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a b s t r a c t 

The popularity of the video services on the Internet has evolved various mechanisms 

that target the Quality of Experience (QoE) optimization of video traffic. The video qual- 

ity has been enhanced through adapting the sending bitrates. However, rate adaptation 

alone is not sufficient for maintaining a good video QoE when congestion occurs. This pa- 

per presents a cross-layer architecture for video streaming that is QoE-aware. It combines 

adaptation capabilities of video applications and QoE-aware admission control to optimize 

the trade-off relationship between QoE and the number of admitted sessions. Simulation 

results showed the efficiency of the proposed architecture in terms of QoE and number of 

sessions compared to two other architectures ( adaptive architecture and non-adaptive archi- 

tecture ). 

© 2016 Elsevier B.V. All rights reserved. 

1. Introduction 1 

The increasing popularity of various video services 2 

[1] has made studying the Quality of Experience (QoE) im- 3 

portant. The ITU-T defines QoE as a measure to evaluate 4 

the service quality as perceived by end users [2] . Various 5 

technical and non-technical factors affect this new qual- 6 

ity measure [3] . Among these factors are those related to 7 

service preparation, delivery and presentation. This makes 8 

the task of maintaining QoE at an acceptable level a chal- 9 

lenge. Many solutions have been introduced to tackle the 10 

challenge of video traffic quality. However, more promising 11 

architectures are required to meet the satisfaction of users 12 

and preserve the interest of service providers. This com- 13 

mon goal has been targeted by various designs. Different 14 

approaches focusing on optimization metrics, scope and 15 
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adaptation methods are available. They can be deployed 16 

individually or jointly to achieve the goal which is called 17 

cross-layer design in the latter case [4] . 18 

Optimization has to resolve the conflict between the in- 19 

terests of end users and network providers. From the end 20 

user perspective, maximum quality is expected; whereas 21 

low-cost and the number of served users are important 22 

from the network providers’ perspective. These two can be 23 

jointly optimized through an intelligent design. This mo- 24 

tivation has promoted the development of cross-layer de- 25 

signs for video transmission that are QoE-aware. The main 26 

objective is to utilize network resources efficiently and op- 27 

timize video quality, throughput or QoE through a joint 28 

cooperation between layers and optimization of their pa- 29 

rameters. This enables the communication and interaction 30 

between layers by allowing one layer to access the data 31 

of another layer. For example, having knowledge about the 32 

available bandwidth (network layer) helps the sender to 33 

adapt the sending rate (application layer). As a result of 34 

this cooperation, better quality for as many users as possi- 35 

ble can be expected. 36 
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Although dynamic rate adaptation enhances video qual- 37 

ity, accepting more sessions than a link can accommo- 38 

date will degrade the quality. We have investigated how 39 

rate adaptation of video sources can provide a better QoE 40 

in our previous work [5] . However, the friendly behavior 41 

of the Internet’s transport protocol accommodates every 42 

video session and makes room for everyone. This causes 43 

degradation of QoE of all video sessions in a bottleneck 44 

link. Adaptive sources attempt to reduce the transmission 45 

rate of all video sources in order to share the available 46 

link capacity. This process does not consider how much the 47 

QoE at the receiving end will be affected by the adapta- 48 

tion process. To overcome this problem, a mechanism is re- 49 

quired to maintain the quality of on-going video sessions. 50 

In this paper, we combine the rate adaptation capa- 51 

bility of video applications and our previously proposed 52 

QoE-aware admission control [6] in a QoE-aware architec- 53 

ture for video streaming. The contribution of this paper is 54 

a novel QoE-aware cross-layer architecture for optimizing 55 

video streaming services. The proposed architecture ad- 56 

dresses the issue of QoE degradation of video traffic in a 57 

bottleneck network. In particular, it allows video sources 58 

at the application layer to adapt their rate dynamically to 59 

the network environment; and the edge of the network at 60 

the network layer to protect the quality of active video ses- 61 

sions by controlling the acceptance of new session through 62 

a QoE-aware admission control. 63 

The remain ing of the paper is organized as follows: 64 

related work is reviewed in Section 2 . We introduce our 65 

proposed QoE-aware cross-layer architecture in Section 3 . 66 

The evaluation environment is explained in Section 4 . 67 

Section 5 presents and discusses the results. Finally, 68 

Section 6 concludes the paper. 69 

2. Related work 70 
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91 

92 

93 

94 

95 

and video-layer dependent packet retransmission tech- 96 

niques to provide delay-constrained scalable video trans- 97 

missions with optimized perceptual quality. The impact of 98 

power allocation on bit error rate and video source coding 99 

structure for Scalable Video Coding (SVC) video over Multi- 100 

Input Multi-Output (MIMO) with the aim of QoE maxi- 101 

mization has been considered in [16] . 102 

The work presented in [17] extends the Pre-Congestion 103 

Notification (PCN)-based admission control, determines the 104 

required redundancy bits for coping with packet loss, and 105 

scales video rate to optimize the QoE in multimedia net- 106 

works. Two different rate adaptation algorithms have been 107 

proposed in [18] ; an optimal one to adapt the video rate 108 

based on the maximization of service provider’s revenue 109 

or QoE and a heuristic one based on the utility of each 110 

connection. Relying on subjective tests, Chen et al. [19] 111 

proposes a rate adaptation algorithm and devises a 112 

threshold-based admission control strategy to maximize 113 

the percentage of video users whose QoE constraints can 114 

be satisfied. Per user’s QoE constraint was defined by the 115 

empirical Cumulative Distribution Function (eCDF) of the 116 

predicted video quality. 117 

The cross-layer design presented in [20] has optimized 118 

the QoE of the region of interest for mobile physicians by 119 

using advanced error concealment techniques. The work 120 

in [21] has combined the SVC optimization optimum time 121 

slicing for layered coded transmission and adaptive Modu- 122 

lation and Coding Scheme (MCS) to trade between the QoE 123 

and energy consumption of wireless broadcast receivers. 124 

In [22] , a QoE-aware joint subcarrier algorithm and 125 

a power radio algorithm are combined for a QoE-based 126 

resource allocation of the heterogeneous Orthogonal Fre- 127 

quency Division Multiple Access (OFDMA) downlink. The 128 

model presented in [23] , efficiently allocates resources for 129 

video applications by mapping between Peak-Signal-to- 130 

Noise Ratio (PSNR) and Mean Opinion Score (MOS). Ad- 131 
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] . 147 
Extensive research has been done in the area of Qo

optimization for video traffic. Some have focused on th

optimization of the video’s QoE through mechanisms on

a single network layer. Classification and survey of thes

mechanisms can be found in [7–9] . In this section we onl

focus on cross-layer designs that have been proposed t

optimize the QoE of video traffic. 

The optimal rate of competing scalable video source

for QoE optimization has been found in [10] . Loss-induce

distortion caused by video sources has been minimize

and QoE has been maximized by obtaining the optima

rate and capturing the exact effect of packet loss in [11

The resulting rates from [10,11] are proposed to be use

by video encoders for online rate adaptation. In [12] , a rat

adaptation scheme and the IEEE 802.21 media independen

handover are integrated for a single and scalable coding
In [13] , the source rate at the application layer and mod- 

ulation schemes at the radio link layer are optimized for 

the quality of video streaming using an application-driven 

objective function. The link adaptation of the high speed 

downlink packet access and rate adaptation of multime- 

dia applications are integrated in a QoE-based cross-layer 

framework that is capable of maximizing the QoE [14] . 

Work in [15] combines link adaptation based on an on- 

line QoS to QoE mapping, buffer-aware source adaptation 

- 148 

e 149 

- 150 

o 151 

152 

Please cite this article as: Q.M. Qadir et al., A quality of expe

streaming services, Computer Networks (2016), http://dx.doi.org
mission control and resource reallocation have been de

ployed in [24] to increase the session admission rate whil

maintaining an acceptable QoE of multimedia services i

Long-Term Evolution (LTE). The authors of [25] utilize

the QoE prediction model of Khan et al. [26] to rat

the QoE of multimedia services and allocate resource

dynamically. 

The QoE-aware cross-layer Dynamic Adaptive Streamin

over Hypertext Transfer Protocol (HTTP) (DASH) friendl

scheduler introduced in [27] , allocates wireless resource

for each DASH user. The video quality is optimized base

on the collected DASH information through an improve

SVC to DASH layers mapping and a DASH proxy. The Qo

of multi-user adaptive HTTP video in mobile networks ha

been optimized by adapting the transmission rate of DASH

clients that can be supported by lower layers in [28

In [29] , an efficient video processing, an advanced real

time scheduling and reduced-reference metrics across th

application and network layers are combined as compo

nents for a QoE-driven cross-layer design of mobile vide

systems. 
The automatic architecture proposed in [30] monitors 153 

quality related parameters such as packet loss, video frame 154 

rate and router queue sizes. Proper actions such as low- 155 

ering bit rate or adding more Forward Error Correction 156 

rience-aware cross-layer architecture for optimizing video 
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Fig. 1. QoE-aware cross-lay

EC) packet are taken to optimize the QoE of multime- 

ia services. In [31] , an adaptive cross-layer architecture is 

resented. The HTTP Adaptive Streaming (HAS)/HTTP- 

ecific media, network QoS and radio QoS are jointly 

dapted for optimizing the QoE of HAS applications. An 

nd-to-end system for optimizing the QoE in next gen- 

ration networks is presented in [32] . The QoE/QoS pa- 

meters at terminals are reported to the QoE manage- 

ent component for analysis and adjustment. The adjusted 

oS/QoE of the end user is then sent to the network and 

urce. A joint framework for video transport optimization 

ver the next generation cellular network that overcomes 

etwork congestion, cache failure and user mobility issues 

 designed in [4] . Path selection, traffic management and 

ame filtering are mechanisms of the framework for the 

VC video streaming over User Datagram Protocol/Real- 

me Transport Protocol (UDP/RTP). The interface presented 

 [33] is to enable the ISPs to deliver video contents effi- 

ently and satisfy the user requirement for QoE through 

ynamic adaptation. 

While the discussion has covered similar aspects, [17–

9] have specifically combined rate adaptation and ad- 

ission control in a cross-layer design for QoE optimiza- 

on. In [17] , the rate of layered video flows is re-scaled 

nd protected through a number of changes to the origi- 

al PCN. In contrast, our architecture accounts for the QoE 

f video sessions through a QoE-aware admission control. 

atré and De Turck [18] integrates an existing standard- 

ed Measurement-Based Admission Control (MBAC) sys- 

m with a novel video rate adaptation, while our work 

tegrates the existing rate adaptation capability of mul- 

media applications with a QoE-aware admission control. 

urthermore, our architecture optimizes the link utilization 

nsidering the QoE of video sessions whereas [18] ac- 

unts for QoE as the output of the system. Finally, [19] 

corporates the QoE constraints into the rate adaptation 

lgorithm, but our proposal incorporates QoE in the rate 

easurement algorithm and admission control. 
lease cite this article as: Q.M. Qadir et al., A quality of experie

treaming services, Computer Networks (2016), http://dx.doi.org/1
tecture for video traffic. 

. QoE- aware cross- layer architecture 

Much of the research discussed in the literature pro- 

osed rate adaptation for layered videos such as SVC. The 

ideo content (base and enhancements layers) generated 

y a layered encoder is injected to the network, then the 

etwork decides whether they are forwarded or dropped. 

 contrast, this paper proposes online rate adaptation for 

ngle layer videos. Instead of sending the whole video 

ontent to the network, video sources based on the con- 

ition of the network, decide at what rate to transmit the 

ontent. By using this strategy, the rate is adjusted on the 

y and additional redundant data is not sent to the net- 

ork during times of congestion. This is in contrast to 

ffline coding which completely relies on coarse network 

ate assumptions [34] . 

Rate adaptation attempts to adapt the sending rate of 

ll video sources to share the available link capacity with- 

ut considering how much the received QoE will be af- 

cted by the adaptation. Therefore, there is a need for a 

echanism to control the number of video sessions which 

an be accommodated with an acceptable QoE. 

Fig. 1 shows the proposed architecture which focuses 

n the optimization of QoE in relation to the number of 

ssions on the ISP access links (ISP links which are directly 

onnected to and controlled by the gateway in Fig. 1 ). The 

ideo sources share the ISP access links of the distribu- 

on network which is controlled by the gateway. The rate 

daptation is performed at the application layer and QoE- 

ware admission control at the network layer. More specif- 

ally, The QoE-aware admission control is implemented at 

e ISP gateway while the sources perform rate adaptation 

ased on the available bandwidth of the ISP access links. 

Unlike current MBACs, the QoE-aware admission con- 

ol considers the bursty characteristic of video flows as 

e burstiness of individual video flow can be compensated 

y the silence of others [35] . Bursty traffic refers to incon- 

stency of the traffic level. It is at high level sometimes 
nce-aware cross-layer architecture for optimizing video 

0.1016/j.comnet.2016.02.030 
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Table 1 

Notations used for modeling the QoE-aware cross-layer architecture. Q6 

Notation Description 

x i ( t ) Instantaneous video rate of session i at time t 

x new Rate of requested video session 

n Number of video sessions 

C l Link capacity 

β A parameter defines the upper limit of the aggregate rate that can exceed C l while maintaining the QoE of enrolled video sessions 

Pro-IAAR(t) Measured QoE-aware aggregate rate at time t 

μs ( t ) Expected value of the total aggregate rate at time t 

p i ( t ) Active or inactive probability of the session i at time t 

ε The positive number defined by the Hoeffding inequality theorem [36] 

α and δ Coefficients of β model defined by Eq. (5) 

k A local variable/counter, where k ∈ {2 –31} 

QP Quantization parameter of video encoder, where QP ∈ {2 –31} 

while is at low level at some other times. The model and 232 

implementation of the QoE-aware measurement algorithm 233 

and admission control were presented in [6] . The proposed 234 

architecture employs parameters from relevant layers; ap- 235 

plication and network layers in this paper. The key param- 236 

eters to be considered for the cross-layer optimization are 237 

the instantaneous video rate of session i at time t ; x i ( t ) 238 

- 239 

- 240 

r 241 

e 242 

- 243 

e 244 

r 245 

- 246 

- 247 
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- 250 

) 251 

252 
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- 257 

- 258 
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260 
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e 261 
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- 264 

265 

) 

266 
) 

r 267 

e 268 

maintaining the QoE of enrolled video sessions. The value 269 

of β determines the level of video quality. The values of 270 

coefficients α and δ are determined by video contents [6] . 271 

272 

β = α + ( 
C l 

δ ∗ n 

) . (5) 

Encoders that provide quality variability such as MPEG- 273 

e 274 

- 275 

d 276 

e 277 

a 278 

l 279 

. 280 

n 281 

- 282 

r 283 

r 284 

e 285 

s 286 

a 287 

e 288 

e 289 

f 290 

k 291 

p 292 

e 293 

t 294 

t 295 

f 296 

- 297 

s 298 

f 299 

300 

- 301 

. 302 

. 303 

e 304 

r, 305 

o 306 

e 307 

- 308 

309 

s 310 

n 311 
and rate of requested video session; x new 

from the appli

cation layer, while at the network layer, the link capac

ity; C l , number of sessions ; n , parameter β (explained late

in this section), and the measured QoE-aware aggregat

rate; Proposed-Instantaneous Aggregate Arrival Rate ( Pro

IAAR(t) ) are taken into account. Table 1 summarizes th

notations used for structuring the QoE-aware cross-laye

architecture. The architecture assumes that there are effi

cient and reliable routing protocols to route the video traf

fic through the ISP intra-domain links once they have been

placed on the ISP access link by the gateway. It also as

sumes that there is sufficient bandwidth on the access (be

tween video sources and ISP gateway) and core (Internet

networks. 

A user’s QoE (in terms of MOS) for video streaming ser

vices can be defined by a utility function [14] . MOS as 

function of the aggregate bitrate is given by a simplifie

utility function in Eq. (1) 

U = f (P ro − IAAR (t)) , f : P ro − IAAR (t) → MOS (1

where Pro-IAAR(t) [6] is the upper limit of the total ag

gregate rate that can exceed a specific link capacity con

sidering the QoE of ongoing video sessions and is given b

Eq. (2) 

P ro - IAAR (t) = μs (t) + nε (2

μs ( t ) is the expected value of the total aggregate rat

given by Eq. (3) and ε as a positive number of the Hoeffd

ing inequality theorem [36] is quantified by Eq. (4) [6] . Th

probability of the session i to be active or inactive is rep

resented by p i in Eq. (3) 

μs (t) = 

n ∑ 

i =1 

x i (t) p i (t) (3

ε = βμs (t) 
n − 1 

n 

0 < β ≤ 1 . (4

Parameter β , modeled by Eq. (5) , defines the uppe

limit of the total aggregate rate that can exceed C whil
l 

Please cite this article as: Q.M. Qadir et al., A quality of expe

streaming services, Computer Networks (2016), http://dx.doi.org
4 can be used to produce different video quality from th

video scenes. The rate controller ( Fig. 1 ) adapts the trans

mission rate based on Pro-IAAR(t) . The load is monitore

by the network monitor and Pro-IAAR(t) is estimated, th

information is then sent back to the rate controller vi

the acknowledgment packet of Transport Control Protoco

(TCP) Friendly Rate Control (TFRC) as an extension of TCP

TFRC can be utilized for this purpose. TFRC is a congestio

control mechanism for unicast transmission over the In

ternet. In addition to fairness when competing with othe

flows, it has a much lower variation of throughput ove

time compared with TCP. This makes TFRC more suitabl

for applications which require smooth sending rate such a

video streaming [37] . The significance of TFRC for medi

applications has been growing remarkably [34] . The rat

controller selects a suitable video quality among availabl

bit rates (video rate variants in Fig. 1 ) for each Group o

Picture (GoP) based on the information on the networ

state received from the network monitor. An open loo

Variable Bit Rate (VBR) controller requires access to th

video content and network state information. The Explici

Congestion Notification (ECN) bit in the acknowledgmen

packet of the TFRC header is utilized for the purpose o

network monitoring and thus no additional overhead is in

troduced. The rate controller at the sender side reduces it

transmission rate by selecting a lower video rate variant i

ECN 1 is detected in the acknowledgment packet. 

The rate controller switches to the next rate by select

ing the next quantizer scale at the start of the next GOP

This may delay the new rate up to the duration of one GOP

A leaky bucket can be used to control the target bit rat

and allowed bit rate variability. It acts as a virtual buffe

therefore it does not introduce additional delay to vide

packets. Leaky bucket algorithms are widely used by rat

controllers to control traffic to packet-switched and ATM

based networks [38] . 

The QoE-aware admission control component measure

the network load and based on that makes the admissio
rience-aware cross-layer architecture for optimizing video 

/10.1016/j.comnet.2016.02.030 
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decision. The new requested session will be admitted only 312 

if the sum of Pro-IAAR(t) on the link plus x new 

is less than 313 

or equal to C l . The details of a possible scenario is ex- 314 

plained in the next paragraph. 315 

A video source prior to transmitting, sends a request to 316 

the ISP gateway indicating its intended sending rate (high- 317 

est bit rate) as well as other possible bit rates (30 bit rates 318 

in total). Existing session signaling protocols such as Ses- 319 

sion Initiation Protocol (SIP) is currently used by Internet 320 

telephone calls and it also can be utilized for video distri- 321 

bution [39] . The gateway upon receiving the request, calcu- 322 

lates μs ( t ) using Eq. (3) , β using Eq. (5) , P ro - IAAR (t) using 323 

Eq. (2) and checks Pro-IAAR(t) + x new 

≤ C l . The new session 324 

is accepted with its intended bit rate x new 

only if the con- 325 

dition meets. If it does not however, the gateway checks 326 

the next bit rate (from higher to lower) that satisfies the 327 
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Table 2 

Description of the video sequences used in this paper. 

Description Video sequence 1 Video sequence 2 

Name Mother and daughter 

(MAD) 

Grandma 

Description A mother and daughter 

speaking at low motion 

A woman speaking 

at low motion 

Frame size CIF (352 × 288) QCIF (176 × 144) 

Duration (s ) 30 28 

Number of 

frames 

900 870 

Table 3 

Simulation parameters. 

Parameter Value 

Encoder Frame rate (fps) 30 

346 

so 347 

n 348 

th 349 

m 350 

d 351 

e 352 

T 353 

in 354 

is 355 

c 356 

se 357 

d 358 

th 359 

360 

A 361 

lo 362 

2 363 

sc 364 

ti 365 

k 366 

T 

P

s

ndition. The gateway acknowledges the potential source 

ould any other bit rate meets the condition which is 

en adopted by the source. If none of the bit rates satisfies 

e condition however, the request is rejected. The video 

urces are able to switch to a higher bit rate after they 

ave been successfully accepted when bandwidth becomes 

vailable. Since only the acceptance/rejection admission 

olicy was the target of this paper, post-acceptance bit rate 

itching was not addressed by our algorithm. The pseu- 

ocode for the implementation of the proposed QoE-aware 

oss-layer architecture for video admission is summarized 

 Algorithm 1 . 

lgorithm 1 Implementation of the QoE-aware cross-layer 

rchitecture for video admission. 

Gi v en C l , n, α, and δ
: for Ev ery v ideo session request do 

: C omput e μs (t) f rom Eq. (3) 

: C omput e β f rom Eq. (5) 

: C omput e ε f rom Eq. (4) 

: C omput e P ro - IAAR (t) f rom Eq. (2) 

: k = 2 

7: x new 

= Highest bit rate (QP = k ) 

: if P ro - IAAR (t) + x new 

≤ C l = T rue then 

: Session accept ed with rat e x new 

: Send the QP/k that satis f ies accepted x new 

, to the so

: else 

: if k ≤ 31 then 

: Increment k 

: x new 

= Next bit rate (QP = k ) 

: goto line 8 

: else 

7: Session re jected 

: end if 

: end if 

: end for 

QoE is included into Algorithm 1 through parameter β
hich controls the total bitrate on a specific link based 

n the QoE of current sessions. On the other hand, the 

te controller makes the architecture flexible by offering 

0 different bit rates-with preference from high to low- 

ssuming that they do not cause noticeable artifacts. 
lease cite this article as: Q.M. Qadir et al., A quality of experie

treaming services, Computer Networks (2016), http://dx.doi.org/1
GoP 30 

Video quantizer scale 2 ( non-adaptive architecture 

traffic) 

2–31 ( adaptive architecture 

and 

cross-layer architecture 

traffic) 

Network C l (Mbps) 32 (MAD) 

7 (Grandma) 

β 0.9 (MAD, cross-layer 

architecture ) 

0.78 (Grandma, cross-layer 

architecture ) 

VBR sources 24 

FTP sources 48 

Packet size (byte) 1052 

UDP header size 

(byte) 

8 

IP header size (byte) 20 

Queue size (packet) 300 (MAD) 

100 (Grandma) 

Link delay (ms ) 1 

Queue management Droptail 

Queue discipline FIFO (First In First Out) 

Simulation time (s ) 500 

Algorithm 1 is jointly implemented by the video 

urces and ISP gateway relying on the available commu- 

ication messages of the TCP/IP protocol suite for showing 

e interest to send, notification of the sender and network 

onitoring as explained earlier in this section. It therefore, 

oes not demand additional requirements. We assume that 

ach media content is encoded with 30 video rate variants. 

his allows for a wide range of playback rates (30) exploit- 

g the capability of the ffmpeg encoder. The assumption 

 justifiable for video streaming services and the dropping 

ost of storage on media servers. Other studies have cho- 

n videos files dynamically in response to channel con- 

itions and screen forms under a limited storage budget 

rough intelligent algorithms [40] . 

Using Big O notation metric, the complexity of 

lgorithm 1 is determined by counter k of the iteration 

op in line 12 as well as fundamental operations in lines 

, 3, 4, 5, 6, 7, 8, 9, 10 and 17. This describes the worst-case 

enario when the condition in line 8 is not satisfied. The 

me complexity of our algorithm is linear to the counter 

 , i.e. 

(k ) = 10 + 1 + (k + 1) + 3 k (6) 
nce-aware cross-layer architecture for optimizing video 
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s 382 

f 383 

- 384 

385 

n 386 

) 387 

) 388 

r, 389 

- 390 

e 391 

g 392 

systems delivered on telephone lines [6,42] . Whereas cur- 393 

rent mobile devices support bigger sizes, QCIF and CIF 394 

make packet level simulation practical. Other resolutions 395 

can be applied to the proposed architecture with different 396 

values of coefficients α and δ [6] . 397 

The topology shown in Fig. 3 with a bottleneck link was 398 

considered for evaluating the performance of the architec- 399 

ture. A maximum of (24) video sources were competing for 400 

the capacity of the link. As the video sources were always 401 

active in this paper, p i was set to 1. There were also (48) 402 

File Transfer Protocol (FTP) sources active. The FTP sessions 403 

created background traffic and video sessions started ran- 404 

domly during the first 20–50 s of the simulation. The ob- 405 

jective was to have a more realistic scenario where other 406 

traffic exists in the same network along with the video 407 

traffic. In total 500 s were simulated. 408 

The proposed QoE-aware architecture (referred to as 409 

cross-layer architecture ) was compared in details to an ar- 410 

chitecture (referred to as adaptive architecture ) in which 411 

video sources adapt their bit rates only, while in the cross- 412 

layer architecture , the gateway implements the QoE-aware 413 

admission control in addition to the rate adaptation by 414 

video sources. Both architectures were then compared to 415 

a non-adaptive architecture in which the video flow is sent 416 

without rate adaptation and QoE-aware admission control. 417 

Similar simulation parameters and environment were used 418 

for the comparison. 419 

Evalvid-RA [34] was used to implement on-line rate 420 

adaptation from different encoded videos each with a valid 421 

range (2–31) of Quantization Parameter (QP). A lower QP 422 

generates a higher bit rate and better video quality. The 423 

MAD and Grandma video sequences were utilized by the 424 

NS-2 simulator through video trace files using EvalVid- 425 

RA. The non-adaptive videos were encoded with QP of 2 426 

whereas the cross-layer architecture and adaptive videos 427 

with QP between 2–31 using ffmpeg encoder [43] (thirty 428 

video sequences with different bit rates). 429 

The video sessions were competing for the C l described 430 

o 431 

y 432 

s 433 

434 

- 435 

- 436 

e 437 

e 438 

- 439 

t 440 

r 441 

 . 442 

t 443 

y 4 4 4 

( Eq. (5

 .84 

 .775 
Fig. 2. Snapshots of the video sequences used in this paper, MAD (lef

and Grandma (right). 

Fig. 3. Topology scenario considered in this paper. 

T (k ) = 12 + 4 k (7

that is to say, T ( k ) ∼ O( k ). The space complexit

of the algorithm such as memory requirement, is in

significant due to the large storage capacity of modern

routers. 

Each of the on-line rate adaptation and QoE-aware ad

mission control was implemented and investigated sepa

rately in [5] and [6] , respectively. In this paper, the func

tionalities of both components are combined and evaluate

within our architecture. 

4. Evaluation environment 

This section describes the settings of the evaluation en

vironment for testing the performance of our architecture

Two video clips with different resolutions were used. Th

objective of having different video resolutions was to se

the impact of video frame size on the performance metric

not to compare these two resolutions. The description o

the video contents as well as coding and network parame

ters are shown in Tables 2 and 3 , respectively. 

NS-2 [41] was used to simulate the 30 s Commo

Intermediate Format (CIF) Mother And Daughter (MAD

and 28 s Quarter Common Intermediate Format (QCIF

Grandma video sequences shown in Fig. 2 . In this pape

QCIF (176 × 144) and CIF (352 × 288) are specifically cho

sen as acceptable video formats for most video capabl

devices such as handsets, mobiles and videoconferencin

Table 4 

Calculation of β. 

Video sequence β (Experimental) β

MAD (CIF) 0 .9 0

Grandma (QCIF) 0 .78 0
Please cite this article as: Q.M. Qadir et al., A quality of expe

streaming services, Computer Networks (2016), http://dx.doi.org
in Table 3 . The cross-layer architecture was configured s

that new session was requested randomly within ever

second of the simulation time and accepted if there i

enough bandwidth, i.e. the condition Pro-IAAR(t) + x new 

≤
C l is satisfied. The arrival of new sessions in this man

ner avoids the possibility of having “flash crowd ” phe

nomenon when numerous sessions arrive at the same tim

[44] . Whereas in the adaptive architecture and non-adaptiv

architecture , all sessions were admitted for each simula

tion run, this paper considered only video sessions tha

were successfully decoded and played back by the receive

(through ffmpeg decoder) as the metric number of sessions

Both alternative architectures allow for more sessions, bu

only those which are decoded and played back successfull

) ) α δ C l (Mbps) Mean n 

−0 .54 0 .96 32 24 

−0 .1 0 .4 7 20 
rience-aware cross-layer architecture for optimizing video 

/10.1016/j.comnet.2016.02.030 

http://dx.doi.org/10.1016/j.comnet.2016.02.030


Q.M. Qadir et al. / Computer Networks xxx (2016) xxx–xxx 7 

ARTICLE IN PRESS 

JID: COMPNW [m3Gdc; March 23, 2016;13:42 ] 

1.8 2 2.2 2.4 2.6 2.8 3 3.2
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

 mean MOS

 C
D

F

Cross−layer architecture

Adaptive architecture

(a) MAD (CIF)

0

0

0

0

0

0

0

0

0

 C
D

F
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Fig. 5. CDF of the mean number of sessions in the cross-layer arc
g. 6. Mean MOS of the video flows and mean number of sessions in the cross-laye

or interpretation of the references to color in this figure, the reader is referred to

y the receiver were taken into account. For simplicity, the 

aximum number of competing video sessions was lim- 

ed to 24 sessions. 

MOS, n , packet loss ratio and delay were measured 

s performance metrics. There are no significant jitter 

quirements for streaming video (the target traffic of 

th

a

n

(C

fo

E

lease cite this article as: Q.M. Qadir et al., A quality of experie

treaming services, Computer Networks (2016), http://dx.doi.org/1
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e and adaptive architecture for MAD and Grandma sequences. 
r architecture and adaptive architecture for MAD and Grandma sequences. Q8 

 the web version of this article.) 

is paper) [45] . The studied metrics for both resolutions 451 

re plotted next to each other for the sake of conve- 452 

ience not comparison. Cumulative Distribution Functions 453 

DF) of the means were calculated for the video flows 454 

r each metric over 30 runs. MOS was measured using 455 

valvid [46] . Evalvid provides a set of tools to analyze and 456 

nce-aware cross-layer architecture for optimizing video 
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Fig. 7. CDF of the mean packet loss ratio of the video flows in the cross-layer architecture and adaptive architecture for MAD and Grandma sequences. 

evaluate video quality by means of PSNR and MOS met- 457 

rics. The Evalvid MOS metric used in this paper calculates 458 

the average MOS value of all frames for the entire video 459 

with a number between 1 and 5. This tool has widely been 460 

used for the similar purpose [47–50] . Parameter β was ex- 461 

perimentally found to be 0.9 for the MAD video sequence 462 

and 0.78 for the Grandma video sequence. It was also cal- 463 

culated using Eq. (5) . The values of coefficients ( α and δ) 464 

were adopted from [6] (Table IV for MAD sequence and last 465 

paragraph of Section VIII for Grandma sequence). Experi- 466 

mental and calculated β are illustrated in Table 4 . 467 

5. Performance evaluation 468 

In this section, the performance of the video flows in 469 

the cross-layer architecture is compared to the video flows 470 

in the adaptive architecture in terms of MOS, number of 471 

successfully decoded sessions and delay. Finally, a compar- 472 

ison between the video flows in the non-adaptive archi- 473 

tecture , adaptive architecture and cross-layer architecture is 474 

made. 475 

The CDF of the mean MOS of the video flows in the 476 

cross-layer architecture and adaptive architecture for both 477 

resolutions are plotted in Fig. 4 . MOS enhancement of the 478 

video flows delivered through the proposed cross-layer ar- 479 

chitecture can be seen for both resolutions. The difference 480 

between the graphs shows that the result depends on the 481 

resolution. The mean MOS of the video flows in the adap- 482 

tive architecture was enhanced by the cross-layer architec- 483 

ture from 1.98 to 2.35 for the QCIF resolution and from 484 

2.09 to 3 for the CIF resolution. Although, the enhance- 485 

ment of the QCIF resolution can be considered minor, it is 486 

substantial for the CIF resolution as the MOS changes from 487 

bad to fair according to the absolute mapping in [51,52] . 488 

As the maximum possible MOS for any multimedia service 489 

in practice is 4.5 [14] , even the slight enhancement of the 490 

QCIF MOS by the cross-layer architecture can make a differ- 491 

492 

f 493 

- 494 

f 495 

 496 

d 497 

traffic. Rate adaptation implemented by the video sources 498 

lets the video flows respond to the FTP flows by adapting 499 

their sending rates. This resulted in a lower MOS compared 500 

to the MOS of the video flows in [6] in which FTP flows 501 

were not considered. 502 

As the main target of this paper is to optimize the QoE- 503 

number of sessions trade-off, we cannot consider the MOS 504 

of the video sessions alone. To account for this, the number 505 

of successfully decoded video sessions was measured for 506 

the cross-layer architecture , adaptive architecture and non- 507 

adaptive architecture . This is plotted for both resolutions in 508 

Figs. 5 and 12 . Although, all 24 video flows were active 509 

in the adaptive architecture and non-adaptive architecture , 510 

an average of 15 QCIF/21 CIF sessions and 5.9 QCIF/19.9 511 

CIF sessions were successfully decoded by the receivers re- 512 

spectively. This is due to the fact that being adaptive, the 513 

video sources in the adaptive architecture send data in co- 514 

operative manners. Thus not all the video frames were sent 515 

into the network due to insufficient bandwidth and avail- 516 

ability of other traffic (FTP) in the network. In contrast, 517 

an average of 20 QCIF and all 24 CIF videos sessions were 518 

successfully decoded when delivered on the cross-layer ar- 519 

chitecture . Although the FTP flows again existed, the video 520 

sessions were better managed by the QoE-aware admission 521 

control and thus more sessions were accommodated. 522 

It can also be noticed in Fig. 5 that the number of ses- 523 

sions in the cross-layer architecture is not resolution depen- 524 

dent as 5 more QCIF and 3 more CIF sessions are accom- 525 

modated. As stated in Section 4 , due to each resolution’s 526 

specific simulation settings, the mean MOS and mean num- 527 

ber of sessions of the two resolutions were not compared to 528 

each other. 529 

To compare the difference between the mean MOS of 530 

the video flows and mean number of sessions in the cross- 531 

layer architecture and adaptive architecture , both are plotted 532 

in the bar charts in Fig. 6 . The white bars represent the 533 

mean MOS and blue bars represent the mean number of 534 

535 

s 536 

s 537 

- 538 

e 539 

e 540 
ence. 

It is worthwhile to mention that the performance o

the QoE-aware rate measurement algorithm and associ

ated admission control were more pronounced in terms o

MOS when they were evaluated among video flows only in

[6] . In this paper, FTP traffic is included as a backgroun
Please cite this article as: Q.M. Qadir et al., A quality of expe

streaming services, Computer Networks (2016), http://dx.doi.org
sessions . 

Video streaming services are tolerant to packet los

to some extent. Error concealment in the decoder allow

video to accept some tolerance of packet loss. We cal

culated the CDF of the mean packet drop ratio of th

video flows in the cross-layer architecture and adaptiv
rience-aware cross-layer architecture for optimizing video 
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Fig. 8. CDF of the mean transmitted packet of the video flows in the cross-layer architecture and adaptive architecture for MAD and Grandma sequences. 
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Fig. 9. CDF of the mean delay of the video flows in the cross-layer 
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Fig. 10. Utilization of the cross-layer architecture and

rchitecture and plotted them in Fig. 7 . The video flows 

elivered over the cross-layer architecture experienced less 

acket drop compared to the video flows in the adaptive 

rchitecture . 

In contrast to the substantial difference in the mean 

OS as shown in Fig. 4 , there is a small difference be- 

een the packet drop ratio of the video flows in the cross- 

yer architecture and adaptive architecture as can be seen 
lease cite this article as: Q.M. Qadir et al., A quality of experie

treaming services, Computer Networks (2016), http://dx.doi.org/1
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ture and adaptive architecture for MAD and Grandma sequences. 
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ve architecture for MAD and Grandma sequences. 

 Fig. 7 . However, these packets were dropped out of the 

tal number of the transmitted packets. The CDF of the 

ean transmitted packet are shown in Fig. 8 in which the 

ifference between the number of packets transmitted by 

e video sources in each of the cross-layer architecture and 

daptive architecture is evident. Therefore, a smaller ratio 

f the packet loss of the video flows out of a higher num- 

er of transmitted packets of the same video content in 
nce-aware cross-layer architecture for optimizing video 
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Fig. 11. CDF of the mean MOS of the video flows in the cross-layer architecture , adaptive architecture and non-adaptive architecture for MAD and Grandma 

sequences. 
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Fig. 12. CDF of the mean number of sessions in the cross-layer architecture , adaptive architecture and non-adaptive architecture for MAD and Grandma se- 

quences. 

the cross-layer architecture compared to the adaptive archi- 557 

tecture ensured a better quality (in terms of MOS) as dis- 558 

cussed earlier in this section. 559 

From Eq. (1) , it is evident that a higher bitrate pro- 560 

vides a better MOS for the same packet drop ratio. Send- 561 

ing a higher number of video packets by the cross-layer 562 

architecture compared to adaptive architecture as shown in 563 

Fig. 8 and a lower packet drop ratio as shown in Fig. 7 over 564 

the same simulation time (500 s ), indicates that the video 565 

content was sent with a higher bitrate, thus a better MOS 566 

was provided by the cross-layer architecture . 567 

Video streaming applications have a lenient delay re- 568 

quirement. Depending on the application’s buffering capa- 569 

bilities, 4 –5 s delay is acceptable [45] . The CDF of the mean 570 

delay of the video flows for each of the cross-layer architec- 571 

ture and adaptive architecture was measured. Fig. 9 show 572 

- 573 

- 574 

575 

- 576 

e 577 

n 578 

e 579 

k 580 

for the simulation period. Thus, the adaptive architecture 581 

led to a high link utilization; 94% for MAD sequence and 582 

98% for Grandma sequence. The utilization of the cross- 583 

layer architecture however, increased to 95% for MAD se- 584 

quence and 99% for Grandma sequence. We can conclude 585 

that the utilization figures cannot decide the performance 586 

of the two architectures for the video flows as it is calcu- 587 

lated for video and FTP flows. 588 

Finally, the video flows delivered over the proposed 589 

cross-layer architecture are compared to the video flows 590 

transmitted by each of the adaptive architecture and non- 591 

adaptive architecture . Fig. 11 shows the CDF of the mean 592 

MOS of the video flows in the three architectures for both 593 

video resolutions. While, there is an improvement of the 594 

mean MOS of the video flows in the adaptive architecture 595 

through the adaptation of the sender rate compared to the 596 

e 597 

- 598 

599 

s 600 

o 601 

- 602 

e 603 

n 604 
that the video flows in the cross-layer architecture experi

enced less delay compared to the video flows in the adap

tive architecture . 

The adaptive architecture utilizes the capacity of the bot

tleneck link less efficiently than the cross-layer architectur

as can be observed in Fig. 10 . Note that the utilizatio

measure includes the FTP flows also. It is calculated as th

number of transmitted bits over the capacity of the lin
Please cite this article as: Q.M. Qadir et al., A quality of expe

streaming services, Computer Networks (2016), http://dx.doi.org
video flows in the non-adaptive architecture , a higher valu

of the mean MOS of the video flows in the cross-layer ar

chitecture is observed. 

Moreover, the proposed cross-layer architecture accept

and delivers a higher number of sessions compared t

the other two architectures ( adaptive architecture and non

adaptive architecture ). This can be observed in Fig. 12 . Th

bar chart in Fig. 13 illustrates the difference in the mea
rience-aware cross-layer architecture for optimizing video 

/10.1016/j.comnet.2016.02.030 

http://dx.doi.org/10.1016/j.comnet.2016.02.030


Q.M. Qadir et al. / Computer Networks xxx (2016) xxx–xxx 11 

ARTICLE IN PRESS 

JID: COMPNW [m3Gdc; March 23, 2016;13:42 ] 

Fig. 13. Mean MOS of the video flows and mean number of sessions in the cross-layer architecture , adaptive architecture and non-adaptive architecture for 

MAD and Grandma sequences. 

MOS of the video flows and mean number of sessions be- 605 

tween all three architectures for both resolutions. 606 

6. Conclusion 607 

A QoE-aware cross-layer architecture for video streaming 608 

services was proposed in this paper. A combination of the 609 

rate adaptation and QoE-aware admission control are two 610 

main components of the architecture. The performance 611 

of the cross-layer architecture was analyzed and compared 612 

to two other architectures ( adaptive architecture and non- 613 

adaptive architecture ). The extensive simulation results have 614 

shown that the cross-layer architecture can provide an im- 615 

provement in the mean MOS, considerably higher number 616 

of successful decoded video session, less mean delay and 617 

packet loss. At the same time it utilizes the link more ef- 618 

fi619 

o620 

p621 

fu622 

re623 

A624 

n625 

te626 

R627 

[628 
629 

[630 
631 

[632 
633 
634 

[635 
636 
637 

[638 
639 
640 

[641 
642 
643 

[7] Q.M. Qadir, A .A . Kist, Z. Zhang, Mechanisms for QoE optimisation 644 
of video traffic: a review paper, Australas. J. Inf. Commun. Technol. 645 
Appl. 1 (2) (2015b) 1–18. 646 

[8] J.B. Ernst, S.C. Kremer, J.J. Rodrigues, A survey of QoS/QoE mecha- Q9 647 
nisms in heterogeneous wireless networks, Phys. Commun. Part B 648 
(0) (2014) 61–72.Special Issue on Heterogeneous and Small Cell Net- 649 
works 650 

[9] R. Maallawi, N. Agoulmine, B. Radier, T.b. Meriem, A comprehensive Q10 651 
survey on offload techniques and management in wireless access 652 
and core networks, IEEE Commun. Surv. Tutor. 17 (3) (2014) 1582– 653 
1604. 654 

[10] P. Goudarzi, Scalable video transmission over multi-hop wireless 655 
networks with enhanced quality of experience using Swarm in- 656 
telligence, Signal Process. Image Commun. 27 (7) (2012) 722– 657 
736. 658 

[11] P. Goudarzi, M. Hosseinpour, Video transmission over MANETs with 659 
enhanced quality of experience, IEEE Trans. Consum. Electron. 56 (4) 660 
(2010) 2217–2225. 661 

[12] I. Politis, L. Dounis, T. Dagiuklas, H.264/SVC vs. H.264/AVC video 662 
quality comparison under QoE-driven seamless handoff, Signal Pro- 663 
cess. Image Commun. 27 (8) (2012) 814–826. 664 

[1 665 
666 
667 

[1 668 
669 
670 

[1 671 
672 
673 

[1 674 
675 
676 
677 

[1 678 
679 

[1 680 
681 
682 

[1 683 
684 
685 

[2 686 
687 
688 
689 

[2 690 
691 
692 

[2 693 
694 
695 
696 

P

s

ciently. Evaluating the architecture with a greater variety 

f video contents and developing Algorithm 1 to include 

ost-acceptance bit rate switching are interesting areas of 

ture research. Future studies may also consider higher 

solutions for the evaluation of the cross-layer architecture . 

nother interesting area of research is to have a dynamic 

umber of video variants instead of transcoding each con- 

nt into a fixed number of video files. 

eferences 

1] Cisco documentation, Cisco visual networking index: Forecast and 

methodology 2013-2018, Cisco white paper, Jun. 2014. 2014. 

2] ITU-T Document FG IPTV-IL-0050, Definition of quality of experience 
(QoE) (Jan. 2007). 2007 

3] P. Brooks, B. Hestnes, User measures of quality of experience: Why 
being objective and quantitative is important, IEEE Netw. 24 (2) 

(2010) 8–13. 
4] B. Fu, D. Munaretto, T. Melia, B. Sayadi, W. Kellerer, Analyzing the 

combination of different approaches for video transport optimization 
for next generation cellular networks, IEEE Netw. 27 (2) (2013) 8–14. 

5] S. Qadir, A. Kist, Quality of experience enhancement through adapt- 

ing sender bit rate, in: Proceedings of the 2013 IEEE TENCON Con- 
ference, 2013, pp. 4 90–4 94. 

6] Q.M. Qadir, A .A . Kist, Z. Zhang, A novel traffic rate measurement 
algorithm for quality of experience-aware video admission control, 

IEEE Trans. Multimed. 17 (5) (2015a) 711–722. 
lease cite this article as: Q.M. Qadir et al., A quality of experie

treaming services, Computer Networks (2016), http://dx.doi.org/1
3] S. Khan, Y. Peng, E. Steinbach, M. Sgroi, W. Kellerer, Application- 
driven cross-layer optimization for video streaming over wireless 

networks, IEEE Commun. Mag. 44 (1) (2006) 122–130. 
4] S. Thakolsri, S. Khan, E. Steinbach, W. Kellerer, Qoe-driven cross-layer 

optimization for high speed downlink packet access, J. Commun. 4 
(9) (2009) 669–680. 

5] A. Khalek, C. Caramanis, R. Heath, A cross-layer design for perceptual 

optimization of H.264/SVC with unequal error protection, IEEE J. Sel. 
Areas Commun. 30 (7) (2012) 1157–1171. 

6] X. Chen, J.-N. Hwang, C.-N. Lee, S.-I. Chen, A near optimal QoE- 
driven power allocation scheme for scalable video transmissions 

over MIMO systems, IEEE J. PP Sel. Top. Signal Process. (99) (2014a). 
1–1 

7] S. Latré, Autonomic QoE Management of Multimedia Networks, Uni- 

versiteit Gent, 2011 Ph.D dissertation. 
8] S. Latré, F. De Turck, Joint in-network video rate adaptation and 

measurement-based admission control: Algorithm design and eval- 
uation, J. Netw. Syst. Manag. 21 (4) (2013) 588–622. 

9] C. Chen, X. Zhu, G. de Veciana, A. Bovik, R. Heath, Rate adaptation 
and admission control for video transmission with subjective quality 

constraints, IEEE J. Sel. Top. Signal Process. 9 (1) (2015) 22–36. 

0] C. Debono, B. Micallef, N. Philip, A. Alinejad, R. Istepanian, N. Amso, 
Cross-layer design for optimized region of interest of ultrasound 

video data over mobile WiMAX, IEEE Trans. Inf. Technol. Biomed. 16 
(6) (2012) 1007–1014. 

1] C. Singhal, S. De, R. Trestian, G.-M. Muntean, Joint optimization of 
user-experience and energy-efficiency in wireless multimedia broad- 

cast, IEEE Trans. Mob. Comput. 13 (7) (2014) 1522–1535. 

2] M. Rugelj, U. Sedlar, M. Volk, J. Sterle, M. Hajdinjak, A. Kos, Novel 
cross-layer QoE-aware radio resource allocation algorithms in mul- 

tiuser OFDMA systems, IEEE Trans. Commun. 62 (9) (2014) 3196–
3208. 
nce-aware cross-layer architecture for optimizing video 

0.1016/j.comnet.2016.02.030 

http://dx.doi.org/10.1016/j.comnet.2016.02.030


12 Q.M. Qadir et al. / Computer Networks xxx (2016) xxx–xxx 

ARTICLE IN PRESS 

JID: COMPNW [m3Gdc; March 23, 2016;13:42 ] 

[23] Y. Ju, Z. Lu, W. Zheng, X. Wen, D. Ling, A cross-layer design for video 697 
applications based on QoE prediction, in: Proceedings of the 2012 698 
Fifteenth International Symposium on Wireless Personal Multimedia 699 
Communications (WPMC), 2012, pp. 534–538. 700 

[24] K. Ivesic, L. Skorin-Kapov, M. Matijasevic, Cross-layer QoE-driven ad- 701 
mission control and resource allocation for adaptive multimedia ser- 702 
vices in LTE, J. Netw. Comput. Appl. 46 (0) (2014) 336–351. 703 

[25] L. Zhou, Z. Yang, Y. Wen, H. Wang, M. Guizani, Resource allocation 704 
with incomplete information for QoE-driven multimedia communi- 705 
cations, IEEE Trans. Wirel. Commun. 12 (8) (2013) 3733–3745. 706 

[26] A. Khan, L. Sun, E. Jammeh, E. Ifeachor, Quality of experience-driven 707 
adaptation scheme for video applications over wireless networks, IET 708 
Commun. 4 (11) (2010a) 1337–1347. 709 

[27] M. Zhao, X. Gong, J. Liang, W. Wang, X. Que, S. Cheng, 710 
Qoe-driven cross-layer optimization for wireless dy- 711 
namic adaptive streaming of scalable videos over HTTP, 712 
IEEE Trans. Circuits Syst. Video Technol. (99) (2014). 713 
1–1 714 

[28] A.E. Essaili, D. Schroeder, E. Steinbach, D. Staehle, M. Shehada, Qoe- 715 
based traffic and resource management for adaptive HTTP video de- 716 
livery in LTE, IEEE Trans. Circuits Syst. Video Technol. (99) (2014).1–1 717 

[29] M. Fiedler, H.-J. Zepernick, L. Lundberg, P. Arlos, M. Pettersson, Qoe- 718 
based cross-layer design of mobile video systems: Challenges and 719 
concepts, in: Proceedings of the International Conference on Com- 720 
puting and Communication Technologies RIVF ’09, 2009, pp. 1–4. 721 

[30] S. Latré, P. Simoens, B. De Vleeschauwer, W. Meerssche, F. Turck, 722 
n 723 
–724 

725 
- 726 

727 
n 728 
. 729 

730 
, 731 
- 732 

733 
e 734 

735 
e 736 
. 737 

738 
 739 

740 
l 741 
. 742 

743 
s 744 
) 745 

746 
., 747 

748 
t 749 
E 750 

751 
/ 752 

753 
n 754 
l- 755 

756 
. 757 

758 
g 759 
h 760 

761 
f 762 
o 763 

764 
f 765 

t. 766 
767 

[47] P. Papadimitriou, V. Tsaoussidis, SSVP: A congestion control scheme 768 
for real-time video streaming, Comput. Netw. 51 (15) (2007) 4377– 769 
4395. 770 

[48] D. Li, J. Pan, Performance evaluation of video streaming over multi- 771 
hop wireless local area networks, IEEE Trans. Wirel. Commun. 9 (1) 772 
(2010) 338–347. 773 

[49] K. Zheng, X. Zhang, Q. Zheng, W. Xiang, L. Hanzo, Quality-of- 774 
experience assessment and its application to video services in LTE 775 
networks, IEEE Wirel. Commun. 22 (1) (2015) 70–78. 776 

[50] A. Khan, L. Sun, E. Ifeachor, Learning models for video quality predic- 777 
tion over wireless local area network and universal mobile telecom- 778 
munication system networks, IET Commun. 4 (12) (2010b) 1389– 779 
1403. 780 

[51] J.-R. Ohm, Multimedia Communication Technology, vol. 1, Springer, 781 
2004. 782 

[52] R. Stankiewicz, P. Cholda, A. Jajszczyk, Qox: what is it really? IEEE 783 
Commun. Mag. 49 (4) (2011) 148–158. 784 

Qahhar Muhammad Qadir received the B.Sc. 785 
from Salahaddin University, Kurdistan Region, Q11 786 
Iraq, in 1993 and the M.Sc. From IIUM, 787 
Kuala Lumpur, Malaysia in 2001. He is cur- 788 
rently pursuing the Ph.D. degree at the Uni- 789 
versity of Southern Queensland, Toowoomba, 790 
Australia. He is the CCNP, CCNA, MCSE and 791 
MCSA certified. His current research interests 792 

e 793 
- 794 

795 

e 796 
g 797 
n 798 
- 799 
- 800 

i- 801 
f 802 
- 803 
- 804 
c 805 
- 806 
e 807 
s 808 
d 809 
- 810 
) 811 
g 812 
s 813 

814 

 815 
n 816 
i- 817 
s 818 
- 819 
- 820 
n 821 
i- 822 
d 823 
n 824 
- 825 
h 826 
i- 827 
- 828 
- 829 

r- 830 
- 831 
- 832 
- 833 

834 
B. Dhoedt, et al., An autonomic architecture for optimizing QoE i

multimedia access networks, Comput. Netw. 53 (10) (2009) 1587
1602. 

[31] O. Oyman, S. Singh, Quality of experience for HTTP adaptive stream

ing services, IEEE Commun. Mag. 50 (4) (2012) 20–27. 
[32] J. Zhang, N. Ansari, On assuring end-to-end QoE in next generatio

networks: challenges and a possible solution, IEEE Commun. Mag
49 (7) (2011) 185–191. 

[33] B. Mathieu, S. Ellouze, N. Schwan, D. Griffin, E. Mykoniati, T. Ahmed
et al., Improving end-to-end QoE via close cooperation between ap

plications and ISPs, IEEE Commun. Mag. 49 (3) (2011) 136–143. 

[34] A. Lie, J. Klaue, Evalvid-RA: trace driven simulation of rate adaptiv
MPEG-4 VBR video, Multimed. Syst. 14 (2008) 33–50. 

[35] S. Latré, R. Klaas, T. Wauters, F. DeTurck, Protecting video servic
quality in multimedia access networks through PCN, IEEE Commun

Mag. 49 (12) (2011) 94–101. 
[36] W. Hoeffding, Probability inequalities for sums of bounded random

variables, J. Am. Stat. Assoc. 58 (301) (1963) 13–30. 

[37] S. Floyd, M. Handley, J. Padhye, J. Widmer, TCP friendly rate contro
(TFRC): protocol specification, RFC 5348, IETF, [Oline] < https://www

ietf.org/rfc/rfc3448.txt >, 2008. (accessed 07.11.15). 
[38] H. Hamdi, J. Roberts, P. Rolin, Rate control for VBR video coder

in broad-band networks, IEEE J. Sel. Areas Commun. 15 (6) (1997
1040–1051. 

[39] Rosenberg J., Schulzrinne H., Camarillo G., Johnston A., Peterson J

Sparks R., et al. SIP: Session initiation protocol. 2002. 
[40] W. Zhang, Y. Wen, Z. Chen, A. Khisti, Qoe-driven cache managemen

for HTTP adaptive bit rate streaming over wireless networks, IEE
Trans. Multimed. 15 (6) (2013) 1431–1445. 

[41] NS-2, The Network Simulator, [Online] < http://www.isi.edu/nsnam
ns/ 〉 , 2015. (accessed 28.05.15). 

[42] A. Khan, L. Sun, E. Ifeachor, Qoe prediction model and its applicatio
in video quality adaptation over UMTS networks, IEEE Trans. Mu

timed. 14 (2) (2012) 431–442. 

[43] FFMPEG Multimedia System, [Online] < http://ffmpeg.mplayerhq
hu/ >, 2004. (accessed 05.11.15). 

[44] Y. Chen, B. Zhang, C. Chen, D.M. Chiu, Performance modelin
and evaluation of peer-to-peer live streaming systems under flas

crowds, IEEE/ACM Trans. Netw. 22 (4) (2014b) 1106–1120. 
[45] T. Szigeti, C. Hattingh, End-to-End QoS Network Design: Quality o

Service in LANs, WANs, and VPNs (Networking Technology), Cisc

Press, Indianapolis, IN, USA, 2004. 
[46] J. Gross, J. Klaue, H. Karl, A. Wolisz, Cross-layer optimization o

OFDM transmission systems for MPEG-4 video streaming, Compu
Commun. 27 (11) (2004) 1044–1055. 
Please cite this article as: Q.M. Qadir et al., A quality of expe

streaming services, Computer Networks (2016), http://dx.doi.org
include green communication, wireless/mobil
networks, QoS/QoE enhancement and multime

dia quality assessment. 

Alexander A. Kist received the Ph.D. degre
in Communication and Electronic Engineerin

from RMIT University, Melbourne, Australia i
2004. He is an Assoc Professor (Telecommu

nications) and the School Coordinator (Learn

ing and Teaching) in the School of Mechan
cal and Electrical Engineering in the Faculty o

Health, Engineering and Science at the Univer
sity of Southern Queensland, Toowoomba, Aus

tralia. His research interests include teletraffi
engineering, performance model ing, remote ac

cess laboratories and engineering education. H

has authored more than 90 scientific article
and from 2009 until 2011 he has lead the Faculty of Engineering an

Surveying Remote Access Laboratory initiative. He is an elected execu
tive member of the International Association of Online Engineering (IAOE

and the Global Online Laboratory Consortium (GOLC). He is a Steerin
Committee member of the annual Australasian Networks and Application

Conference (ATNAC). 

Zhongwei Zhang received a B.S. degree from
the Harbin Institute of Technology, China i

1986, and received the Ph.D. from Monash Un
versity, Australia, in 1998. His research interest

include Computer Communications and net
works model ing, Wireless networking and Sim

ulations. He joined the University of Souther

Queensland, Australia in 1999, and taught var
ous courses on Computer communications an

System Security ever since. He was involved i
many research projects in application of Wire

less Sensor networks in medical and healt
care, and in irrigation control systems for agr

culture. He has published 64 articles in international journals and con
ferences, mainly in the field of computer communications network mod

elling, and wireless technology simulation. From 2008 –2010, he has pa

ticipated in the project “Innovative Application of Wireless Sensor Net
works in Healthcare”. From 2011 to 2014, he led a research group “Wire

less Sensor Underground Networks and Its Application in Irrigation Con
trol”. 
rience-aware cross-layer architecture for optimizing video 

/10.1016/j.comnet.2016.02.030 

https://www.ietf.org/rfc/rfc3448.txt
http://www.isi.edu/nsnam/ns/%3E
http://ffmpeg.mplayerhq.hu/
http://dx.doi.org/10.1016/j.comnet.2016.02.030

	A quality of experience-aware cross-layer architecture for optimizing video streaming services
	1 Introduction
	2 Related work
	3 QoE-aware cross-layer architecture
	4 Evaluation environment
	5 Performance evaluation
	6 Conclusion
	 References


