint switching.
As a result, the scene will become blurred when user
changes its viewpoint. We should take full advantage
of the features of NDN to achieve a smooth switch of
viewpoint.

3) The design of Interest pipeline to minimize delay. In
order to decrease delay, multiple simultaneous Interests
should be issued concurrently once video data are pro-
duced. Therefore, a smart design of Interest pipeline is
essential to control the transmission of Interest.

With the above questions, we propose a framework shown
in figure 1. From this figure we can see that the framework
has two types of participants: publisher and consumers. The
consumer requests video data from producer using Interests
which contain the name of requested content. The producer or
intermediate cache then respond with corresponding data. We
describe the detailed system architecture respectively on the
producer and consumer side as follows.

On the producer side, the VR application first captures 360-
degree video streaming from a panoramic camera. Then the
encoder encodes the VR video frames into different copies
based on bitrate and viewpoint. After that, a module called
Segmenter divides every frame into several segments and
stores them in the cache waiting for the requests of Interests.

On the consumer side, the Interest pipeline issues Inter-
ests to the network for the needed video data. We use two
modules to decide the information of requested data, Helmet
Sensor and Adaptive Bitrate(ABR). Helmet sensor can perceive
the orientation of user’s head and determine the viewpoint.
Adaptive Bitrate can make an appropriate bitrate decision
based on network throughput and playback buffer size. The
returned video segments are stored in Data Buffer, from which
the player reads data and takes a series of steps including
decoding, rendering and playing.

IV. DESIGN DETAILS
A. Namespace Design

For a NDN application system, naming the data is the
fundament of data transmission. An appropriate namespace
design presents the data in a way that makes much sense
to the system and makes this data fetched efficiently. The
hierarchically structured name of streaming data in NDN is
beneficial to the dynamic switching of VR video streaming.
The namespace designed in this paper is illustrated in figure
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Producer as 18Mbps
4) Viewpoint. The VR videos are panoramic and spherical,
(ittron bty | (citfront iewpont) which contain 360° x 180° scenes. Therefore, we use
l spherical coordinate (x, y) to describe the user’s current
| Cache |._| Segmenter | viewpoint. x is the angle of horizontal direction, which

ranges from 0° to 360° and y is angle of vertical

direction ranging from —90° to 90°. In this example, (0,

90) represents that the user is requesting video segments

NDN whose viewpoint is right above the user.

5) Group of Pictures. In this paper we treat group of
pictures (GoP) as the basic application-level data unit

Intersets

Consumer \“ o and /103 represents the number of current GoP. The first
R e frame of a GoP is I-frame, so all frames in a GoP can be
P decoded independently of other GoPs. This makes GoP
Bitrate ABR the basic unit of stream switch. If a GoP outsizes the
upper bound of data packet, segmentation is adopted.
Trotsing Player 6) Segment Number. The size of video frames or GoPs is

large and we need to split them into several segments
to fit the size requirement of network transmission. In
this example, /_s31 represents the segment number, from
which we can obtain the order information of segments
2. Here we use the following example in figure 3 to explain and assemble them in sequence in the consumer side.
the semantic of each component in the namespace.

Fig. 1. System Architecture.

I
/kandaovr.com/VR-LIVE/office101/18M/(0,90)/103/_s31 :
e k——————k————k——k—k—Sk—3{ |
|
|

publisher app video bit view GoP #seg

rate point

Fig. 3. Naming Example.

[ bitatel | | bitrate2 | B. Smooth Switch of Viewpoint

Compared to conventional video streaming, VR streaming is
viewpoint-dependent, and the smooth switch of video stream-
ing with different viewpoint is a crucial challenge. However,
in IP network, the implementation of smooth streaming switch
is difficult. When a user moves his head and changes the
viewpoint, the client first informs the VR application server by
sending control signal, then the server switches the streaming
and returns the video data with current viewpoint. Therefore,

Fig. 2. Namespace. when the head movement is frequent, the transmission of

control signals will take up a lot of bandwidth, which will

1) Root Prefix. In figure 3, /kandaovr.com/VR-LIVE is the eventually increase the switch delay and cause lag phases and
root prefix which describes the organization and ap- blurry scenes which severely degrade the user experience.

plication of requested data. Specifically, /kandaovr.com In this paper we exploit NDN to facilitate the smooth switch
represents the organization of producer and /VR-LIVE of viewpoint. With caching and interest aggregation, a newly-
represents the application. sent interest can leverage existing “trace” (be it cached data or

2) Streaming Number. There are often many data streams forwarding record on routers) left by previously-sent interest
in a streaming media delivery system, including video without going to original data publisher itself. This free-riding
streams, audio streams or others, so we should number feature smooths switch and mobile handoff in VR dynamic
these streams to distinguish them. /video_101 represents  streaming.
that this is a video stream and the number is 101. As shown in figure 4, if M; switches from stream A to

3) Bitrate. In the producer side, each stream is encoded into  stream B, the buffered data D 4; is not the best choice any
different bitrates representing the video quality levels, so more. M; sends Ip; which then fetches data from AP1
consumer can request appropriate bitrate based on the without being forwarded further, since M, already sends Ipq
network conditions. In this example, we set the bitrate before switch. As to mobile handoff, the returning data D¢
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is lost at last hop when M3 moves to Mé But the mobile can
save packet loss by re-issuing the pending interest /-7 and
the interest will meet desired data at router R. The free-riding
works best for live streaming because the watchers’ requests
are almost synchronized.

Moreover, NDN over broadcast channel (e.g., 5G or WiFi)
can deliver the same piece of data (Dps) to multiple con-
sumers (M; and Ms) simultaneously. This is of great impor-
tance given most VR playback devices are mobiles.
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Fig. 4. Switch of Viewpoint.

C. Pipeline of interests

In NDN-VR, to fetch a data segment, consumer sends an
interest packet which carries the name of requested data, then
the video producer returns the corresponding data packet to the
consumer. However, for a video application, it’s impossible to
send interest packets one by one and wait until the last data
packet is received, which will cause a huge delay and seriously
impact the QoE (Quality of Experience) of users. Therefore, in
this system we design a pipeline of interests to concurrently
request multiple segments. As shown in figure 5, consumer
issues simultaneous interest packets to the network for data
as needed. The data Buffer receives returned data packets and
reassembles these segments in the correct order. video player
reads data from Buffer and takes a series of steps including
decoding, rendering and playing. The blank of Buffer in figure
5 represents issued but not answered Interests, which we call
in-flight Interests. The consumer waits for in-flight Interests
until the data arrives, otherwise these Interests time out and are
reissued. There are some pointers in the Buffer that need to be
described. The pointer begin indicates the start position when
the player reads data while end indicates the end position.

When the size of readable buffer reaches preset threshold, the
player starts to read data from Buffer.

1
Consumer

/segl

Interests

/seg2

/segN

Datas

readable | | |

| |
1 decode )

I render I I play |

Fig. 5. Pipeline.

Then we show the timeline of data transmission between
producer and consumer. In the beginning, consumer issues an
estimated number of requests to fetch corresponding video
data. As shown in figure 6, the consumer issues M Interests
and waits for the responses. The time interval between Interest
arriving and data publishing is called production delay, dyyoq.
Producer responses to the M Interests when the newly captured
video frame is sliced into N segments and released. Consumer
then knows that this frame has N segments through the
information carried by returned data packet and issues N — M
Interests to request the remaining video segments. We can
see that at this time there is no production delay because the
remaining segments have been released.

Fig. 6. Timeline.
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V. CACHE PoLICY

We have described our system design above from the
perspective of producer and consumer. But beyond that, We
should facilitate the transmission of video data from the
Internet perspective. Note that content caching at intermediate
nodes, also called in-network cache, is fundamentally impor-
tant to support the basic concept of content-centric and peer-to-
peer data delivery model of NDN at low cost, so it is essential
to design an appropriate cache policy.

There are some differences between VR videos and tradi-
tional videos when caching their video data in the intermediate
routers. Particularly, the dynamic streaming technology of
VR videos has negative impact on NDNs in-network caching
performance. The caching of VR videos need larger storage
space because of their 360° x 180° panoramic views. Further-
more, since segments of different FoVs have different names,
variation in viewpoint of users causes lower cache hit ratio.
Therefore, in this paper we propose an integrating hotspot-
based and popularity-based cache policy to cache the contents
which are most likely to be requested.

A. Hotspot-Based

Hotspot represents the region which contains the most
information or can attract the most attention in a 360° x 180°
panoramic view. For example, in a large-scale concert, the
hotspot is the scene on the stage. Most of the attention of
the audience will focus on the performance of stars on the
stage, and it’s almost impossible to look right and left all the
time. The routers will preferentially cache the segments whose
viewpoints are the closest to hotspot. However, sometimes
the hotspot of a panoramic view is not only one, so in this
paper we use h;; to accurately describe the intrinsic value of
video segments. Specifically, h;; represents the intrinsic value
of ith video segment which belongs to the jth viewpoint.
We set the value range of h,; as (0, 1], that is, if the jth
viewpoint of ith video segment is just a hotspot, then the
value of h;; is 1. Otherwise, the value of h;; decreases with the
distance between viewpoint and the nearest hotspot increasing.
Assuming that H is the set of all the hotspots in a panoramic
view, dis; represents the distance between jth viewpoint and
hotspot h, and p is a adjustable coefficient, then Eq. (1) shows
the formula of h;;.

1 jeHd
- 1 .
min disjp,
heH
B. Popularity-Based

In addition to hotspot, we also use the popularity of video
segments to determine the cache policy. Popularity means how
often a data segment is requested, which can be represented as
the request frequency of a video segment over a period of time.
It is worth noting that the popularity of every video segment
keeps continuously changing with the transmission of video, so
we design a data structure to record the popularity information
in every router. Besides, each router needs to communicate

with each other to count the global popularity [18]. In this
paper we use p;; to represent the global popularity of ith video
segment which belongs to the jth viewpoint. The large value of
p;; means that this video segment is requested many times by
users, so the caching of this segment is of more significance.

C. Cache Policy of VR Video

In this paper we propose an integrating hotspot-based and
popularity-based cache policy to cache the contents which are
most likely to be requested. We can get the value of h;; and
p;; from above mentioned methods and we should integrate
these two measures to make the final caching decisions. As
shown in Eq. (2), when router receives a new data packet,
it will replace the data with the minimal value of c;; out.
Specifically, c;; is the weighted value of h;; (hotspot-based)
and p;; (popularity-based). In this way, we can guarantee that
the cached video data will be requested frequently and thus
improving cache hit ratio.

min c;; = min(ahg; + Bpij) 2
1,7 2,7

VI. EVALUATION

We simulate a VR live streaming scenario to verify how
NDN smooths dynamic streaming. The topology is a tree
structure and the tree depth is 4. We set the root of tree as
video producer. The live video is transcoded to four streams
at producer and 20 consumers request video data at the
leaves. We assume players reserve data of 1 second. Figure 7
shows the retrieval delay of data after switch. As we can see,
the retrieval delays of NDN distribute in three areas (20ms,
120ms, 200ms), indicating the three routers from consumers
to publisher. In fact, most data is fetched from consumer’s
directly connected router. Compared to the delay of IP, that of
NDN is much smaller. This means video streaming becomes
smooth with the help of free-riding feature.

NDN

retrieval delay (ms)

- N N w w »

w o w o w o

o o o o o o
-

—
o
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[
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o

1 2 3 4 5
time (s)

Fig. 7. Evaluation.
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VII. CONCLUSION

In this paper, we exploit Named Data Networking to fa-
cilitate VR streaming. NDN naturally supports viewpoint-
dependent VR streaming by naming the data explicitly with
additional bonuses. In this paper, we design and implement a
VR video delivery system over NDN. Note that cache is very
important both in NDN and video distribution, so we propose a
cache policy for VR video data, aiming to reduce transmission
latency as much as possible and improve the user experience.
Consequently, our system helps to avoid discomfort during VR
video playback, and provides more immersive VR experience.
The experimental results demonstrate that the transmission of
VR video over NDN has a better performance than IP. What’s
more, our proposed cache policy for VR video is also more
suitable for VR. In the future, we will extend our experiment
in a larger network topology to evaluate the scalability of our
system. We also plan to employ reinforcement learning to
optimize our cache policy in a unstable network environment
in the future.
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