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Abstract—Live streaming of immersive multimedia content, e.g.,
360-degree videos, is getting popular due to the recent availability of
commercial devices that support interacting with such content such
as smartphones/tablets and head-mounted displays. Streaming live
content to mobile users using individual connections (i.e., unicast)
consumes substantial network resources and does not scale to
large number of users. Multicast, on the other hand, offers a
scalable solution but it introduces multiple challenges, including
handling user interactivity, ensuring smooth quality, conserving
the energy of mobile receivers, and achieving fairness among
users. We propose a new solution for the problem of live multicast
streaming of 360-degree videos to mobile users, which addresses the
aforementioned challenges. The proposed solution, referred to as
VRCast, is designed for cellular networks that support multicast,
such as LTE. We show through trace-driven simulations that
VRCast outperforms the closest algorithms in the literature by
wide margins across several performance metrics. For example,
compared to the state-of-the-art, VRCast improves the viewport
quality by up to 2.5 dB. We have implemented VRCast in an LTE
testbed to show its practicality. Our experimental results show that
VRCast ensures smooth video quality and saves energy for mobile
devices.

Index Terms—Mobile multimedia, 360-degree video, adaptive
streaming, multicast.

I. INTRODUCTION

MOBILE data traffic has grown 18 folds over the past five
years, and it is expected to continue growing at an an-

nual rate of 47% in the coming few years [1]. The majority
(60–80%) of the mobile data traffic carries video content. To
partially cope with this substantial demand, cellular network
operators have recently been considering multicast services for
streaming live video sessions such as popular sports events and
concerts. Unicast services cannot support large-scale live ses-
sions, because the required radio resources grow linearly with
the number of users, even when all users receive the same con-
tent at the same time. Multicast offers an efficient and scalable
approach to stream live videos to many users. The current gen-
eration (4G) of cellular networks already has support for mul-
ticast services. For example, the evolved Multimedia Broadcast
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Multicast Service (eMBMS) is part of the LTE standard [2], [3].
Many cellular operators have deployed or experimenting with
multicast services, including AT&T, Verizon, Korea Telecom,
and China Unicom [4], [5]. Furthermore, smartphone manufac-
turers have started introducing eMBMS support in their prod-
ucts. For example, Google provides eMBMS support in Android
8.1 for Nexus and Pixel phones [6].

Prior works, e.g., [7]–[12], have proposed various optimiza-
tions for mobile multimedia services in terms of bandwidth,
video quality, and mobile energy consumption. Most of these
works, however, are either designed for traditional, single-view
videos or consider the unicast model which does not support
large-scale users. We consider mobile multicasting of 360-
degree videos, which is a more complex problem than multi-
casting single-view videos. This is because 360-degree videos
offer unprecedented interactivities between users and the con-
tent. Specifically, users watching a 360-degree video can dynam-
ically change their viewing direction, resulting in an immersive
and engaging experience, but creating challenges for the net-
work that needs to support this interactivity. This is in addition
to handling user mobility and varying channel conditions, as in
traditional streaming systems.

Immersive multimedia content, including 360-degree and vir-
tual/augmented reality (VR/AR) videos, is projected to be quite
popular in the near future. As evidence of this expected popu-
larity, recently, major companies such as Facebook and Google
have been integrating support for such rich content in their plat-
forms [13], [14]. Many manufacturers have introduced various
consumer devices to render and interact with immersive con-
tent, such as HTC Vive, Oculus Rift, Samsung Gear VR, and
the enhanced touch screens on recent mobile phones and tablets.
Furthermore, mobile data traffic carrying immersive content is
expected to grow 11 folds by 2021 compared to 2016 [1]. There-
fore, the problem of efficiently delivering immersive multimedia
content is of practical importance.

In this paper, we present a new solution (called VRCast) for
the problem of live streaming of 360-degree videos to mobile
users. VRCast supports user interactivity, optimizes the energy
consumption for mobile receivers, accounts for the heteroge-
neous and dynamic nature of wireless channels, ensures the
smoothness of the rendered 360-degree content, maintains fair-
ness among mobile users, and achieves high spectral efficiency
of the expensive wireless link.

The main contributions of this paper can be summarized as
follows:
� New user grouping algorithm that optimally partitions mo-

bile users into multicast groups and divides the available
radio resources among these groups.
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� New algorithm for optimally allocating the computed
radio resources to different parts of the 360-degree video
to maximize the perceived quality for mobile users.

� Simple method for minimizing the energy consumption of
mobile users in multicast services.

� Trace-driven simulations which show that VRCast outper-
forms the state-of-the-art algorithms across multiple per-
formance metrics. For example, VRCast improves the me-
dian frame quality by up to 22%, reduces the variation in
the spatial quality by up to 53%, and improves the viewport
quality by up to 2.5 dB compared to the closest work in the
literature.

� Proof-of-concept implementation in an LTE testbed to
demonstrate the practicality and efficiency of VRCast.

The remainder of this paper is organized as follows. Section II
presents a brief background and defines the addressed problems.
Section III presents the proposed solution. Section IV presents
our simulations and comparisons against other works. Section V
describes our LTE implementation. Section VI summarizes the
related work and Section VII concludes the paper.

II. BACKGROUND AND PROBLEMS DEFINITIONS

The objective of our work is to design an efficient system
for live streaming of 360-degree videos of popular events, such
as sports games, to large-scale mobile users using the multicast
model. This is a fairly challenging task, as it involves multiple
entities (e.g., users, various elements of the cellular network,
and content servers). It also requires solving multiple problems
at different layers to maximize the utilization of the wireless
resources, while optimizing the quality of experience for users
interacting with complex and bandwidth-demanding 360-degree
videos on energy-constrained mobile devices.

In practice, a single live event can be concurrently multicast to
thousands (or even millions) of mobile receivers. Thus, service
providers typically provision wireless resources for individual
events. Therefore, in this paper, we optimize the distribution of
a single 360-degree video to many users, given the pre-allocated
wireless resources to that video (i.e., given a specific bandwidth
budget allocated for that video). Our solution can be used for
multiple concurrent videos, but they are treated separately, which
is the usual case in practice. We note that, although some further
optimization could be achieved by jointly solving the delivery
problem of multiple live events, this brings in many practical
complications, including handling the: (i) diverse content types
(e.g., various sports have different viewing patterns and all sports
are quite different from live talk shows and political debates),
(ii) different start/end times of the events, (iii) vast diversity in the
popularity of events, and (iv) added computational complexity
that may not allow solving the problem in real time.

In the following, we provide a brief overview of multicast
in cellular networks, where we define the problems we address
and the assumptions we make. To make our discussion clear,
we will present examples from LTE (4 G) networks. Our work,
however, is independent of the specific network technology and
can be employed in future 5 G networks, provided that they
support the simple architectural model described below.

Fig. 1. A high-level illustration of the considered model. The proposed solu-
tion has three components. The first divides users into multicast groups and runs
on the Gateway. The second assigns different qualities to tiles of 360-degree
videos and runs on the BMSC. The third arranges the data into bursts to save
energy and runs on the Gateway. Notice that users in the same group can be
viewing different parts of the video.

Multicast in Cellular Networks: Current cellular networks
support multicast services. For example, the eMBMS standard
specifies the details of such services in LTE networks [2], [3].
Fig. 1 provides a high-level architecture for mobile multicast
services, showing only the relevant entities to our problems.
The multimedia content is injected from the content server to
a Broadcast Multicast Service Center (BMSC), which manages
multicast services in multiple cells in a large geographical re-
gion, e.g., a major city. The BMSC interacts with one or more
Gateways (called eMBMS Gateway in LTE). Each Gateway con-
trols one or more base stations, where each base station (referred
to as eNodeB in LTE) controls the wireless channel to mobile
users. The Gateway is responsible for the creation, termination,
and management of multicast sessions. The BMSC is the entity
that feeds the content data to the Gateway to forward on various
multicast sessions.

Radio resources of the wireless channel are divided across
time and frequency, typically using orthogonal frequency-
division multiple access (OFDMA). The smallest unit of radio
resources that can be allocated is referred to as a resource block
(RB). In current LTE networks, each RB is 180 kHz wide in fre-
quency and occupies 1 slot (0.5 ms) in time [15]. The channel
conditions of each mobile user fluctuate over time. In current
networks, mobile users periodically report their channel quality
indicator (CQI) to the associated base stations. Each CQI value
is mapped to a modulation and coding scheme (MCS), which
determines the bitrate per resource block for each user. Higher
MCS modes require good channel qualities and lead to higher
bitrates.

To overcome the problem of weak wireless signals at cell
edges and provide more efficient utilization of the wireless spec-
trum, recent standards introduced multicast services over a Sin-
gle Frequency Network (SFN) [3]. A SFN is composed of mul-
tiple base stations, where an identical waveform is transmitted
from all base stations with tight time synchronization. Using
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SFN, the coverage area for a multicast service can be expanded,
allowing more users to participate in the service while providing
stronger signals to them from multiple base stations. In essence, a
SFN provides an abstraction where multiple cells can be viewed
as a large entity for multicast purposes. SFN also provides a
seamless handoff process, since signals from neighbouring cells
are identical and synchronized. Our mathematical modeling and
solutions are general and they support multicast in SFNs.

While mobile networks standards provide frameworks for cre-
ating, signaling, and managing multicast services, they do not
define algorithms for dividing mobile users into groups to ac-
commodate their diverse and dynamic channel conditions. This
is a complex problem with various trade offs. Consider, for ex-
ample, a simple approach that puts all users in the same multicast
group. In this case, users with poor channel conditions will im-
pose a restriction on the MCS mode used for the whole group,
leading to low quality for all users. On the other end, each user
can be served with a unicast session to maximize the quality for
that user. But this approach consumes significant resources and
does not scale.

The first problem we address in this paper is how to efficiently
compute the optimal number of multicast groups and the MCS
mode for each group in order to maximize the average bitrate
received by all users while maintaining fairness across users. Our
solution for this problem, Section III-A, is to be implemented in
the Gateway, which manages multicast sessions across multiple
base stations serving thousands of users.

360-degree Videos: We consider interactive 360-degree
videos served to mobile users who can utilize various de-
vices such as smartphones, tablets, and head-mounted displays
(HMDs). Users dynamically choose which parts of the video to
watch, via for example, the tablet touchscreen or moving their
heads when using HMDs. We refer to the part currently being
viewed as viewport. The size of a 360-degree video is multi-
ple times larger than regular videos, which by themselves re-
quire significant network resources. Nonetheless, at any moment
only a small portion of the 360-degree frame is being watched,
which is the viewport. Thus, the quality of the viewport is very
important to users. However, users can change their viewports
and expect immediate response, which poses a challenge for
360-degree video streaming systems. This challenge does not
exist in single-view video streaming systems.

The second problem we address is how to optimally transmit
various parts of the 360-degree video to the different multicast
groups in order to optimize the perceived quality and support
user interactivity, given the limited resources.

To address this problem, we consider general and recent
trends in encoding and streaming videos, including tiling and
client-based adaptive streaming. Specifically, in video tiling,
each frame is divided into a grid of tiles, which provides flexibil-
ity and efficiency especially for streaming ultra high definition
and 360-degree videos. For adaptive streaming, we consider the
widely-used Dynamic Adaptive Streaming over HTTP (DASH)
standard. In DASH, the video is temporally divided into seg-
ments, each is in the order of one to few seconds. Each tile
in each segment is encoded at multiple quality representations.
DASH provides mechanisms for storing, selecting, and serving

different representations to support video adaptation. Tiling and
quality representations of 360-degree videos are illustrated in
Fig. 1, where different shades represent different quality levels.
Information about segments and their bitrates are stored in Media
Presentation Description (MPD) files, according to the Spatial
Representation Description (SRD) feature of DASH [16].

Now our problem becomes determining which tiles to trans-
mit and the DASH representation for each tile to maximize the
quality for all users and maintain spatial smoothness across tiles.
The solution for this problem, Section III-B, runs on the BMSC.

Saving Energy for Mobile Devices: Receiving 360-degree
videos on battery-powered mobile devices consumes significant
energy. We note that the network module consumes about 30%
of the total energy of the mobile device during video stream-
ing [17]. Thus, it is important to conserve the reception energy
of mobile devices, which is the third problem we address. We
propose a simple, yet optimal, solution to save the energy of
mobile devices in Section III-C.

Problems we do NOT Address and Assumptions: A mobile
360-degree video streaming systems has many elements that we
cannot address in a single paper. We do not address basic func-
tions such as user authorization and low-level signaling to cre-
ate multicast groups. All such functions are defined in standards
documents.

The problem of selecting tiles and their qualities (our sec-
ond problem) depends on estimating the relative popularity of
different viewports, which we do not address in this paper. Mul-
tiple prior works have proposed viewport prediction algorithms,
e.g., [9], [18]–[21]. We note, however, that our work only needs
high-level relative popularity of viewports and not exact view-
port prediction on a short time scale for each individual user.
That is, our work does not predict/prefetch the next viewport for
each user. Rather, our work needs aggregate information on the
average number of users watching different areas of the video.
This is a much easier information to estimate, especially that
the the proposed 360-degree multicast framework is designed
for large-scale events, where the nature of the content is known.
For example, if the framework is used for multicasting a popular
football or boxing game, good estimations on the expected pop-
ular viewports can be made (e.g., the ring in the boxing game).
These estimations can be used throughout the entire streaming
session as approximation of the relative popularity of viewports.
Alternatively, these estimations can be dynamically refined us-
ing feedback from users through the Consumption Reporting
procedure of eMBMS (see Sec III-D for a brief description).

Finally, our multicast framework always ensures that all users
receive all tiles of the 360-degree video with basic quality. This
is to support rapid viewport switching, which is essential to
provide the immersive and interactive experience promised by
panoramic 360-degree videos. Thus, even if a user makes a sud-
den move to a totally unpopular viewport in the video, the user
will still be able to view the content, but with potentially lower
quality. Notice again that our framework targets large-scale sys-
tems with thousands of users. Thus, the cost of sending the basic
quality of all tiles is amortized across all users. Given the large
number of users and the availability of the panoramic content, it
is likely that some users will randomly explore different parts of
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TABLE I
SYMBOLS USED IN THE PAPER

the video at various times, and thus the basic-quality tiles will
not be wasted.

III. PROPOSED SOLUTION

In each of the following three subsections, we describe one of
the problems addressed in this paper and present our solution for
it. In Section III-D, we describe how the three parts fit together.
An illustrative exampling applying all steps in a small scenario is
presented in the Appendix, which is submitted as supplementary
materials with this manuscript (due to space limitations).

Symbols used in this paper are listed in Table I. We use the
following conventions. Constants are denoted by capital letters,
e.g., C, and variables by small letters, e.g., x. A symbol like G

denotes a set of elements.

A. Grouping Users

Problem Modeling: The first problem we address is divid-
ing users into multicast groups and assigning wireless resource
blocks to each group. This is a general problem and its solu-
tion can be used for multicast of 360-degree and regular videos.
The problem can be stated as follows. Given a budget of R re-
source blocks and a number of mobile users M with different
channel conditions (and hence different MCS modes denoted
by c1, c2, . . . , cM ), we would like to partition the users into the
optimal number k∗ of multicast groups G1,G2, . . . ,Gk∗ , where
each user is assigned to one and only one multicast group. Users
in the same group are all assigned the same MCS mode, which
is the MCS mode of the user with the weakest channel condition
in that group. In addition, we would like to assign the opti-
mal number of resource blocks x∗

g to each multicast group Gg ,
where g = 1, 2, . . . , k∗ such that the average bitrate received by
all users is maximized while at the same time achieving fairness
among users in different multicast groups.

This is a complex optimization problem, with multiple inter-
dependent variables, k∗ and x∗

1, x
∗
2, . . . , x

∗
k∗ , for which we need

to concurrently compute their optimal values. Furthermore,
computing the optimal solution should be done efficiently in
order to accommodate the dynamic nature of mobile users. To
address this complexity without sacrificing the optimality of the

solution, we carefully model the problem as a two-level nested
optimization problem. Then, we develop an efficient dynamic
programming algorithm to solve it.

Mathematical Formulation: We mathematically model the
problem as follows:

max
Gg

k∑
g=1

|Gg|
M

× ĉg × xg

S
(1a)

subject to ĉg = min
i∈Gg

ci ∀g ≤ k (1b)

|G1 ∪G2 ∪ · · · ∪Gk| = M (1c)

Gj ∩Gl = φ, ∀j, l ≤ k, j �= l (1d)

xg = argmax
xg

{
k∑

g=1

|Gg| log
(
ĉg × xg

S

)
:

k∑
g=1

xg � R

}

(1e)

variables k, xg,Gg (1f)

The solution for the problem in Eq. (1) determines the opti-
mal: (i) number of multicast groups k∗, (ii) division of all M
users among the k∗ groups G

∗
1,G

∗
2, . . . ,G

∗
k∗ , and (iii) number

of resource blocks assigned to each group x∗
1, x

∗
2, . . . , x

∗
k∗ .

The outer optimization computes the optimal grouping of
users to maximize the average bitrate as shown in Eq. (1a). The
bitrate for each user is the number of bits sent to that user divided
by the total scheduling time, represented by the number of avail-
able time slots S. The number of bits sent equals the product of
the MCS mode of the group ĉg that the user belongs to and the
number of RBs allocated to this group according to the inner
optimization problem xg . The constraint in Eq. (1b) guarantees
that all users in a multicast group can receive all data by setting
the MCS for this group according to the user with minimum
MCS. The constraints in Eq. (1c ) and Eq. (1d ) ensure that each
user belongs to only one multicast group.

The inner optimization, Eq. (1e), computes the optimal allo-
cation of resource blocks to multicast groups. It uses the sum
of the log of bitrates as the utility function in the optimiza-
tion. This utility function maximizes the proportional fairness
across users and makes it possible to compute the optimal solu-
tion analytically as shown in [22]. The optimal solution for the
inner optimization is to distribute the resource blocks among
groups proportional to the number of users in each group, that

is x∗
g =

|Gg|
M

×R, g = 1, 2, . . . , k∗.
Proposed Algorithm: We design an efficient algorithm us-

ing dynamic programming to compute the optimal solution; the
pseudo code is shown in Algorithm 1. At a high level, we can
think of the problem as placing partitions between users, and we
want to decide the optimal number and positions of these par-
titions. For each k (total number of multicast groups), the best
solution for g groups is calculated from the optimal solution for
g − 1 groups plus the utility of the new group. The dynamic
programming array used Uk(g, i) is the best utility to form g
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groups from users with MCS at most i (cu ≤ i):

Uk(g, i) = max
∀j<i

Uk(g − 1, j) + utility({∀u, j < cu ≤ i}).

In order to find the maximum Uk(g, i), we search among the
optimal utilities Uk(g − 1, j) for g − 1 groups from users with
all possible MCS values j where j < i (lines 6–14). To calculate
the new utility, we add Uk(g − 1, j) to the utility of the new
group number g which consists of users with MCS between
j and i (line 10). The utility of any group Gg is computed in
lines 29–32 according to Eq. (1a). For each Uk(g, i), we keep
a reference to the best j that gives the maximum utility in the
parent array Pk(g, i) (line 11) so that we can backtrack and
reconstruct the optimal G∗

g and x∗
g (lines 20–27).

Optimality and Time Complexity: The following theorem
proves the optimality of the grouping algorithm.

Theorem 1 (Optimality): The GroupUsers algorithm (Algo-
rithm 1) divides users into the optimal number of multicast
groups and computes the optimal number of resource blocks
for each group in order to maximize the average bitrate received
by all users.

Proof: We prove this theorem by induction. The base case
is to find the optimal solution for the first group of users with
MCS mode at most i. There is only one solution in this case,
which is putting all users in the same group. For the induction
step, the algorithm computes the optimal solution for g groups
from users with MCS mode at most i, assuming that the algo-
rithm has already computed the optimal solutions for groups of
size less than g and MCS less than i. The algorithm considers
every possible group that can be formed by grouping users with
all MCS ranges ending with MCS i. Then, it chooses the group
number g that gives the maximum g-group utility. The g-group
utility depends on the utility of the group number g plus the cor-
responding (g − 1)-group utility. The algorithm computes the
optimal utility for every possible k searching for k∗ that gives
the best utility. To calculate the utility for the group number
g, the algorithm assigns a number of resource blocks x∗

g pro-
portional to the number of users in the group. This proportional
assignment maximizes the fairness which is proved in [23] using
Lagrangian multipliers. �

Time Complexity: The time complexity of the GroupUsers
algorithm is O(C4), where C is a constant that represents the
maximum number of MCS modes. This is because the algorithm
has four nested loops, each has a maximum (conservative) range
of C. We note that, in current LTE networks, the maximum pos-
sible value of C is 30 [3], while in practice the feasible number
of MCS modes is much less than that, especially for multicast
networks. In addition, the proposed solution targets large-scale
multi-cell multicast networks, in which multiple cells typi-
cally form a Single Frequency Network (SFN), as described in
Section II. In SFNs, signals from neighbouring cells are de-
signed to be constructively added near cell edges. Thus, as a
mobile user moves towards the edge of one cell, it starts receiv-
ing and adding signals from neighbouring cells such that the
total signal strength does not drop significantly. This means that
the MCS mode of the mobile user may not widely change as
it moves within the SFN. Furthermore, all steps performed by
the algorithm are simple scalar operations. Thus, the proposed
algorithm can easily be deployed in real systems.

Deployment and Frequency of Invocation: The GroupUsers
algorithm runs on the Gateway in Fig. 1. It is invoked when a new
user joins to place that user in the correct group. The algorithm
may need to be invoked when an existing user leaves, because
the current grouping may become sub-optimal. The low time
complexity of the algorithm allows it to be frequently invoked,
on a sub-second scale if needed. Thus, the algorithm can handle
the dynamic nature of the mobile streaming environment.

Cost of Changing Groups: Changing the multicast group that
a user is assigned to does not impose any significant cost. This
is because the channel assignment is periodically transmitted in
the signalling of the MAC layer. For the user, it is a matter of
selecting the appropriate channel to receive the data on in the
following period [24].
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B. Selecting Quality Representations for Tiles

The second problem we address is how to allocate the resource
blocks computed in the previous problem for each multicast
group to tiles transmitted to that group. We solve the problem
independently for each multicast group G

∗
g with MCS mode ĉg

and x∗
g resource blocks assigned to it. Therefore, for simplicity,

we remove the group subscript g in this subsection.
Problem Modeling and Mathematical Formulation: The goal

is to select a quality representation q for each tile t to maximize
the average viewport quality and minimize the spatial variance
between viewport tiles of each user while maintaining fairness
among users with different viewports. Recall that all tiles of the
360-degree video being streamed are encoded at multiple qual-
ity levels according to the DASH protocol. And that all multi-
cast groups receive all tiles at the lowest quality at all times to
support fast viewport switching. The problem here is to decide
which tiles should be transmitted at higher qualities than the ba-
sic quality. This is done based on the importance, or weight, of
each tile. The weightwt of a tile t represents the fraction of users
watching that tile as part of their viewports. As we discussed in
Section II, the relative popularity of viewports, and hence the
tile weights, are inputs to our problem.

The mathematical formulation for the quality selection prob-
lem is given in Eq. (2), which computes the optimal quality
representation for each tile.

max
yt,q

T∑
t=1

Q∑
q=1

wt × log(bt,q)× yt,q (2a)

subject to:
T∑

t=1

Q∑
q=1

⌈
bt,q
ĉ

⌉
× yt,q � x∗ (2b)

Q∑
q=1

yt,q = 1, ∀t (2c)

yt,q ∈ {0, 1}, ∀t, q (2d)

variables yt,q (2e)

In the formulation, we use the weighted product of tiles bi-
trates (WPTB) as our utility. WPTB is defined as

∏
t b

wt
t,q , which

is equivalent to
∑

t wt × log(bt,q). WPTB improves the spa-
tial smoothness because maximizing the product of tiles bitrates
leads to a balanced solution with small variance unlike the the
weighted sum utility [25]. For example, if we have two tiles with
equal weights, the best weighted product utility is achieved by
dividing RBs between them equally (balanced). While the best
weighted sum product utility can lead to assigning all RBs to
one tile and nothing to the other (unbalanced). The constraint
in Eq. (2b) restricts the available number of resource blocks to
x∗. The constraints in Eq. (2d) and Eq. (2e) ensure that only
one quality representation is assigned to each tile. Note that yt,q
is a decision variable that determines whether the quality q is
assigned to tile t.

Proposed Algorithm: We design a dynamic programming al-
gorithm, shown in Algorithm 2, to solve the optimization prob-
lem in Eq. (2). The algorithm first assigns a minimum quality

representation to each tile (line 2), since all tiles need to be
transmitted to each multicast group. It then searches across all
possible assignments of quality to tiles using dynamic program-
ming. The best solution for t tiles is computed from the optimal
solution for t− 1 tiles plus the utility of the new tile. The dy-
namic programming array used V (t, τ) is the best utility for the
first t tiles using τ RBs such that

V (t, τ) = max
∀q

V (t− 1, τ −R(t, q)) + utility(t, q),

where R(t, q) =
bt,q
ĉ is the number of resource blocks needed

to stream tile t with quality q.
In order to find the maximum V (t, τ), the algorithm searches

among the optimal utilities for t− 1 tiles after assigning each
feasible quality q to tile t and reducing the required RBs for
this assignment (lines 6–15). To calculate the new utility, the
algorithm adds the utility of selecting every feasible quality q
for tile t to V (t− 1, τ ′), where τ ′ is the available RBs after
subtracting the RBs needed for this tile quality τ ′ = τ − bt,q

ĉ
(line 9). The utility of choosing quality q to tile t is computed
in line 8 according to Eq. (2a). For each V (t, τ), the algorithm
keeps a reference to the best bt,q that maximizes the utility in
the parent array P (t, τ) (line 12) so that it can backtrack and
reconstruct the optimal b∗t (lines 18–23).

Optimality: The following theorem proves the optimality of
the tile quality selection algorithm for each group.

Theorem 2: The SelectTileQuality algorithm (Algorithm 2)
computes the optimal quality representation for each tile in the
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video such that the total number of resource blocks assigned to
the multicast group is not exceeded.

Proof: We use induction to prove this theorem. The base case
is to find the optimal solution for one tile given a budget of τ RBs.
The algorithm searches among all feasible quality assignments
for this tile and chooses the one with the maximum quality. A
feasible quality assignment means that there are enough RBs to
stream it. Then, for the induction step, the algorithm computes
the optimal solution for tile number t given τ RBs assuming it
already has the optimal solutions for all tiles less than t and RBs
less than τ . The algorithm considers every feasible quality as-
signments for this tile such that it has enough RBs to send. Then,
it chooses the quality that gives the maximum utility. The t-tile
utility depends on the utility for tile number t after choosing a
quality and the corresponding (t− 1)-tile utility after subtract-
ing the RBs required for the chosen quality. �

Time Complexity: The time complexity of the SelectTileQual-
ity algorithm is O(T ×∑k∗

g=1 x
∗
g ×Q), where T is the number

of tiles, Q is the number of quality representations, and x∗
g is the

number of available resource blocks for multicast group g. This
is because the algorithm has three nested loops with ranges T ,
x∗, and Q respectively, and it runs for every multicast group g.

Deployment and Frequency of Invocation: We first shed some
light on the practical ranges of the three parameters T,Q, and
x∗
g that affect the time complexity of the SelectTileQuality al-

gorithm. The number of tiles T is in the order of few tens. For
example, recent works that adopt tiling, e.g., [18], [19], [26],
set T around 50. The number of DASH quality representations
Q is typically less than 10 in practice. The total number of re-
source blocks for all multicast groups (

∑k∗
g=1 x

∗
g) in one second

(the typical scheduling window) is in the order of thousands [3],
[27].

The SelectTileQuality algorithm runs on the BMSC (Fig. 1)
and it is invoked on every DASH segment of the video (in the
order of 1 to few seconds). Given the numbers above and noting
that all steps include only simple operations, the algorithm can
easily be deployed in real systems.

C. Energy Minimization for Mobile Users

The third problem we address is how to minimize the recep-
tion energy for mobile users.

Burst Transmission: Our solution for the reception energy
minimization problem is to make the base station transmit the
video data (the tiles) in bursts. This allows mobile devices to
wake up the reception component to receive the data during the
burst and put it in low-energy (idle/sleep) mode when there is
no burst. The energy saving problem becomes determining the
start and end of each burst as well as assigning bursts to resource
blocks. Recall that the wireless resource blocks span two dimen-
sions: frequency and time. Naively choosing resource blocks
for bursts may spread them over longer time than necessary,
and thus reduces the opportunity for energy saving for mobile
devices.

We propose a simple method to allocate bursts to resource
blocks. First, note that our user grouping algorithm (Section III-
A) does not share resource blocks across multicast groups; each

resource block is allocated to only one group. Thus, to maximize
the idle time for the reception component (i.e., minimize energy
consumption), we arrange the resource blocks of each multicast
group contiguously, i.e., no resource blocks from a multicast
group is allocated in the middle of the resource blocks of another
group. Then, we set the start time of the burst as the beginning
of the earliest resource block and the end time as the end of the
last resource block.

In LTE networks, burst transmission is implemented by set-
ting the the Discontinuous Reception Mechanism (DRX) pa-
rameter [28], which instructs the reception component of mobile
devices to wake up only during the transmission period of their
group’s resource blocks and sleep otherwise. The energy opti-
mization method is to be implemented in the Gateway (Fig. 1).

D. Putting All Pieces Together: VRCast

In the previous subsections, we presented our solutions for
three important problems in mobile multicast systems designed
for 360-degree videos. In this subsection, we discuss, at high
level, how the whole system (denoted by VRCast) works using
the eMBMS specifications of LTE [29] and the DASH streaming
model over mobile networks [30].

End-to-End Pipeline: At the content provider, the 360-degree
video is divided into tiles and encoded at multiple quality rep-
resentations, which are specified in the MPD file. The content
provider then supplies the MPD file to the BMSC over HTTP.

The GroupUsers algorithm, running on the Gateway, com-
putes the optimal solution for dividing users into multicast
groups and assigning resource blocks to each group. This so-
lution is passed to the BSMC (over a control connection), which
runs our SelectTileQuality algorithm to select the optimal qual-
ity representation for each tile in each group. The BMSC then
uses DASH to download the selected qualities from the con-
tent provider. After that, the video data is transferred from the
BMSC to the Gateway, which puts them in bursts to save en-
ergy. The Gateway forwards the bursts to each multicast group
using the File Delivery over Unidirectional Transport (FLUTE)
protocol [30], [31].

Mobile users in a geographical area (e.g., in/around a sta-
dium or within a city) interested in receiving a live 360-degree
video run an eMBMS-compatible client to discover and regis-
ter with the system. Each mobile user joins a specific multicast
group according to his/her channel condition and the output of
the GroupUsers algorithm. Then, they receive the video data in
bursts from the BMSC using FLUTE.

Handling Various Dynamics: We note that the presented so-
lution supports the dynamic nature of the wireless channels and
interactivity provided by the 360-degree content. The dynamics
of wireless channels are handled through periodically (order of
seconds) invoking the GroupUsers algorithm.

User regrouping can trigger changing the quality assignment
of different tiles. The tile quality is also impacted by the relative
weights of tiles. The eMBMS standard provides a mechanism
that can help in estimating the relative weights of tiles, which is
the Consumption Reporting procedure. This procedure allows
mobile clients to send consumption reports to the BMSC. Since
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these are XML files, they can easily be extended to include infor-
mation about the viewports watched by the users in the previous
period. This can help in estimating the relative popularity of
viewports.

Supporting Multiple Cells: As mentioned in Section II, the
proposed modeling and solution support multi-cell networks that
utilize Single Frequency Networks (SFNs). In a SFN, multiple
neighbouring base stations work on the same frequency and they
are managed by a single Gateway and BMSC. Our SelectTile-
Quality algorithm runs on the BMSC, which provides the tiled
video content to all base stations through the Gateway (Refer
to Fig. 1). Our GroupUsers algorithm runs on the Gateway and
arranges users across all cells in multicast groups. Similarly, our
burst transmission algorithm runs on the Gateway and constructs
bursts for all cells. Recall that SFN provides an abstract network
across all participating cells.

Handling Packet Losses: Our work considers a large-scale
one-to-many multicast model, where a 360-degree video data
is delivered to thousands of users in real time. In this model,
retransmission is not possible. To mitigate potential packet
losses, multicast systems typically use error concealment meth-
ods and/or add redundant data using error correcting codes.
These are all established methods and they can easily be in-
tegrated with our platform. Specifically, an error concealment
method can be implemented on the receiver (player) side, which
is independent of the delivery mechanism. A Forward Error Cor-
rection (FEC) function can be added to the BMSC to apply it on
the video data before sending the data to the Gateway. The er-
ror concealment and correction functions are orthogonal to our
work and we do not consider them in our evaluations.

No Additional Delay: An important feature of the proposed
components of VRCast is that they do not introduce any addi-
tional delay in the video delivery process, which is important for
live streaming. For example, the SelectTileQuality algorithm at
the BMSC selects the quality representations for different tiles in
real time for each scheduling windowΔ (in the order of 1–2 sec).
Meaning, while users are consuming data for the window at time
t1, the decisions for the window at t1 +Δ are computed. Since
our solution is computationally efficient (takes milliseconds to
compute, which is much smaller than the window size), it does
not introduce any additional delay into the live streaming ses-
sion. A similar argument applies to the GroupUsers algorithm:
the decision to change groups is done for future time windows
while users are consuming data for the current window.

IV. EVALUATION USING TRACE-DRIVEN SIMULATION

This section presents trace-driven simulations to compare the
proposed approach against the closest works in the literature. We
refer to our approach as VRCast in the figures and discussion.
VRCast includes the solutions of the three problems considered
in this paper: user grouping, tile quality selection, and energy
saving.

We compare VRCast against the closest algorithm in the liter-
ature, which is called Multicast for Virtual Reality (MVR) [32].
MVR solves the problem of 360-degree mobile video multi-
cast, and it was shown to outperform the previous approaches in

the literature. MVR uses a greedy algorithm to partition users
into groups and selects tile qualities of 360-degree videos. In
addition, we compare against another state-of-the-art grouping
algorithm, which is called Proportional Fairness (PF) [22]. PF
handles the heterogeneity of channel conditions by partition-
ing users into multicast groups so that users with good signal
strength do not suffer by being grouped together with users with
poor signal strength. PF, however, was not designed for tiled
streaming. We slightly modified it to support tiling, by uniformly
distributing the computed bitrate for each frame across all tiles
in that frame.

A. Simulation Setup

360-degree Videos and User Interactivity Traces: We used
two publicly-available datasets of 360-degree videos in our ex-
periments to cover a wide variety of content and user viewing
behavior. The first dataset [20] contains 16 videos at 4 K resolu-
tion; we refer to these videos as V1 to V16. The length of each
video is around 30 seconds. The dataset contains different video
categories including sports, landscape, and entertainment. Each
of the 16 videos was watched multiple times by 153 volunteers,
resulting in a total of 985 recording sessions. In each session,
the view angle of the user is reported every 0.1 second, in the
form of Euler angles.

The second dataset [33] contains 7 videos at 4 K resolution,
which we refer to as V17 to V23. The length of each video is
around 60 seconds. The dataset contains different video cate-
gories including sports, entertainment, and documentary. These
videos were watched by 59 participants in a total of 350 sessions.
The view angles were recorded in the form of Hamilton quater-
nions. We converted the Hamilton quaternions to Euler angles.
The recording of view angles in this dataset was not done at a
constant interval. We used linear interpolation to have uniform
samples every 0.1 seconds, as in the first dataset.

In total, we created unified traces with 1,335 sessions of 23
diverse 360-degree videos, where each video is watched on av-
erage by 50 users and the viewport is reported every 0.1 second.
To exercise different network conditions and user mobility with
realistic speeds, we generated longer traces of length 15 minutes
by concatenating sessions from the 23 videos together.

We divided each video in the traces into an 8x4 grid of tiles,
similar to [32], and encoded each tile at five quality repre-
sentations using Kvazaar [34], an open source HEVC video
encoder that supports tiling. We used variable bitrate encod-
ing (VBR) with different quantization parameters (QP) of {18,
24, 30, 36, 42}. Then, we used GPAC [16] to segment the
video into one-second segments and generate the MPD DASH
manifest.

LTE Network Configuration and User Mobility: We simulate
a mobile network using the LTE module in the NS3 simulator.
There are 300 mobile users randomly distributed over an area
of 10 × 10 km. Users move according to the Self-similar Least
Action Walk (SLAW) mobility model [35], which is more real-
istic than the random-way point model. It represents mobility of
users within a community, such as students on a university cam-
pus and visitors of a theme park. We generate mobility traces
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of length 15 minutes each, using BonnMotion [36], which is a
Java-based tool commonly used for investigation of mobile net-
work characteristics. We configure the tool to generate mobility
traces with different speeds to represent cases where some users
are walking and others are riding buses or cars. We simulate users
with moving speed of 1 m/sec (walking) and others with speed
up to 10 m/s (riding a bus). We import the generated mobility
traces into NS3 to control the movements of mobile users. The
movements of users affect their channel conditions, and hence
the MCS modes used and the bitrates they can receive.

Performance Metrics. We consider the following metrics,
which are important for multicast streaming systems and have
been used in previous works, e.g., [8], [18], [26], [32].
� Frame Quality: the quality of the whole frame, measured

by the total bitrate allocated to each multicast group con-
taining all tiles.

� Viewport Quality: the quality of the viewport perceived
by each user, measured by two metrics that capture the
video quality: (i) peak signal to noise ratio (PSNR in dB),
and (ii) structural similarity index metric (SSIM) metric.
Both metrics are computed for the tiles in the viewport.

� Spatial Variance: the variance in the quality of tiles in the
viewport, which captures the smoothness of the rendered
video content to users. A recent work [18] showed that the
spatial variance has a direct effect on QoE.

� Reception Energy Saving: the fraction of time that the re-
ception component of a mobile device is put in low-energy
mode (i.e., sleep).

� Fairness: the relative quality observed by each user com-
pared to others. It is defined as the Jain’s index of the ratio
between each user viewport bitrate and the total frame bi-
trate.

� Spectral Efficiency: the total transmitted data rate (in bits
per second) divided by the channel bandwidth (in Hertz).
This metric shows the efficiency of the streaming system in
using the cellular network resources, which is an important
aspect for network operators.

� Scalability: the total execution time of the algorithm with
different number of users.

We also analyze the buffering behavior of various clients and
how their viewport quality changes with time as users change
their viewports.

Experiments: In every simulation experiment, mobile users
move in the cellular network according to the generated mobility
traces and their channel conditions change accordingly. Each
user randomly selects one of the interactivity traces and interacts
with the video (i.e., changes viewports) according to that trace.
The user grouping algorithm runs periodically every 1 sec. The
tile quality selection algorithm runs for each video segment;
the length of the segment is set to 1 sec. We note that both the
user grouping and tile quality selection algorithms do not have
access or use the video traces. Rather, the traces are used only
by the mobile users to mimic user interactions according the
timestamps in the traces, as in real life. For comparisons, we run
each experiment three times: once with VRCast, another with
MVR, and the third with PF. Then, each experiment with each
multicast approach is repeated 30 times with different random

seeds. We plot and analyze the average results across all 30
repetitions.

B. Comparison Against State-of-the-Art

We compute and plot the cumulative distribution function
(CDF) for each performance metric across all users and all video
traces. Figs. 2 and 3 summarize some of our comparison results
for all metrics. The figures show that VRCast substantially out-
performs MVR and PF. Specifically, Figs. 2(a) and 2(b) show
that the PSNR and SSIM quality metrics for the viewports gen-
erated by VRCast are better than MVR and PF. For example,
as shown in Fig. 2(a), VRCast improves the viewport PSNR
quality by at least 1 dB compared to MVR for about 60% of all
viewports, and more importantly these viewports are the ones
with quality less than 44 dB (left part of the figure). This is
important because improvements in this range are visually per-
ceived by users. Furthermore, for the lower 20% of the viewports
(less than 38 dB), the improvements are up to 2.5 dB, which is
substantial (dB uses log scale). The improvements of VRCast
compared to PF are even higher, where up to 4.5 dB can be
observed in Fig. 2(a).

In addition, as shown in Fig. 2(c), VRCast distributes the allo-
cated bitrate of each frame to viewport tiles not only to improve
the viewport quality but also to achieve smooth quality across
all tiles. The smooth quality is shown by the much lower spa-
tial variance achieved by VRCast compared to MVR. The figure
shows a reduction in the median of the spatial variance by up
to 53% compared to MVR. We note that PF assigns all tiles the
same bitrate and thus there is no variance in quality. PF, however,
yields poor quality for the viewports (Fig. 2(a)).

Fig. 3(a) shows that VRCast results in much higher quality for
all video frames than MVR and PF. For example, for VRCast,
about 25% of the frames are assigned a bitrate of 7.7 Mbps or
higher, while none of the frames is assigned that bitrate for MVR
and PF. The median frame quality for MVR is 5.97 Mbps, while
it is 7.25 Mbps for VRCast, which is an improvement of 22%.

As shown in Fig. 3(b), VRCast achieves substantial improve-
ments in the reception energy saving compared to the other al-
gorithms. For example, using MVR and PF, no mobile user was
able to achieve energy saving more than 20% (i.e., turn off the
receiving components in the mobile device 20% of the time).
Whereas using VRCast, more than 80% of the users achieved at
least 20% energy saving.

An important metric for cellular network operators is the
spectral efficiency, which indicates how the (expensive) spec-
trum of the wireless channel is utilized to carry bits. Fig. 3(c)
shows that VRCast is much more efficient in utilizing the wire-
less spectrum than the other algorithms. As an example, VR-
Cast achieves a spectral efficiency of at least 1.6 bits/s/Hz for
40% of the time, while PF and MVR almost never achieve this
efficiency.

Maintaining fairness among different users is another desir-
able feature of VRCast. As illustrated in Fig. 4, VRCast does
not sacrifice the fairness among users to achieve the quality im-
provements shown in Fig. 3(a). The fairness index of VRCast
is fairly high and close to 1. For example, Fig. 4 shows that
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Fig. 2. Performance of VRCast against other algorithms.

Fig. 3. Performance of VRCast against other algorithms (continued).

Fig. 4. Fairness of VRCast.

VRCast achieves a fairness index of more than 0.95 for at least
50% of the users, which is much higher than the fairness index
achieved by MVR. PF achieves a similar fairness index, but it
yields much less video quality than VRCast.

C. Analysis of VRCast

We take a closer look at the performance of VRCast. We
analyze the viewport quality of users across time. We choose
3 users with high (user 1), medium (user 2), and poor (user
3) channel conditions. We select three videos: boxing match,
diving scene, and football training. We analyze the viewport
bitrate while these users watch and interact with these videos.
This experiment is to show that VRCast efficiently adapts to
dynamic changes in channel conditions and viewports.

Due to space limitations, we only present the results for two
videos: boxing and diving. Fig. 5(a) shows the viewport bitrate
across time for the boxing video. User 1 and user 2 are in the
same multicast group with high MCS while user 3 is in another

Fig. 5. Sample results of VRCast with different videos.

group with low MCS. The viewport bitrate of each user does not
change significantly across time, because in the boxing match
most users watch the same region of interest (the boxing ring).
As a result, each user experiences almost the same viewport
quality across time (i.e., low temporal variance). Although users
1 and 2 are in the same group, user 2 receives higher viewport
bitrate because s/he is watching more popular tiles. During the
time between 20 and 25, user 1 changes his/her viewport to less
popular tiles (the audience) and receives a lower quality.

Fig. 5(b) shows the viewport bitrate across time for the diving
video. Due to the fast mobility of user 2, their channel condi-
tions change during watching the video. In the first 15 seconds,
user 2 has relatively poor channel condition and is grouped with
user 3. After that, the channel condition of user 2 improves, thus
is grouped with user 1. The viewport bitrate of each user changes
substantially across time, because in the diving scene, the view-
ports of users are distributed on the whole video frame without a
specific region of interest. Therefore, the weights of tiles change
from time to time leading to changes in the viewport bitrate.
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Fig. 6. Performance of VRCast in the LTE testbed.

V. EVALUATION IN LTE TESTBED

A. Testbed Implementation

Building LTE testbeds for multicast services is quite chal-
lenging as there are many hardware and software components
that need to be developed and integrated correctly to get the
testbed running. We summarize our experience in building an
LTE testbed in the following.

The testbed is similar to Fig. 1 and it has base station, mobile
devices, and BMSC server. The hardware of the base station is
implemented using the Ettus USRP B210 software defined radio
to transmit/receive data to/from mobile devices. The software of
the base station is the Amarisoft LTE stack [37], which imple-
ments the functions of the eNodeB, Evolved Packet Core (EPC),
and eMBMS Gateway according to the 3GPP specifications. We
configured the eMBMS gateway to have multiple physical mul-
ticast channels (PMCH), one channel for each multicast group.
Each channel has one multicast service that is assigned a specific
IP address. The components of VRCast are implemented and in-
tegrated with the base station. The decisions from VRCast are
mapped to various configuration parameters of the Amarisoft
LTE software such as the number of allocated subframes for
each service and the minimum MCS for each PMCH.

The testbed has two phones. We placed one of them close to
the base station and the other a few meters away (the range of
the base station is small as we did not use power amplifiers). The
close phone had an MCS mode of 23 and the far away one had
MCS mode of 12. The phones run the Expway eMBMS mid-
dleware [38], which allows them to discover multicast services
and connect to them. Each phone represents a user. We make
each phone run one of the user interactivity traces described in
Section IV-A.

Clearly, we cannot get enough phones in our lab to fully an-
alyze a mobile multicast service. To partially mitigate this is-
sue and consider the effect of user mobility, we integrate sim-
ulated users in the testbed. Specifically, in addition to the two
real users, we include 298 simulated mobile users with differ-
ent channel conditions and user interactivities. The information
about all users (real and simulated) is periodically given to VR-
Cast, which dynamically divides users into groups, decides on
the quality for individual tiles, and determines the start and end
times for bursts. Thus, although we have only two real users,
the network situation is continuously changing because of the

Fig. 7. Performance of VRCast in the LTE testbed.

simulated users dynamics (mobility and interactivity with the
video). The results and analysis in this section are only from the
two real phones.

B. Empirical Results From Testbed

The testbed is a proof-of-concept to show the practicality and
correctness of VRCast. To this end, we measured the actual
frame quality and viewport quality received on the phones. We
plot the results in Fig. 6. User 1 has good channel conditions, and
thus experiences better frame and viewport qualities while user 2
has poor channel conditions and gets lower qualities. Figs. 6(b)
and 6(c) show that the smoothness of the viewport quality is
maintained over time, although users do change their viewports
according to the interactivity traces.

Next, we analyze the buffer level at the two phones as the
streaming session progresses. The maximum buffer size was set
at 50 Mbits. Fig. 7(a) plots the buffer level as the time progresses,
which shows that the playback of the video was smooth without
any stalls or rebuffering events because the buffer always has
data. Also the buffer level never exceeded the maximum value.

Finally, we analyze the burst transmission behavior of VR-
Cast. At each mobile user, we record the start and end of the data
reception (burst). We plot the results for user 1 in Fig. 7(b) for
a 5-sec period. The figure shows that the data of the 360-degree
video was sent in bursts allowing mobile receivers to turn off the
reception circuits to save energy, while the quality and smooth-
ness of the video are maintained as shown in Fig. 6.

VI. RELATED WORK

Mobile video streaming of traditional single-view video
streams has been extensively studied in the literature, for both
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unicast and multicast. For example, Almowuena et al. [8] di-
vide users into groups based on their channel conditions. Chen
et al. [22] discuss fairness among users in mutlicast groups and
present a resource allocation method for user grouping. Chen
et al. [12] introduce a unicast framework for adaptive stream-
ing of single-view videos over LTE networks. Yu et al. [39],
[40] utilize scalable video coding (SVC) to optimize the energy
consumption of mobile devices. Lentisco et al. [11] propose a
method to reduce the latency in mobile multimedia networks
by limiting the buffer size at the clients. Xie et al. [41], [42]
leverage physical layer information to improve the estimation of
available bandwidth in LTE networks, which is used to facilitate
video rate adaptation [41] or improve web loading latency [42].
Tan et al. [10] propose utilizing network slicing and Network
Function Virtualization (NFV) in 5 G networks to support ultra
high definition (UHD) video broadcast/multicast services. Fi-
nally, Chen et al. [7] propose a forward error correction method
that uses unequal error protection (UEP) and consider the de-
pendency among different blocks in the frame.

None of the above works, however, considers characteristics
of 360-degree videos, such as user interactions with the content.

Recent works addressed various aspects of 360-degree video
streaming under the unicast model, e.g., [18], [19], [43], [44].
Two common themes can be identified in these works: tiling
and region-of-interest (ROI) streaming. In tile-based streaming,
a 360-degree video is projected on an equirectangular map and
divided into a grid of tiles. Tiles in the viewport of the user are
streamed with high quality and other tiles are either streamed
with lower quality or not sent at all. Tiling has been used in mul-
tiple works, including [18], [19]. The recent High Efficiency
Video Coding (HEVC) standard supports tiling [45], which fur-
ther helps in adopting tile-based streaming. Qian et al. [46]
present a system for unicast streaming of 360-degree videos to
mobile users. He et al. [47] propose a 360-degree video stream-
ing framework that enables mobile devices to decode and display
high quality tiles in real time. Graf et al. [26] discuss streaming
of 360-degree videos over HTTP by exploring different tiling
patterns. We use the analysis in [26] to select tile sizes in our
work. Petrangeli et al. [19] design a 360-degree streaming frame-
work over HTTP/2. Xiao et al. [48] compute the optimal tiling
to minimize storage and bandwidth. Nasrabadi et al. [49] inves-
tigate a buffer-efficient approach using scalable video coding in
360-degree video streaming and provide a comprehensive buffer
analysis. Xie et al. [18] propose a probabilistic tile-based adap-
tive streaming system.

In ROI-based streaming, a 360-degree video is projected onto
a geometric structure such as a pyramid or cube map, where re-
gions of the structure represent different user viewports. For each
viewport, a video version is created where more bits are allo-
cated to parts of the 360-degree video in the viewport and less bits
are allocated to the other parts. Versions are stored on the server.
During streaming, the version that aligns the most with the user’s
current viewport is served to that user. Zhou et al. [43] analyze
the ROI-based streaming approach used by Facebook and its
impact on user experience and bandwidth consumption. Corbil-
lon et al. [44] investigate the effect of various projections and
quality arrangements on the video quality displayed to the user.

All of the above works consider unicast streaming, where
each user is served with a separate connection. For popular live
streaming events, unicast is not efficient.

Multicast of 360-degree videos has received less attention in
the literature. We compare against the recent algorithm in [32],
referred to as MVR (Multicast of Virtual Reality) content, which
was shown to outperform others. We also compare VRCast
against the closest work for single-view video streaming [22]
after adding some extensions to support 360-degree videos. The
algorithm in [22] divides users into multicast groups to maxi-
mize the proportional fairness.

VII. CONCLUSIONS AND FUTURE WORK

Multicast is an intuitive choice to stream live 360-degree
videos to a large number of mobile users. However, it is a chal-
lenging task due to the huge volume of the video data, dynamic
nature of the wireless channel conditions, and high user interac-
tivities with the content. To address this challenge, we presented
VRCast, a system for live multicast streaming of 360-degree
videos to mobile users over cellular networks. VRCast supports
user interactivity and viewport switching, optimizes the energy
consumption for mobile receivers, accounts for the heteroge-
neous and dynamic nature of wireless channel conditions, en-
sures the smoothness of the rendered 360-degree content, main-
tains fairness among mobile users, and achieves high spectral
efficiency of the expensive wireless link. VRCast utilizes tile
video coding and DASH streaming, where a 360-degree video
is encoded into tiles and each tile has multiple quality represen-
tations. VRCast optimally divides mobile users into multiple
multicast groups and assigns a quality representation to each
tile to maximize the user-perceived video quality. It transmits
data in bursts to save energy without compromising the quality.

We evaluated VRCast using trace-based simulations. Our re-
sults showed that VRCast significantly outperforms the closest
algorithms in the literature. Furthermore, we developed an LTE
testbed and evaluated VRCast in it. Our empirical results showed
that VRCast achieves smooth quality (no stalls or buffer over-
flows) and it transmits data in bursts to save energy of mobile
devices.

The work in this paper can be extended in multiple direc-
tions. For example, we focused on multicasting one 360-degree
video to many users. For large-scale concurrent events, network
resources are typically pre-allocated separately to multicast ses-
sions. However, further optimizations can be achieved by gen-
eralizing our models and solutions to concurrently manage mul-
tiple multicasting sessions of 360-degree videos.

APPENDIX

ILLUSTRATIVE EXAMPLE

We explain the steps of our solution using the following sim-
ple scenario. A budget of 54 resources blocks (RBs) is available
in a time-frequency grid of 6 time slots and 9 frequency subcar-
riers (9 RBs/slot). Nine users are streaming a live 360-degree
video. The 360-degree video is divided into 3 tiles and each tile
is encoded into 3 quality representations of bitrates 4, 20, and
32 bits respectively. The channel condition (MCS value) and
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TABLE II
MCS VALUES AND VIEWPORT TILES

TABLE III
POSSIBLE GROUPINGS IN THE EXAMPLE

TABLE IV
RBS REQUIRED TO SEND EACH QUALITY REPRESENTATION

viewport tiles of each user are shown in Table II. In real LTE
networks, there is a direct mapping between the channel condi-
tions of the user to an MCS value. The MCS value and number
of assigned RBs define the bit capacity of each RB (bits/RB).
However, for simplicity, we define MCS values as number of
bits per RB.

Applying the GroupUsers algorithm, we have three different
MCS values (1, 2, and 4) with number of users equal (2, 4, and
3) for each MCS, respectively. There are 4 possible groupings
as shown in Table III. For each grouping, we have one or more
multicast groups (row 1). Each multicast group is served by the
minimum MCS of all users in the group (row 3). The number
of RBs assigned to each group (row 4) is proportional to the
number of users in the group. The number of bits received by
each group (row 5) is the multiplication of the number of RBs
and the minimum MCS of the group users (bits/RB). Group
bitrate (row 6) equals the number of bits divided by the total
number of time slots (6 slots). Users average bitrate (row 7),
our utility, is calculated as a weighted average of group bitrates
according to the number of users per group (row 2). As shown
in III, grouping 3 is optimal and maximizes the utility.

Applying the SelectTileQuality algorithm, we have 3 tiles
and 3 quality representations for each tile of bitrates: 4 (denoted
by L–low quality), 20 (M–medium quality), and 32 (H–high
quality) bits. Table IV shows the required RBs to send each
quality representation to users of different channel conditions
(MCS).

The number of possible quality assignments is 27. For each
group, we calculate the utility for each feasible assignment. For

TABLE V
FEASIBLE QUALITY ASSIGNMENTS FOR GROUP 2

Group 1, we have 2 users of minimum MCS 1 and 12 RBs
assigned to it and the tile weights are 1, 1, 1. There is only
one feasible quality assignment for MCS = 1 and RBs � 12
which is to set the low quality representation (4 bits) for each
tile (LLL). For Group 2, we have 7 users of minimum MCS
2 and 42 RBs assigned to it and the tile weights are 3, 6, 3.
All quality assignments except HHH are feasible for MCS = 2
and RBs � 42. As the middle tile has the maximum weight, the
optimal solution assigns the highest quality to the middle tile.
So, HHM or MHH gives the highest utility. Table V shows the
quality assignments with highest utilities for group 2.

REFERENCES

[1] V. Cisco, “Cisco Visual Networking Index: Global Mobile Data Traffic
Forecast Update,” White Paper, Mar. 2017.

[2] 3GPP, “Enhanced Television Services over 3GPP eMBMS,” Oct. 2017.
[Online]. Available: http://www.3gpp.org/news-events/3gpp-news/1905-
embms_r14

[3] D. Lecompte and F. Gabin, “Evolved multimedia broadcast/multicast ser-
vice (eMBMS) in LTE-advanced: Overview and rel-11 enhancements,”
IEEE Commun. Mag., vol. 50, no. 11, pp. 68–74, Nov. 2012.

[4] Verizon, “Verizon Delivers LTE Multicast Over Commercial 4G LTE Net-
work in Indy,” May 2014. [Online]. Available: http://www.verizon.com/
about/news/vzw/2014/05/verizon-wireless-lte-multicast

[5] Ericsson, “Gigabit Network Launched in China,” Aug. 2017. [Online].
Available: https: //www.ericsson.com/en/press-releases/2017/8/gigabit-
network-launched-in-china

[6] Google, “eMBMS Support Added in Android 8.1 for Reduced Mobile
Network Congestion,” Nov. 2017. [Online]. Available: https: //developer.
android.com /reference/android/telephony/mbms/package-summary

[7] H. Chen, X. Zhang, Y. Xu, Z. Ma, and W. Zhang, “Efficient mobile
video streaming via context-aware raptorq-based unequal error protec-
tion,” IEEE Trans. Multimedia, vol. 22, no. 2, pp. 459–473, Feb. 2020.

[8] S. Almowuena, M. M. Rahman, C. Hsu, A. A. Hassan, and M. Hefeeda,
“Energy-aware and bandwidth-efficient hybrid video streaming over mo-
bile networks,” IEEE Trans. Multimedia, vol. 18, no. 1, pp. 102–115,
Jan. 2016.

[9] V. R. Gaddam, M. Riegler, R. Eg, C. Griwodz, and P. Halvorsen, “Tiling
in interactive panoramic video: Approaches and evaluation,” IEEE Trans.
Multimedia, vol. 18, no. 9, pp. 1819–1831, Sep. 2016.

[10] B. Tan et al., “Analog coded softcast: A network slice design for mul-
timedia broadcast/multicast,” IEEE Trans. Multimedia, vol. 19, no. 10,
pp. 2293–2306, Oct. 2017.

[11] C. Lentisco, L. Bellido, and E. Pastor, “Reducing latency for multime-
dia broadcast services over mobile networks,” IEEE Trans. Multimedia,
vol. 19, no. 1, pp. 173–182, Jan. 2017.

[12] J. Chen, R. Mahindra, M. A. Khojastepour, S. Rangarajan, and
M. Chiang, “A Scheduling framework for adaptive video delivery over
cellular networks,” in Proc. 19th Annu. Int. Conf. Mobile Comput. Netw.,
Miami, FL, USA, Oct. 2013, pp. 389–400.

[13] Facebook, “Enhancing High-Resolution 360 Streaming With View
prediction,” Apr. 2017. [Online]. Available: https://code.facebook.com/
posts/118926451990297/enhancing-high-resolution-360-streaming-
with-view-prediction/

[14] Google, “The latest on VR and AR at Google I/O,” May 2017. [Online].
Available: https://www.blog.google/products/google-vr/latest-vr-and-ar-
google-io/

[15] 3GPP, “TS 36.211, E-UTRA, Physical Channels and Modulation,” 2017.
[Online]. Available: www.3gpp.org/dynareport/36211.htm

Authorized licensed use limited to: SIMON FRASER UNIVERSITY. Downloaded on December 18,2021 at 16:42:43 UTC from IEEE Xplore.  Restrictions apply. 

http://www.3gpp.org/news-events/3gpp-news/1905-embms_r14
http://www.verizon.com/about/news/vzw/2014/05/verizon-wireless-lte-multicast
https: ignorespaces //www.ericsson.com/en/press-releases/2017/8/gigabit-network-launched-in-china
https: ignorespaces //developer.android.com ignorespaces /reference/android/telephony/mbms/package-summary
https://code.facebook.com/posts/118926451990297/enhancing-high-resolution-360-streaming-with-view-prediction/
https://www.blog.google/products/google-vr/latest-vr-and-ar-google-io/
www.3gpp.org/dynareport/36211.htm


3152 IEEE TRANSACTIONS ON MULTIMEDIA, VOL. 22, NO. 12, DECEMBER 2020

[16] O. A. Niamut et al., “MPEG DASH SRD: Spatial relationship descrip-
tion,” in Proc. ACM ACM Multimedia Syst. Conf., Klagenfurt, Austria,
May 2016, pp. 1–8.

[17] N. Jiang, V. Swaminathan, and S. Wei, “Power evaluation of 360 VR
video streaming on head mounted display devices,” in Proc. 27th Workshop
Netw. Oper. Syst. Support Digital Audio Video, Taipei, Taiwan, Jun. 2017,
pp. 55–60.

[18] L. Xie, Z. Xu, Y. Ban, X. Zhang, and Z. Guo, “360ProbDASH: Improving
QoE of 360 video streaming using tile-based HTTP adaptive streaming,”
in Proc. ACM Int. Conf. Multimedia, Mountain View, CA, USA, Oct. 2017,
pp. 315–323.

[19] S. Petrangeli, V. Swaminathan, M. Hosseini, and F. De Turck, “An
HTTP/2-based adaptive streaming framework for 360 virtual reality
videos,” in Proc. 25th ACM Int. Conf. Multimedia, Mountain View, CA,
USA, Oct. 2017, pp. 306–314.

[20] Y. Bao, H. Wu, T. Zhang, A. A. Ramli, and X. Liu, “Shooting a moving
target: Motion-prediction-based transmission for 360-degree videos,” in
Proc. IEEE Big Data, Washington, DC, USA, Dec. 2016, pp. 1161–1170.

[21] F. Qian, B. Han, Q. Xiao, and V. Gopalakrishnan, “Flare: Practical
viewport-adaptive 360-degree video streaming for mobile devices,” in
Proc. ACM Conf. Mobile Comput. Netw., Oct. 2018, pp. 99–114.

[22] J. Chen et al., “Fair and optimal resource allocation for LTE multicast
(eMBMS): Group partitioning and dynamics,” in Proc. IEEE INFOCOM,
Hong Kong, China, Apr. 2015, pp. 1266–1274.

[23] F. Kelly, “Charging and rate control for elastic traffic,” Eur. Trans. Telecom-
mun., vol. 8, no. 1, pp. 33–37, 1997.

[24] N.-D. Nguyen, R. Knopp, N. Nikaein, and C. Bonnet, “Implementation
and validation of multimedia broadcast multicast service for LTE/LTE-
advanced in openairinterface platform,” in Proc. IEEE Workshop Perform.
Manage. Wireless Mobile Netw., Oct. 2013, pp. 70–76.

[25] C. Tofallis, “Add or multiply? a tutorial on ranking and choosing with
multiple criteria,” INFORMS Trans. Edu., vol. 14, no. 3, pp. 109–119,
2014.

[26] M. Graf, C. Timmerer, and C. Mueller, “Towards bandwidth efficient adap-
tive streaming of omnidirectional video over HTTP: Design, implementa-
tion, and evaluation,” in Proc. ACM Multimedia Syst. Conf., Taipei, Taiwan,
Jun. 2017, pp. 261–271.

[27] 3GPP, “TS 36.104, E-UTRA, Base Station (BS) Radio Transmission and
Reception,” 2017. [Online]. Available: http://www.3gpp.org/DynaReport/
36104.htm

[28] 3GPP, “TS 36.331, E-UTRA; Radio Resource Control (RRC) Pro-
tocol Specification,” 2017. [Online]. Available: http://www.3gpp.org/
DynaReport/36331.htm

[29] 3GPP, “TS 26.346, Multimedia Broadcast/Multicast Service, Proto-
cols and Codecs,” 2017. [Online]. Available: http://www.3gpp.org/
DynaReport/26346.htm

[30] T. Stockhammer and M. G. Luby, “Dash in mobile networks and services,”
in Proc. Visual Commun. Image Process., San Diego, CA, Nov. 2012,
pp. 1–6.

[31] T. Paila, R. Walsh, M. Luby, V. Roca, and R. Lehtonen, “FLUTE-file
delivery over unidirectional transport,” Internet Engineering Task Force
(IETF) RFC 6726, Nov. 2012.

[32] H. Ahmadi, O. Eltobgy, and M. Hefeeda, “Adaptive multicast streaming
of virtual reality content to mobile users,” in Proc. ACM Multimedia Conf.,
Mountain View, CA, Oct. 2017, pp. 601–605.

[33] X. Corbillon, F. De Simone, and G. Simon, “360-Degree video head move-
ment dataset,” in Proc. ACM ACM Multimedia Syst. Conf., Taipei, Taiwan,
Jun. 2017, pp. 199–204.

[34] M. Viitanen, A. Koivula, A. Lemmetti, J. Vanne, and T. D. Hämäläinen,
“Kvazaar HEVC encoder for efficient intra-coding,” in Proc. IEEE Int.
Symp. Circuits Syst., Lisbon, Portugal, May 2015, pp. 1662–1665.

[35] K. Lee, S. Hong, S. J. Kim, I. Rhee, and S. Chong, “SLAW: A new mobility
model for human walks,” in Proc. IEEE INFOCOM, Rio de Janeiro, Brazil,
Apr. 2009, pp. 855–863.

[36] N. Aschenbruck, R. Ernst, E. Gerhards-Padilla, and M. Schwamborn,
“BonnMotion: A mobility scenario generation and analysis tool,” in Proc.
3rd Int. ICST Conf. Simul. Tools Techn., Malaga, Spain, Mar. 2010,
Art. no. 51.

[37] Amarisoft, “Amarisoft full LTE software suite solution,” 2018. [Online].
Available: https://www.amarisoft.com/software-enb-epc-ue-simulator/

[38] Expway, “Expway Broadcast Multicast Service Center (Expway BMSC),”
Jan. 2017. [Online]. Available: http://www.expway.com/embms/

[39] Y.-J. Yu, P.-C. Hsiu, and A.-C. Pang, “Energy-efficient video multicast
in 4G wireless systems,” IEEE Trans. Mobile Comput., vol. 11, no. 10,
pp. 1508–1522, Oct. 2012.

[40] S. Sharangi, R. Krishnamurti, and M. Hefeeda, “Energy-efficient mul-
ticasting of scalable video streams over wimax networks,” IEEE Trans.
Multimedia, vol. 13, no. 1, pp. 102–115, Feb. 2011.

[41] X. Xie, X. Zhang, S. Kumar, and L. E. Li, “piStream: Physical layer
informed adaptive video streaming over LTE,” in Proc. 24th Annu. Int.
Conf. Mobile Comput. Netw., New York, NY, USA, Sep. 2015, pp. 413–
425.

[42] X. Xie, X. Zhang, and S. Zhu, “Accelerating mobile web loading using
cellular link information,” in Proc. 15th Annu. Int. Conf. Mobile Syst.,
Appl., Services, New York, NY, Jun. 2017, pp. 427–439.

[43] C. Zhou, Z. Li, and Y. Liu, “A measurement study of oculus 360 de-
gree video streaming,” in Proc. 8th ACM Multimedia Syst. Conf., Taipei,
Taiwan, 2017, pp. 27–37.

[44] X. Corbillon, G. Simon, A. Devlic, and J. Chakareski, “Viewport-adaptive
navigable 360-degree video delivery,” in Proc. IEEE Int. Conf. Commun.,
May 2017, pp. 1–7.

[45] A. Zare, A. Aminlou, M. M. Hannuksela, and M. Gabbouj, “HEVC-
compliant tile-based streaming of panoramic video for virtual reality ap-
plications,” in Proc. 24th ACM Int. Conf. Multimedia, Amsterdam, the
Netherlands, Oct. 2016, pp. 170–178.

[46] F. Qian, B. Han, Q. Xiao, and V. Gopalakrishnan, “Flare: Practical
viewport-adaptive 360-degree video streaming for mobile devices,” in
Proc. 24th Annu. Int. Conf. Mobile Comput. Netw., New Delhi, India,
Nov. 2018, pp. 99–114.

[47] J. He et al., “Rubiks: Practical 360-degree streaming for smartphones,” in
Proc. 16th Annu. Int. Conf. Mobile Syst., Appl., and Services, New York,
NY, USA, Jun. 2018, pp. 482–494.

[48] M. Xiao, C. Zhou, Y. Liu, and S. Chen, “OpTile: Toward optimal tiling in
360-degree video streaming,” in Proc. 25th ACM Int. Conf. Multimedia,
Mountain View, CA, Oct. 2017, pp. 708–716.

[49] A. T. Nasrabadi, A. Mahzari, J. D. Beshay, and R. Prakash, “Adaptive 360-
degree video streaming using scalable video coding,” in Proc. 25th ACM
Int. Conf. Multimedia, Mountain View, CA, Oct. 2017, pp. 1689–1697.

Omar Eltobgy received the B.Sc. degree in computer
science and engineering from Alexandria University,
Alexandria, Egypt, in 2016, and the M.Sc. degree
in computer science from Simon Fraser University,
Burnaby, BC, Canada, in 2018. He is currently work-
ing with Adobe, Ottawa, ON, Canada.

Omar Arafa received the B.Sc. degree in computer
science and engineering from Alexandria University,
Alexandria, Egypt, in 2016, and the M.Sc. degree
in computer science from Simon Fraser University,
Burnaby, BC, Canada, in 2019. He is currently work-
ing at Fortinet, Burnaby, BC, Canada.

Mohamed Hefeeda (Senior Member, IEEE) received
the B.Sc. and M.Sc. degrees from Mansoura Univer-
sity, Mansoura, Egypt, in 1994 and 1997, respectively,
and the Ph.D. degree from Purdue University, West
Lafayette, IN, USA, in 2004. He is a Professor with
the School of Computing Science, Simon Fraser Uni-
versity, Burnaby, BC, Canada, where he leads the Net-
work Systems Laboratory. He has co-authored more
than 120 papers and multiple granted patents. His re-
search interests include multimedia networking over
wired and wireless networks, mobile multimedia, and

network protocols. In 2011, he was awarded one of the prestigious NSERC Dis-
covery Accelerator Supplements, which are granted to a select group of distin-
guished researchers in all Science and Engineering disciplines in Canada.

Authorized licensed use limited to: SIMON FRASER UNIVERSITY. Downloaded on December 18,2021 at 16:42:43 UTC from IEEE Xplore.  Restrictions apply. 

http://www.3gpp.org/DynaReport/36104.htm
http://www.3gpp.org/DynaReport/36331.htm
http://www.3gpp.org/DynaReport/26346.htm
https://www.amarisoft.com/software-enb-epc-ue-simulator/
http://www.expway.com/embms/


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


