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Abstract—This work presents a novel HTTP adaptive considering only the local network status measured and
streaming system to maximize overall video streaming service estimated by itself. This process may cause several problems
quality of all the clients over SDN-enabled Wi-Fi APs. To archive such as instability, unfairness, and underutilization of limited
the goal, the proposed system employs multipath technology to  network resources [7]. When the download intervals of two
overcome the limitation of a Wi-Fi AP, and SDN technology to  clients do not overlap, each client overestimates the available
effectively harmonize multiple Wi-Fi APs. During the streaming  phandwidth of the shared bottleneck link and then chooses a
services, SDN controller periodically monitors the traffic higher bitrate for the next request segment then the current
information collected from the APs, and then determines video network status. Subsequently, when the segment transmissions
!mtrate ‘fmd segment transmission sc}.ledule based. on thl.s of the clients are overlapped, congestion occurs since the
information. The proposed system s fully implemented in real Wi- requested segment bitrates are overdetermined compared to the
Fi network environments. . . L .

available bandwidth of the bottleneck link. These issues should
be addressed in enterprise/private networks, where many users

Keywords—HTTP adaptive streaming, SDN, multipath, bitrate A
share a bottleneck link.

adaptation, segment scheduling

Software-defined networking (SDN) [8] is a network
configuration technology in which a network is easily
The widespread use of video streaming services such as  programmable by decoupling the control and forwarding planes.
YouTube, Hulu, and Netflix and the demand for high-quality ~ With SDN, the entire network can be managed by using a
videos have led to a tremendous increase in global mobile centralized controller with open interfaces (e.g. OpenFlow [9]).
traffic. According to the ITU report [1], the overall mobile  SDN provides application programming interfaces (APIs) for

traffic is estimated to grow at an annual rate of approximately  jmplementing network applications. Thus, new applications can
55% in 2020-2030. Ericsson [2] estimated that the video traffic be created and deployed to meet speciﬁc requirements'

accounts for 66% of all mobile data traffic in 2020-2021 and is Therefore’ combining SDN and HAS for enterprise/private
expected to increase to 77% by 2026. One of the main solutions  networks is an effective approach [10, 11]. However, it is still
to the increasing demand for wireless network bandwidth is Wi- difficult to provide seamless and high-quality video streaming
Fi networks. According to the Cisco report [3], globally, there  services when tens and hundreds of mobile devices attempt to
will be nearly 628 million public Wi-Fi hotspots by 2023, a  associate with one Wi-Fi Access Point (AP) due to the

I. INTRODUCTION

fourfold increase from 169 million hotspots in 2018. However,  bandwidth limitations of a single wireless network.

it is still difficult to provide high-quality and seamless streaming . . .

services over wireless networks due to the limited wireless In this work, we propose a HTTP adaptive streaming system
resources and time-varying network conditions. to improve the overall video quality of all DASH clients via

SDN-enabled Wi-Fi APs. To overcome the limited wireless

Recently, HTTP adaptive streaming (HAS) has been widely ~ bandwidth of a single Wi-Fi AP, the proposed HAS system can
used in video streaming services over limited and time-varying Simultaneously receive video Segments via multlple Wi-Fi
wireless networks. In 2012, the HAS standard called dynamic network interfaces. In addition’ SDN is employed to qulckly
adaptive streaming over HTTP (DASH) [4]. So far, many  respond to time-varying network conditions and control video

research has been devoted to adaptive streaming services. Spiteri segment transmission via multiple Wi-Fi APs with a global view
et al. [5] proposed BOLA which uses control segment bitrate by  of the network.

using the playback buffer occupancy-based Lyapunov
optimization to enhance the video quality and avoid buffer II. PROPOSED HTTP ADAPTIVE STREAMING SYSTEM
underflow. Liu et al. [6] proposed a novel rate adaptation
algorithm. It employs smoothed HTTP throughput based on the
segment fetch time to provide smooth and stable adaptive HTTP

streaming  services. However, these studies still may have  yerall architecture of the proposed system is shown in Fig. 1.
quality degradation when multiple DASH clients have a  The proposed system consists of a media server, SDN controller,
common bottleneck link. In these studies, each DASH client SDN-enabled Wi-Fi APs. and DASH clients. The media server
independently ~determines the next segment bitrate by  contains video segments and the extended MPD including

The goal of the proposed system is to maximize the overall
spatial video quality of all clients without noticeable frozen
video instants although congestion may occur at Wi-Fi APs. The
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PSNR information as well as segment bitrate and URL to
provide rate-distortion information as shown in Fig. 2. It is
assumed that the SDN controller manages the enterprise/private
network (i.e. APs and DASH clients within the
enterprise/private network are operated by the SDN controller).
It includes two main modules: a data collector and streaming
manager module. The SDN-enabled AP contains an SDN switch
(i.e. Open vSwitch (OVS)). The DASH client consists of
multiple wireless interfaces, a multipath agent, an HTTP client,
and a media player. It may be connected to multiple adjacent
Wi-Fi APs by using multiple wireless interfaces.

The overall working procedure is presented in Fig. 3. At first,
the DASH client requests the extended MPD from the media
server, and then the media server transmits the extended MPD
to the client. When the MPD is delivered via the SDN-enabled
Wi-Fi AP, the data collector on the SDN controller replicates the
MPD to obtain video content characteristics (e.g. video
encoding bitrates and rate-distortion model parameters). While
receiving MPD and segment data, the DASH clients and SDN-
enabled AP periodically report the network status information
(e.g. available bandwidth between the APs and DASH clients,
and received signal strength indicator (RSSI))—and current
playback buffer time to the data collector on the SDN controller.
By using these information, the streaming manager on the SDN
controller determines the operating parameters, such as the
video bitrate and the amount of data transmitted via each Wi-Fi
network interface of all DASH clients. The streaming manager
then provides these operating parameters to the DASH clients.
After that, the multipath agent on the DASH client requests a
part of the video segment to each Wi-Fi interface according to
the operating parameters. The SDN controller synchronously
controls the segment transmissions among the DASH clients in
the time-slot unit. After receiving all parts of the segment via
multiple Wi-Fi APs, the multipath agent on the DASH client
aggregates the segment and stores it in a playback buffer. And
then, the DASH client requests the next segment. This process
is repeated until the whole streaming service is complete.

A. Problem Description

In this section, we describe problem formulation in detail.
Before presenting a detailed description, some symbols are
defined. First, the partial-segment bitrate allocation vector is
represented by

7 = (e i o TP ) 5 ()
where 7; ; represents the partial-segment bitrate to be delivered

via AP # to DASH client #i and AP is the set of available
APs. In the proposed system, one segment is divided into the
ratio of partial segment bitrate and total segment bitrate for each
AP and DASH client and transmitted via multiple APs. The
peak signal-to-noise-ratio (PSNR) is employed to measure the
objective video quality at a DASH client, and the PSNR of the
video provided to DASH client #i is simply modeled by

a; logy (Z/EAP T )+bi > (2)
where a, and 4 are the coefficients of the rate-distortion
model of video content provided to DASH client # and

z n is overall the bitrate of an segment transferred to
jeAP >

SDN Controller
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Fig. 1. Overall architecture of the proposed system.
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Fig. 3. Overall working procedure of the proposed system.

DASH client #i via multiple Wi-Fi APs. In the proposed
system, we obtain these coefficients through a curve fitting
process by using the trust-region algorithm [12], and the DASH
client achieves them from the expanded MPD file

If DASH clients simultaneously activate multiple wireless
network interfaces, then SDN controllers support better video
quality for DASH clients and flexibly control network
resources to handle network congestion. However, DASH
clients are unwilling to activate their additional interfaces
because it consumes additional energy and computing power.
Thus, the incentive mechanism is quite helpful to encourage
users to turn on network interfaces at the same time. Now, we
define the incentives as follow.
net ) — ;

1 _anm(nnm_l)

i

a)(n for n* >1 3)

I+e
where n'* is the number of activated Wi-Fi network interfaces
of DASH client #i and "¢ is the coefficient of the weighting

factor for network interfaces. As »/ increases, more incentives

et
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are provided whose increasing policy is determined by the
parameter "¢ .

To calculate the segment download time, the available
bandwidth over the Wi-Fi APs should be estimated at first. In
the proposed system, the SDN controller periodically obtains
the estimated bandwidth between DASH client #i and AP #; as
follows
if client #i is connected

@WOVX j

1,server

yWi,j - . . to the AP #j 4
min ( @WOVS @WZSJS‘I )

| servers otherwise,

where @w is the estimated available bandwidth between

L,server

DASH client #i and the media server, @w

j.server 18 the estimated

rssi

bandwidth between AP #j and the media server, and @w
the estimated bandwidth between DASH client # and AP #].

bw, . and bw’ ..  are estimated by using the ARIMA [13]

L,server j server
method based on the port-specific traffic statistics in the OVS
of AP #j, and bw;, is estimated by using the RSSI [14]. If
DASH client #i is connected to AP #j, then the bandwidth
between the DASH client and media server via AP # can be

directly obtained by bw, On the other hand, if DASH

1,server *

client #i and AP #j are disconnected, then @Wi, j is obtained by

J.server 10 take into account the end-to-

comparing bwi; ,j and b’

end network bottleneck. Now, we can formulate the proposed
system as follows.
Problem formulation: Determine 7 for Vie Cand Vje AP

with the given " forVie C to maximize the weighted sum of
objective visual quality for DASH clients, i.e.

Zw(nlﬂet).(ai log(zjeAPri,j)+bi), (%)
ieC
subject to |||, < n/* for Vie C, (6)
Zm fy S for Vie C, ™
and Z;ecrl{glw < T‘l"’+S( o — el ) for Vje AP ,(8)

where |7 | is the number of non-zero entries of the vector 7,
% is the segment bitrate requested by the DASH client #i, C

is the set of DASH clients, 7% is the segment duration, 7"’

is the time unit of each slot, ti’;’é

buffer time for all DASH clients, and S(-) is the penalty

function to prevent the playback buffer underflow caused by
sudden network fluctuations. Eq. (6) means the constraint that
the number of APs delivering segment data to a DASH client
should not be larger than the number of activated Wi-Fi
interfaces of the DASH client, Eq. (7) is the constraint that the
segment bitrate served to the DASH client should be less than
or equal to the bitrate requested by the DASH client, and Eq.
(8) represents that DASH clients should be download a segment

is the average media playback

within a time constraint. The time constraint is adjusted to
prevent playback buffer underflow and to sustain a stable buffer
condition. If the average playback buffer time of all DASH

T | then S (x)

should be increased to enhance the quality of new-coming
segments while consuming redundant playback buffering
segments. Otherwise, S (x) should be decreased to rapidly fill

the playback buffer by reducing the segment bitrate. Thus, a
third-degree polynomial S (x) is selected by

clients is larger than the threshold time

slot
j x20
2 &)

slot

min[p1x3 + X7+ pyx +py,
S(x)=

max(plﬁ + szz + p3x + py,— j otherwise,

where p,, p,, p;,and p, are the coefficients of S (x). The
range of S (x) is limited to [ 7% /2, 75" /2] to prevent
sudden video quality changes that may cause blinking artifacts
during video streaming services.

By the way, the above problem is too complicate to be
solved in real-time due to its high computational complexity.
The partial segment bitrate delivered to a DASH client via an
AP depends on not only its time slot but also those of other APs.
To obtain a practical and efficient near-optimal solution with
reasonable computational complexity, we simplify the above
formulation at a single AP.

Simplified Problem Formulation at the AP #k:

Determine 7, with given ¢ and 7 ; for Vi € C and

Vje AP /{k} to maximize the weighted sum of objective
visual quality of DASH clients at the AP #£, i.e.

;w("im ) '{ai log(zjeAPr’Ff ) i lOg(ZjeAP/{k} fij )} (10)
(1)
12)

subject to [|7]|, <n for Vie C,

Z < forVie C,

JjEAP fij =

<Tsl()t+S( b“f thuf) for VJE AP(13)

avg

and ZzeC @w

where Eq. 10 indicates the change of the overall weight PSNR
when 7, (for Vi € C ) is delivered via AP #k.

B. Segment Bitrate Determining Process

In this section, we describe the details of the proposed
segment bitrate determining process. Actually, it is well known
that Eq. (10) is concave since it is the sum of log functions [15].
Now, the Lagrange multiplier is employed to obtain the solution.
The following penalty function is defined by combining the cost
function Eq. (10) and the constraint Eq. (13):

L(”l,k»-"a”\q,k’/l) = z

ieC /EAP jeAP/{k}

], (14)

.. Tseg
. [ B e o

ieC ij
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where A is the Lagrange multiplier. Then, gradient method can
be employed to find the solution for a single AP. In the
proposed system, the SDN controller recursively selects an AP
and determines segment bitrate delivered via the AP until the
overall weighted PSNR converges. The details of the proposed
algorithm are presented below.

Step 0) Initialize 7, for Vi € C and A.
Step 1) Set the AP index kto 1.

Step 2) Calculate the partial segment bitrate r,, for Vi € C to
be delivered via AP #k by taking the partial derivative of Eq.

(14).
Sept 3) If 7, for Vie C do not satisfy Eq. 13. Update A by

A=A+AA, (15)

_L(”l,k’--~»”\c'|,ks/1) 16
A= Tslot +S(tbuf _ 7;;:“[ )’ ( )

avg

then go back to Step 2).

req . req
Step 4) If Z L=, Ty dissetto 7 - Z hij -
JjEAP jeAP/{k}

Step 5) Change 7;; so that ZjeAP 1;,; 1s the to the nearest
values less than or equal to the bitrate in the MPD.

Step 6) Check the number of available network interfaces. For
Vie C, if |||, 2 n/*", then find the smallest partial segment

bitrate for DASH client #i among all APs and set to 0.

Step 7) Initialize A and increase £ to select the next AP. If
k>|AP|, go to Step 1), otherwise, go to Step 2) until the
overall weighted PSNR converges.

III. EXPERIMENTAL RESULTS

The proposed system is implemented by using the NS-3 [17]
for a large-scale network environment test, and a real Wi- Fi
network testbed is realized with Raspberry Pis and laptops in a
relatively small-scale network due to the practical reasons. First,
we verify the performance of the proposed system in a
simulation environment with a large number DASH clients and
APs. Next, we evaluate the performance and feasibility of the
proposed system in a real testbed.

A. Performance Verification on NS-3-based Large-scale
Environment

In this section, we demonstrate the performance of the
proposed system on NS-3-based large-scale environment. A
network topology consists of 19 DASH clients and three
802.11n APs. The positions and mobilities of the entities are
shown in Fig. 4. The DASH clients are connected to APs located
within 50 m. For the Wi-Fi channel, yet another network
simulator (YANS) model and Friis propagation loss model are
employed. During the simulation, 24Mbps background traffic is
generated to each AP. Three full high-definition video
sequences, Big Buck Bunny, Elephants Dream, and Sintel are
used as test videos. Each video stream is encoded as 100, 200,
400, 600, 800, 1000, 1200, 1400, 1600, 1800, and 2000 kbps by

using the H.264 with 25 frames per second. The 7°% and T/
are set to 2 sec. The coefficients of the rate-distortion model (i.e.
a; and b, ) are achieved from the PSNR of each segment and
these values are included in the extended MPD, and the total
playback time is set to 300 sec. DASH clients #1, 4, 7, 10, 13,
16 and 19 request Big Buck Bunny, DASH clients #2, 5, 8, 11,
14, and 17 request Elephants Dream, and DASH clients #3, 6, 9,
12, 15, and 18 request Sintel. All DASH clients start video
playback when the playback buffer time is 2.0 sec. The
maximum playback buffer time is set to 10 sec and 7,2 is set

to 6 sec. p;, p,, p;, and p, are fixed to 0.01439, 0.02866,
0.02828, and 0.005873, respectively.
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Fig. 4. Simulation network topology.

First, we investigate the proposed segment bitrate allocation
algorithm. Fig. 5 represents the sum of weighted PSNR at 10 sec
according to the iteration stage. At each iteration, the SDN
controller recursively selects an AP and then updates the
segment bitrate of DASH clients delivered via the selected AP.
The time complexity of the proposed system is low because the
simplified problem at a single AP can be easily solved by using
the Lagrange multiplier, and thus the overall weighted PSNR
quickly converges.

1000

900
800
700
600
500
400 I
300
1 2 3 4 5 6

Tteration

Total Weighted PSNR

Fig. 5. Change in total weighted PSNR with the iteration.

Next, the performance of the proposed system is compared
with the DASH.js [17], BOLA [5], and HAS-SDN [11] for a
large-scale environment test. The experimental results are
summarized in Table 1. Figs. 6, 7, and 8 represent the bitrate
adaptation and the corresponding PSNR and remaining
playback buffer time of the DASH client #10, respectively.
DASH.js performs rate control based on the available network
bandwidth measured at the port of the DASH client by using the
simple moving average method. Thus, it could not effectively
respond to the playback buffer decrease caused by the sudden
network fluctuations as shown in Figs. 6 (a) and 8 (a). In the case
of BOLA, it utilizes Lyapunov optimization to fill buffer
occupancy rapidly and minimize buffer underflow. As shown
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Fig. 6. Segment bitrate comparison at DASH client #10: (a) Dash.js, (b) BOLA, (c) HAS-SDN, and (d) proposed system.
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Fig. 8. Playback buffer time comparison at DASH client #10: (a) Dash.js, (b) BOLA, (c¢) HAS-SDN, and (d) proposed system.

in figs. 6 (b) and 8 (b), when the playback buffer of the DASH
client #10 is low, the segment bitrate is rapidly decreased to fill
the playback buffer. Thus, the buffer underflow occurs less than
DASH.js, but the segment bitrate changes more often than
DASH.js. In the case of HAS-SDN, it centrally controls the
segment bitrate taking into account the network status and
remaining playback buffer of all DASH clients sharing a single
Wi-Fi network. Thus, it prevents buffer underflow while
improving the overall PSNR more than DASH.js and BOLA as
shown in Table I. However, as shown in Fig. 8 (c), HAS-SDN
still has a quality degradation caused by the DASH client’s
movement due to the limitations of a single Wi-Fi network. In
the case of the proposed system, it effectively performs the
bitrate adaptation and segment transmission scheduling via
multiple Wi-Fi APs by considering the overall network and
buffer status of all DASH clients in the enterprise/private
network. As shown in Fig. 7 and TABLE I, the proposed system
always provides high-quality segment bitrate by using multiple
interfaces while maintaining a stable playback buffer time. As
shown in Fig 7 (d), even if some wireless channel conditions are
degraded due to the movement of the DASH client #10, the
DASH client maintains high PSNR because it can receive
segment data via other Wi-Fi APs. In addition, the proposed
system minimizes the changes in PSNR, segment bitrate, and
remaining playback buffer of all DASH clients than other
existing HAS systems by efficiently scheduling segment

187

TABLE I. PERFORMANCE EVALUATION WITH EXISTING ALGORITHMS ON
LARGE-SCALE ENVIRONMENT.

DASH Systems DASH.js Bola | HAS-SDN Pg"p"“d
ystem
Avg | 4157 41.58 43.46 443
PSNR (dB)
Std. 3.52 3.95 3.67 34
) Avg | 114161 | 120779 | 1355.15 1798.77
Bitrate
(Kbps) Std. | 258.04 429.42 256.39 168.61
Playback | Avg. 6.56 739 6.89 10.44
buffer time
(sec.) Std. 1.4 0.99 0.91 0.85
Avg. num. of
buffer underflow 0.47 0.32 0 0

transmission via multiple APs by considering the rate-distortion
characteristics and buffer occupancy as shown in Table 1.

B. Performance Verification on Real Wireless Network
Testbed Environment

In this section, we demonstrate the performance of the
proposed system on a real Wi-Fi environment. The real testbed
is constructed with a media server, SDN controller, APs, and
laptops as shown in Fig. 9. We employ ONOS SDN controller
and implement the HTTP streaming manager application on
Ubuntu 18.04. The APs are implemented by using a Raspberry
PI-3 with the OVS and hostapd. Five laptops are used as DASH
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Fig. 9. Real testbed for the proposed HAS system.

clients. To support multiple connections at the DASH client,
two 802.11n interfaces are configured on the laptop and are
associated with different APs. DASH clients request and receive
Big Buck Bunny from media server. The initial playback buffer
time is set to 2 sec, the maximum buffered playback time is set

to 10 sec, and time slot 7°' is set 2 sec. Background traffic
between 35 Mbps and 45 Mbps is generated to each AP to
emulate dynamic time-varying network conditions. During the
experiments, in the case of DAS H.js, BOLA, and HAS-SDN,
DASH clients #1, #2, #3, and #4 are connected to AP #1, and
DASH client #4 is connected to AP #2. In the case of the
proposed system, all DASH clients connected with two APs.

The experimental results are summarized in Table II. As
shown in the table, the proposed system can provide a high-
quality video streaming service as well as a stable buffered
playback time compared to other existing algorithms. This is
because all DASH clients of the proposed system receive
segment data simultaneously via multiple Wi-Fi interfaces, and
video traffic is appropriately controlled by considering the
overall network and remaining playback buffer status.

IV. CONCLUSION

In this work, we have proposed a HTTP adaptive streaming
system to maximize the overall video streaming service quality
of all clients over SDN-enabled Wi-Fi APs. The proposed
system employs multipath technology to overcome the limited
wireless bandwidth. Moreover, SDN technology is used to
effectively harmonize multiple Wi-Fi APs. To archive the goal,
the SDN controller periodically collects the traffic information
from the APs and DASH clients. Based on this information, the
SDN controller adjusts video bitrate and schedule the segment
transmission via multiple APs. The proposed system is
examined by using not only simulations for large-scale Wi-Fi
network environments, but also a real Wi-Fi network
environment. Experimental results show that the proposed
system can provide high quality video streaming services with a
stable playback buffer status.
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Playback buffer | Num. of
DASH PSNR (dB) Bitrate (kbps) time (sec.) buffer
System client | Avg. | Std. Avg. Std. Avg. Std. [underflow

1 3427 | 7.09 | 566.46 | 64543 491 1.73 5
2 34.53 | 7.34 | 596.84 | 659.05 4.67 2.09 6
. 3 3494 | 7.14 | 603.25 640.52 4.59 2.22 5
DASHJs 13445 | 7.07 | 57716 | 777.15 | 491 | 182 | 4
5 43.55 | 2.95 1827.8 350 4.91 1.82 0

Avg. 36.35 | 6.32 834.3 614.43 4.8 1.93 4.2
1 36.38 | 5.38 | 481.05 | 241.38 5.83 2.84 2
2 36.46 | 4.91 477.63 | 223.07 5.85 2.84 3
BOLA 3 36.65 | 4.89 | 492.76 231.8 5.8 2.81 5
4 36.71 | 5.85 | 495.48 740 5.67 2.69 2
5 43.06 | 3.43 | 1695.24 | 457.82 5.67 2.69 0

Avg. 37.85 | 489 | 728.43 378.82 5.76 2.77 2.2
1 39.42 | 4.61 767.27 | 302.15 9.22 1.85 0
2 394 4.6 764.85 303.48 9 1.86 0
3 39.36 | 459 | 758.79 | 301.51 8.79 1.86 0
HAS-SDN 4 39.29 [ 4.57 | 749.09 | 300.83 8.58 1.87 0
5 44.12 | 3.46 | 1928.48 | 149.26 9.39 1.85 0
Avg. 40.32 | 436 993.7 271.45 8.99 1.86 0
1 41.74 | 4.23 | 1221.82 | 433.74 7.8 1.93 0
2 41.71 | 4.16 | 1207.27 | 410.11 7.45 1.93 0
Proposed 3 41.75 | 4.18 | 1223.03 | 426.06 7.45 1.93 0
4 41.72 | 4.27 | 1224.39 | 438.28 7.28 1.92 0
5 41.78 | 4.19 | 1229.27 | 431.81 7.09 1.93 0
Avg. 41.74 | 421 | 1221.16 | 428.00 7.42 1.93 0
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