
123

S P R I N G E R  B R I E F S  I N 
E L E C T R I C A L  A N D  CO M P U T E R  E N G I N E E R I N G

Ying Wang
Wen'an Zhou
Ping Zhang

QoE Management 
in Wireless Networks



SpringerBriefs in Electrical and Computer
Engineering



More information about this series at http://www.springer.com/series/10059

http://www.springer.com/series/10059


Ying Wang • Wen’an Zhou
Ping Zhang

QoE Management
in Wireless Networks

123



Ying Wang
Beijing University of Posts
and Telecommunications

Beijing
China

Wen’an Zhou
Beijing University of Posts
and Telecommunications

Beijing
China

Ping Zhang
Institute of Network Technology
Beijing University of Posts
and Telecommunications

Beijing
China

ISSN 2191-8112 ISSN 2191-8120 (electronic)
SpringerBriefs in Electrical and Computer Engineering
ISBN 978-3-319-42452-1 ISBN 978-3-319-42454-5 (eBook)
DOI 10.1007/978-3-319-42454-5

Library of Congress Control Number: 2016946020

© The Author(s) 2017
This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part
of the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations,
recitation, broadcasting, reproduction on microfilms or in any other physical way, and transmission
or information storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar
methodology now known or hereafter developed.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names are exempt from
the relevant protective laws and regulations and therefore free for general use.
The publisher, the authors and the editors are safe to assume that the advice and information in this
book are believed to be true and accurate at the date of publication. Neither the publisher nor the
authors or the editors give a warranty, express or implied, with respect to the material contained herein or
for any errors or omissions that may have been made.

Printed on acid-free paper

This Springer imprint is published by Springer Nature
The registered company is Springer International Publishing AG Switzerland



Preface

With the rapid development of technology, there has been a proliferation of new
services and applications. The diversity choices of users bring fierce competition as
well as huge pressure to service providers. In the meantime, the level of fulfilment
of customer demands and user expectations has been the most important indication
to distinguish between different providers. Based on this background, the concept of
quality of experience (QoE) receives much attention. Moreover, taking advantage
of users and services’ diversities to smartly design the resource allocation strategy is
still one of the most important issues for future wireless networks.

In the past years, we have witnessed rapid progress in the advance of QoE and
QoE modeling. However, there still exist some problems. For instance, most lit-
eratures on the QoE modelling only focus on the influence of technical parameters
and ignore that QoE is multi-dimensional, while the researches emphasizing on
various influencing factors do not explain how to model the QoE. Furthermore, how
to carry out the QoE management and how to design QoE oriented radio resource
management process are still open and challenging tasks. Therefore, this book
carries out the study on data-driven QoE management scheme in wireless networks
for mobile services.

In Chap. 1, we first give a brief introduction to QoE in wireless communication
industry and the necessity to consider user QoE in current mobile service provi-
sioning and transmission. Moreover, personalized QoE management, taking user
subjective factors into account, is an emergent topic for refined and better resource
utilization. In Chap. 2, QoE definitions are introduced according to different
organizations or researchers besides which the state-of-the-art QoE is summarized,
including QoE influencing factors, QoE assessment methods, QoE models, QoE
management and control applications, and QoE challenges in 5G. To realize per-
sonalized QoE management, a data-driven QoE management architecture is pro-
posed in Chap. 3. In Chap. 4, QoE-based resource allocation scheme is studied
targeting at QoE maximization. Both conventional non-personalized QoE resource
allocation scheme and personalized QoE scheme are presented and a comparison is
conducted on simulation results for the two schemes. In Chap. 5, we illustrate how
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the data-driven QoE assessment is conducted and some experimental details are
given. Finally, the concluding remarks are presented in Chap. 6.

The authors would like to thank Peilong Li, Jiajun Liu, Sachula Meng, Qiping
Pi, Haiqing Tao, Huan Yu, Yaning Fan, Mengyu Gao, Wenji Zhang, Lijun Song,
Yanjun Hou of Beijng University of Posts and Telecommunications, for their
contributions in the presented research works.
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Chapter 1
Introduction

Abstract In recent years, with the advancement of wireless communication
networks, there is an increasing demand especially on mobile Internet services.
Users’ Quality of Experience (QoE) becomes one of the main issues for future
wireless networks when designing personal and customized services to maintain and
attract more users. Furthermore, the research on wireless resource management is
moving forward from enhancing objective system performance to improving users’
subjective experience. A better QoE-oriented resource allocation policy is preferred
andmany new challenges are brought out accordingly, including how to quantify and
measure QoE, how to design a set of unified wireless resource management strate-
gies and how to make use of a huge amount of available data to derive an optimal
QoEmodel, etc. Therefore, personalized QoEmanagement, efficient estimation, and
optimal resource allocation need to be studied and implemented in future wireless
networks.

1.1 Mobile Technology Evolution

With the mobile terminal greatly changing our lives over the past decades, the mobile
networks and services are playing an increasingly important role and become indis-
pensable for many people. In addition to traditional voice communication service,
many new data services are emerging and become popular in the mobile terminal.
As the Cisco Visual Network Index (VNI) reported, the number of global mobile
users is expected to reach 5.2 billion in 2019 [1].

One reason for this phenomenon is the significant advance in the mobile network
technology era. In the last fifty years, the tremendous development of mobile net-
work technologies has beenwitnessed together with the evolution ofmobile services.
The Second Generation technologies (2G), e.g., Global System for Mobile commu-
nications (GSM) and Code Division Multiple Access (CDMA), have extended the
voice-only service to data access service such as Short Messaging Service (SMS)
and Wireless Application Protocol (WAP) services. Afterwards, the Third Genera-
tion (3G) technologies, e.g., Wideband CDMA (WCDMA) and Time Division Syn-
chronous CDMA (TD-SCDMA), have improved the data access greatly and led
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2 1 Introduction

to the variety of mobile multimedia services. The Orthogonal Frequency Division
Multiple Access (OFDMA) technology enables the Long Term Evolution (LTE) and
LTE Advanced (LTE-A), i.e., the Forth Generation (4G), to provide an even bet-
ter Quality of Service (QoS) to users with improved data rate. The standardization
process for the 4G technologies (LTE, LTE-Advanced) was finished in 2011, and
LTE-A networks for business use have been deployed around the world today [2]. In
addition, many projects are driven by different countries and organizations around
the world for the Fifth Generation (5G) mobile technologies [3, 4]. And in 2015, the
relevant testing was launched by both Huawei [5] and Ericsson [6].

1.2 Motivation for Personalized QoE Management

During the development of 5G, it is a consensus that QoE is one of the major issues,
considering the user acceptability. In general, QoE is based on the quality of interac-
tions between users and applications, while QoS depends on the quality of interac-
tions between applications and networks. The technologies based on QoE can satisfy
the requirements of end users in a better manner than QoS. In the era of 2G, the main
service of communication systems is voice service. Thus, the QoS parameters such
as Peak Signal to Noise Ratio (PSNR), delay, and coding rate, etc. are well suited
to evaluate the quality of communication systems. In 3G and 4G, however, with
the popularity of smart phones, there has been a large number of different types
of wireless data services, supported in particular by mobile Internet applications.
According to the report released by International Telecommunication Union (ITU),
by the end of 2014,mobile Internet traffic accounted for 12%of the total Internet traf-
fic [7]. In China Mobile Intellectual Property Center (CMIPC), top ten applications
of mobile Internet are summarized including mobile social, mobile advertise, mobile
game,mobile TV,mobile electronic reading,mobile location services,mobile search,
mobile content sharing, mobile payment and mobile e-commerce [8]. In addition, a
large amount of novelmobile Internet applications are emerging and growing greatly.
More complicated parameters are thereafter designed to represent video quality, such
as Video Structural Similarity (VSSIM), Video Quality Metric (VQM), and Moving
Picture Quality Metric (MPQM).

However, those parameters are still not good enough for the new services, espe-
cially when it comes to service context and human subjective factors. In 5G, a greater
transmission capacity requirements led to higher carrier frequency, greater bandwidth
and larger peak transmission rate. Moreover, the diversities of users within various
locations, occupations and economic classes are expected to be concerned in addition
to the support of the personalized service. Themobile users tend to paymore attention
to their experiences, which leads operators and vendors to provide the products with
better user experiences.How to improve the users’QoEof course becomes a key issue
when designing customized services. The recent convergence of the mobile Internet
has accelerated the demand by changing research direction from original enhanc-
ing the system in objective performance to improving user subjective experience.
Consequently, in the era of 5G, the more user-oriented parameters are expected to be
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identified. QoE, as a direct measurement of human perception on the communication
service qualities, is promising and beneficial for future communication systems.

The state-of-the-art research work on QoE focuses on how to map between net-
work parameters and allocate resources according to some QoE prediction criteria.
Two factors are highly relevant with QoE expectations, including service types and
user characteristics. In the meantime, various approaches have been presented and
evaluated including fuzzy comprehensive evaluation method, TOPSIS method [9],
gray relational analysis [10], neural networks [11], Bayesian networks [12] and con-
tact points [13], etc. In Tele Management Forum (TMF), an end to end Customer
Experience (CE) model based on Kilkki model [14] is proposed, and QoE is subdi-
vided into three types including Quality of Customer Experience (QoCE), Quality of
User Experience (QoUE) and Quality of Group Experience (QoGE). ITU-T Study
Group 12 (2009–2012) proposed Quality Management Framework (QMF) in their
Q4/13 [15]. In 3rd Generation Partnership Project (3GPP), the research works on
user experience are currently focusing on QoEmetric definitions, QoE reporting for-
mats and measurement protocols of QoE negotiation. In addition, since the industrial
utility of QoS is pretty mature, it could be a solution to mapping QoE expectation
given various service types to QoS parameters such as data rate, delay and packet
loss rate, etc. [16] had formulated such mapping as a log linear model. The above
research works are also followed by industrial companies and the corresponding
infrastructures are established.

In 2010, the Huawei company launched Voice Quality Index (VQI)—National
road test program which can monitor the quality of voice, find and locate network
quality issues. Given the current network verification, VQI provides abilities to visu-
ally identify the network status and the voice quality. Huawei also established a
comprehensive network optimization platform named Nastar. Nastar primarily uti-
lizes the measurement report (MR) and call history (CHR) statistics for network
analysis and targeting optimization. In the ZTE company, three core user experience
management propositions are abstracted including detecting, locating and profes-
sional rapid troubleshooting. Although many researches and industrial works are
launched on QoE, there are still many issues should to be further explored.

The above works mainly focus on the way to define QoE-oriented parameters.
Given those QoE parameters, how to carry out the QoE management is still an
open and challenging task. Since the mobile service providers actually do not have
unlimited network resources, the high service quality is generally unaffordable by
over-provisioning resources. An even allocation strategy is also not suitable due to
the diversities of various users and different services, leading to a desperate need of
a careful design of the management granularity for each pair of user and service. In
order to clarify this issue, we use a soccer video game example illustrated in Fig. 1.1
which has two types of users. One is soccer fan, the other is not. The expectation
for service quality of fan is obviously much higher than that of non-soccer fan.
Under the limitation of the network resources, a good strategy is to allocate more
network resources to fan to obtain a better compromise between user satisfaction and
limited resources. Furthermore, an efficient or even real-time solution is essential for
estimation and resource allocation. From the above example, both users and services
are quite diversified. Therefore, taking advantage of those diversities and smartly
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Fig. 1.1 An example of personalized QoE management

designing the resource allocation strategy are beneficial for saving system resource
and improving user experience.

In the era of big data, personal user data collection and reservation are feasible
under the premise of protecting the human being privacy. In the wireless commu-
nication infrastructure, the service data on both mobile terminal and network side
can be preserved within a certain period, such as users’ cookies stored in the mobile
terminals [17] and web log stored in the web server [18]. How to utilize those data
becomes an important research issue to optimize QoE. However, the highly diversi-
fied data in huge amount makes it impossible to summarize the rules using manual
methods. Data-driven approaches originally developed in machine learning area are
more promising to trigger an optimal QoE model.

To summarize, currently a huge amount of new services and applications are
emerging and growing. How to satisfy the diversified user demanding under the
limited wireless resources becomes the critical problem for the service/network
providers. Numbers of research issues are prompted on personalized QoE, which
is also the key insight within this book. A theoretical background, new architecture
for QoE management, QoE-oriented resource allocation and analysis are presented
accordingly with practical technical examples.
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Chapter 2
Background and Literature Survey

Abstract In this chapter, an overview of QoE is given and the current state-of-
the-art background for QoE is described. Specifically, the definitions of QoE from
different aspects and QoE influencing factors are first presented. Then, QoE assess-
ment methods and QoE models are introduced in the following section. In addition,
QoE management and control issues are also investigated. Last but not least the
challenges of QoE in 5G wireless networks are discussed.

2.1 QoE Definition

As far as we know, there is no common sense about how to define QoE. Given the
description of Wikipedia, QoE is considered as a subjective measure of customer’s
experiences with a service [1]. That means different types of QoE are involved in
various services. For example, when a user shops online, QoE is associated with
the process of purchasing and the service. When a user has a meal or haircut, what
involves QoE is the process of user being in service.

In this book, we discuss QoE in the scenes of wireless communications. For
example, users call others using a mobile phone or browse the web using a tablet
computer or watch online video via a notebook. In the process of being in service,
users get certain service experiences. In such a scenario, a number of international
organizations proposed the following definitions:

According to ITU, QoE is described as the overall acceptability of an applica-
tion or service, as perceived subjectively by the end user [2], while the European
Telecommunications Standards Institute (ETSI) defines QoE as a measure of user
performance based on both objective and subjective psychological measures of using
an ICT service or product [3]. Recently, based on the results of the research project
COST Action IC1003, EU Qualinet Community proposes the definitions of QoE as
the degree of delight or annoyance of the user of an application or service. In the
context of communication services, QoE depends on the service, content, device,
application, and context of use [4].

In addition, different researchers also give different definitions of QoE according
to their own understanding. In [5], Kilkki broadens the concept of QoE to the basic
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character or nature of direct personal participation or observation. Khalil believes
ITU definition of QoE is hard to involve objective human factors. Therefore, he puts
forward his own definition: a blueprint of all human subjective and objective quality
needs and experiences arising from the interaction of a person with technology and
business entities in a particular context [6]. Pyykko presents the definition of QoE
in the manner of a mobile video scenario: the binary measure to locate the threshold
of minimum acceptable quality that fulfills user quality expectations and needs for a
certain application or system [7].

Although there is no universal answer forwhatQoE is, we can draw the conclusion
that: QoE is a kind of user satisfaction description during the process of interactions
between users and services. That is, users get some subjective feelings which is
assessed by QoE.

2.2 Influencing Factors

QoE is a multidisciplinary research topic based on social psychology, cognitive sci-
ence, economics, engineering science, etc. Researchers always limited QoE only in
some situations which they were concerned about, making it difficult to understand
QoE factors from a global perspective. It is indicated that the video codec parame-
ters along with user expectations should be considered when evaluating the video
services and that the context factors such as actual environmental context and social
cultural context also play a critical role [8, 9]. T. Hoßfeld et al. of [10] discover
that current page loading time as well as history page loading time has impact on
user QoE for web browsing services, which can be summarized as memory effect
that current experience is highly related with history experience. A conclusion is
drawn in [11] that user’s mental mood, context, characteristics of mobile devices,
network access capacity will all influence user QoE to different extents. For a better
and more comprehensive understanding of QoE influencing factors, K. Kilkki and
K.U.R. Laghari consider QoE from the perspective of communication ecosystem [6].
Communication ecosystem is defined as the systematic interaction of living (human)
and non-living (technology, and business) in a particular context [5], which is first put
forward by K. Kilkki and then refined by K.U.R. Laghari. In this ecosystem, QoE
influencing factors can be divided into four domains: human domain, technology
domain, business domain and context domain. A summary of QoE factors studied in
existed literatures is given in Table2.1.

However, it is still a challenge to manage these QoE influencing factors. First, it
is difficult to quantize some of these factors which mainly include subjective factors
such as interests, expectations, etc. It is also hard to analyze and quantize the relation-
ship of QoEwith respect to these factors. Second, some of these factors such as some
contextual factors (quiet or noisy) are intricate to be obtained in the real application
scenarios. Thirdly, it is difficult to accurately model the relationship between these
factors and QoE, and we should research more on how those factors influence QoE
synthetically. Hence, further study is needed to analyze QoE influencing factors.
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Table 2.1 Summary of QoE factors

Application scenario Factors considered Details

[12] Not given Technical performance Application, service,
network, device
performances

Usability Application, network,
device usability

Subjective assessment Application, network,
device assessment

User expectation Decided by application
types, user personality and
history experiences

Context Physical, social, technical,
cultural context

[13] Video, VoIP, multi-player
game

Application dimension Content type, video codec
resolution, frame rate

Resource dimension Network resource
parameters (delay, jitter,
packet loss rate), hardware
resource parameters
(memory, screen resolution)

Context dimension Light, position, time, social
environments

User dimension Individual property,
preference, expectation,
requirement and mental
mood

[4] Multi-media services Human dimension Human property, social and
economical background,
physical and psychological
status

System dimension Content parameters
(content type), media
parameters (encoding,
sampling rate, frame rate),
network parameters
(bandwidth, delay, jitter),
device parameters
(memory, screen resolution)

Context dimension Physical context (position,
time), economical context
(cost, brand image), task
context (single or multi
task)

(continued)
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Table 2.1 (continued)

Application scenario Factors considered Details

[6] Communication systems Technical domain Service factors (service
content), network factors
(delay, jitter, throughput),
device factors (device
feature, function)

Business domain Consumer business model
factors (advertisement,
brand effect),
inter-company business
model (commercial
strategy), intra-company
business model factors
(service level agreement)

Human domain Population property (age,
gender), role factor
(consumer, user)

Context domain Real context (time,
position, climate), virtual
context, social context
(social relationships)

[14] Mobile video Human domain Population attribute,
requirements, mood,
expectations, motivations

System domain Device factor (memory,
battery life, screen size),
network factor (network
bandwidth, channel
condition), video provider
factor (encoding algorithm,
business model)

Context domain Physical context (position,
time), social context (alone
or in groups), task context
(single or multi task)

2.3 Assessment Method

In general, QoE evaluation methods can be divided into three categories, that is,
subjective assessment, objective assessment and hybrid assessment. The detailed
descriptions are as follows.
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2.3.1 Subjective Assessment

Subjective evaluation method is conducted based on psychological/visual experi-
ments, which is themost reliable but also themost complicated and expensivemethod
of evaluating user’ QoE. It has been researched for many years, giving researchers
deeper understandings of QoE subjective dimension. Most of the output of the sub-
jective evaluation experiment is the opinion score when the user is being served or
has been served, and these scores are ultimately averaged into Mean Opinion Score
(MOS) [15]. Meanwhile, ITU also sets some corresponding standards of conduct-
ing the experiment. The QoE evaluation for video services is the most complicated
and some standards are set to conduct the experiment of evaluating subjective video
quality. For example [16], the different experiment settings include Single Stimu-
lus (SS), Double Stimulus Impairment Scale (DSIS), Double Stimulus Continuous
Quality Scale (DSCQS), Single Stimulus Continuous Quality Evaluation (SSCQE),
Simultaneous Double Stimulus for Continuous Evaluation (SDSCE), and Stimulus
Comparison Adjectival Categorical Judgment (SCACJ). These settings are similar
and the changes mainly reflect in metrics, video reference, video length, number of
users, number of observers, etc.

The results of subjective evaluation method are the most accurate, owing to a
direct gain of data from the users. Nonetheless, the human cost of this method is too
high and cannot be used to automation and real-time situation.

2.3.2 Objective Assessment

Objective evaluationmethod is defined as using separately themeasurement of objec-
tive quality to evaluate the subjective quality [17]. In other words, objective evalua-
tion method provides a mapping model from the objective quality to the subjective
quality. A variety of objective quality evaluation and prediction models have been
studied. Each model has its applicable scenarios and corresponding constraints.

There are many objective evaluation methods to assess QoE which can be gen-
erally classified into three kinds: full reference, no reference and partial reference
[18].We take the video business for example to illustrate the difference of these three
categories. The full reference method is to compare reference video and test video
frame by frame while no reference method is to analyze test video only without
reference video. Partial reference method is the compromise of the first two which
extracts some characteristics from the reference video and then analyzes the test
video according to these characteristics.

The advantage of an objective evaluation method lies in its convenience and
tractability. Researchers only need concern about QoS parameters which can be
measured and related mathematical problems. It also has its disadvantage of inaccu-
racy, i.e., the QoE obtained is only an approximation rather than a precise value for
each user.
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2.3.3 Hybrid Assessment

Except the above two grading methods, there is another method of mixing both
and evaluating users’ QoE more accurately which is Pseudo Subjective Evaluation
Method (PSQA) [19]. This method is a kind of method which is based on statistical
learning and uses the Random Neural Network (RNN). In its evaluation, it usually
needs to go through four stages:

• Generating influencing factors. At this stage, a lot of service samples after para-
meter optimization will be generated in the database.

• Measuring the subjective quality. At this stage, testers of the experiment will grade
service samples of step 1.

• Training the neural networkmodel. This is the core of this approach. Data collected
by the former two steps will constitute the training data set and is used to train the
random neural network. The random neural network can be substituted by other
machine learning tools, such as the Bayesian network, the Support VectorMachine
(SVM).

• Using the neural network model for evaluation. After the third step, a trained RNN
will be obtained. So in the evaluation, it is only needed to put the target service
data into RNN. Then it can calculate the corresponding QoE of the user.

PSQA is a kind of widely used QoE evaluation methods, applied in [20–26].

2.4 QoE Models

2.4.1 Mathematic Model

Mathematical models are one of the traditional ways which map the influencing
factors to the users’ QoE. The data of related factors and users’ QoE are obtained
in a laboratory environment in general. Researchers conduct statistical analysis to
formulate the specific relationship between QoE and the parameters. Some models
which belong to this type are depicted below.

The E-model recommended by ITU-T SG12 is a classic linear model which is
used to predict the overall quality in a voice conversation at the network planning
stage.AlthoughE-model is amature one, it is restricted in voice service over telecom-
munication networks.

Peter Reichl argues that QoE has a logarithmic nature based on theWeber-Fechner
Law (WFL) [27]. The basic idea of WFL is that the human sensory system can be
traced back to the percipience of so-called “just noticeable differences” and the differ-
ential perception is directly proportional to the relative change of physical stimulus.
By taking network QoS as stimulus and QoE as the perception, we will obtain a log-
arithmic relationship mapping from QoS to QoE. Although the logarithmic model is
very convincing which lies in that it is based on the psychological theory, there are
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limitations that the input QoS should be viewed as a physical stimulus. However, the
fact is that many factors could not be regarded as physical stimulus. Furthermore,
this model only processes limited numbers of factors, which indicates that it cannot
be extended.

Another mathematical QoE model is based on the “IQX hypothesis” in [28],
which argues that a change of QoE depends on both the identical QoS changes and
the actual level of the QoE. After the integration of the formulation of QoE and QoS,
a negative exponential function of QoE w.r.t QoS impairment factors such as packet
loss can be acquired. It is found that QoE relates to the QoS impairment factors such
as packet loss or network delay in the model of IQX hypothesis, while QoE is related
to the perceivable QoS resource like bandwidth or bit rate in the logarithmic model.

2.4.2 Machine Learning Model

In recent years, researchers find out that it is hard to formulate the relationship
between influencing factors and users’ QoE explicitly by a mathematic model in
most cases, not to mention the unobtainable system parameters. Machine learning
methods are widely applied to solve the problem of the connotative relationship
between QoE model and the influencing factors.

The Recurrent Neural Network (RNN) model is a classical one of machine learn-
ing models which is applied in the Pseudo Subjective Quality Assessment (PSQA)
assessment. RNN is made up of a group of neurons which can communicate with
each other by signals. In the RNN network, the state of every neuron is a nonnega-
tive integer named potential and it can be changed by the signals coming from other
neurons. At the end of the training, every neuron shall have a computed potential.
Accordingly, the QoE assessment will be obtained by synthesizing the potentials of
the RNN.

In [29], T. Hoßfeld et al. uses Support Vector Machine (SVM) method to assess
QoE.A hyperplane can be calculated according to training set data and validatedwith
test data set, then the trained SVM model will be applied to evaluate user current
QoE with input factors including current page loading time and user history ratings.

Besides, Decision Tree (DT), anothermachine learningmodel, can also be applied
to build QoE model. DT is a widely used classification model and the relationship
between QoE and researching influencing factors can be learned by decision tree
building and pruning as in [30]. In [30], a training data set with input (continuous
parameters including time, spatial, bit rate, frame rate information) and output (binary
values indicating whether current quality is acceptable or unacceptable for users) is
utilized to train the tree model after some pre-processing measures. QoE model
established in this way can then be used to predict user’s attitude towards the service
and [30] illustrates that QoE prediction by DT is more precise than that by SVM.

To sum up various QoE models, a comparison for QoE modeling approach is
given in Table2.2.
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Table 2.2 Comparison for QoE modeling approach

Method Type of service Factors Metric Precision Complexity

Logarithmic
function [31]

File
downloading

Bandwidth,
file size

MOS RMSE =
0.063

Low

Exponential
function [32]

VoIP Packet Loss MOS R = 0.998 Low

Rearrangement MOS R = 0.993

Web browing Waiting time MOS R = 0.966

Bandwidth MOS R = 0.951

SVM (Support
Vector
Machine) [30]

Video
(Cellphone,
Tablet PC, PC)

Time, space,
bit rate, frame
rate

Acceptability
(Binary)

Precision
88.592.85%
89.382.77%
91.452.66%

Medium

Decision tree
[30]

Video
(Cellphone,
tablet PC, PC)

Time, space,
bit rate, frame
rate

Acceptability
(Binary)

Precision
93.551.76%
90.292.61%
95.462.09%

Medium

Random
neutral
network [24]

Video Packet loss,
packet loss
time

MOS Unaccounted High

2.5 QoE Management and Control

Based on the QoE models and real-time QoE monitoring, intelligent QoE man-
agement can be further conducted by network operators based on actual network
conditions. Appropriate measures are taken according to the network problem and
optimizationmethods. On one aspect, quality improvement of a current flow, or max-
imization of system average QoE can be achieved by reasonable network controls,
e.g. admission control, priority decision, congestion control and packet scheduling.A
common usedway to optimizeQoE is to perform cross layer optimization (CLO). For
example, in [28], a cross-layer model is established for multimedia traffic in mobile
communication systems. QoE is obtained by mapping from the network layer para-
meter symbol rate. The maximized QoE can be achieved by adjusting the symbol
rate for each user with a greedy algorithm. A wise resource allocation strategy with
QoE awareness can be realized to efficiently save network resources without user
experience degradation.

Similar optimization scheme for wireless video transmission is provided in [21]
for stream transmission. First a video stream is divided into two sub-streams using
multiple description coding scheme and then two paths with the highest available
bandwidth are selected by the server to send these two streams to the client. User
QoE is assessed by PSQA based on packet loss rate when two sub-streams arrive at
the client. The server will make a decision to redirect the two sub-streams over new
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paths with higher available bandwidth if the assessed QoE cannot meet the users’
requirement.

Selecting a proper access point is another way to improve QoE. In [33], Kandaraj
presents a user-based and network assisted scheme for network selection in wireless
IEEE 802.11 technology. In the scheme, a PSQA tool is implemented to evaluate
users QoE for each access points (AP). When a new user comes, he or she will get
a score based on the evaluated QoE and status from each AP. So a better quality of
connection can be chosen, resulting in a higher QoE for the user.

In some literatures, researchers considerQoEoptimization froma systemarchitec-
ture level. Latre et al. in [34] proposed a QoE-based network management architec-
ture in multimedia services with a three-plane approach (a monitor plane to monitor
network parameters, a knowledge plane to determine the optimal QoE decisions and
an action plane to conduct decided actions). Optimization actions include applying
Forward Error Correction (FEC) to reduce the packet loss caused by errors on a link
and switching to different video bit rate to avoid congestion or to obtain a better
video quality.

Additionally, QoE-driven network access selection control, handover decision
control and rate adaptation control are also studied in many literatures as
[33, 35, 36].

2.6 Challenges of QoE in 5G

In the era of 5G, a fiber-like access data rate and a “zero” latency user experience
is expected to be provided. Delivering a consistent experience is required across a
variety of scenarios including the cases of ultra-high traffic volume density, ultra-high
connection density, and ultra-high mobility. 5Gwill also be able to provide ability on
intelligent optimization based on services and users awareness, and improve energy
and cost efficiency by over a hundred of times. These expectations above all inspire
us to achieve the vision of 5G—“Information a finger away, everything in touch.”

To realize these expectations, several new technologies, e.g., heterogeneous net-
works, millimeter-wave (mm-wave), device-to-device (D2D)/machine-to-machine
(M2M), cloud-based radio access network (C-RAN), and smart devices are addressed
in the 5G network to cater to the notable trends of 5G, such as explosive growth of
data traffic, massive increase in the number of interconnected devices, continuous
emergence of new services and application scenarios, etc., which will inevitably
impact user QoE, positively or negatively. New challenges are raised for QoE man-
agement in 5G and better QoE performance is capable to be achieved if these issues
are well handled.
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2.6.1 Challenges from Various Communication Scenarios

In 5G, the scenarios of communications are greatly broadened, typically, e.g., when
people are working or at entertainment, stationary or moving, at home or in sta-
diums, subways, highways. For the various scenarios above all, a consistent QoE
is desired to achieve for end users. However, QoE management is significant but
challenging in the high complicated scenario including ultra-high traffic volume
density, ultra-high connection density, and/or ultra-high mobility, etc. For example,
it is important to maintain a satisfactory level of service continuity in high speed
scenario. Similarly, improving QoE is also important in the ultra-dense small cells
scenarios. Those requirements are demanding more appropriate mobility manage-
ment strategies. Therefore, how to control QoE to satisfy the various requirements
in the various scenarios needs to be comprehensively investigated accordingly. A
QoE-based dynamic resource allocation for mobile cloud computing environment
to satisfy the requirements of end users is proposed in [37]. In [38], a QoE-based
resource allocation problem is pointed out in a D2D scenario, where user QoE is
evaluated from the both perspectives of stall events and video qualities. While key
QoE influencing factors and user expectations may vary for distinct scenarios, QoE
becomes a comprehensive metric and an important topic about how to provide per-
sonalized user experience through a more refined resource management.

2.6.2 Challenges Due to Emerging Applications

The cellular technology has changed the way we communicate and our social life
[39]. Over the past era of 2G, phone call and SMS are the main functions of the
mobile terminals. Today 3G/4G become mainstream and the smart terminals are
so popular that makes the applications more diverse, such as mobile game, mobile
music, mobile video, etc. In the future of 5G, more stunning new technologies and
applications will be integrated and enter into human life such as virtual reality, 3D
videos etc., which accordingly leads to two challenges for QoE research.

One challenge is the demand to develop appropriate and reasonable QoE models
for the emerging applications. Due to the rapid increase of intelligent terminal on
capacity and performance, there are a large number of new applications emerging
[40]. For example, unlike traditional terminals, the new smart wearable terminals
have various forms, such as smart watches, smart glasses, sports wristbands, smart
jewelry, etc. Meanwhile, mobile services, which are based on the intelligent ter-
minals, are no longer limited to telephone, text messaging and video services, but
involved in medical monitoring, interactive games, information exchange and other
emerging businesses. However, the state-of-the-art research works on QoE focus
on VoIP, video, and HTTP services. Further study is needed for the new developed
applications in order to build up a proper QoE model.
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Imagine a medical monitoring service running on a wearable equipment, which
monitors blood pressure, displays status on pulse and even identifies whether the user
has an irregular heartbeat. In this case, the QoE model should utilize the individual
user’s information to make accurate decisions to achieve a high level of QoE. For
example, for a user with hypertension according to the historical records, when
symptoms appear, the system is required to ensure realtime transmission and a certain
level of reliability to activate the emergency alarm and other corresponding medical-
related services. It is essential to combine the various factors to guarantee QoE.

The smart mobile terminals for human life provide a great convenience, so that
people are increasingly dependent on their smartphones. Consequently, the people
are increasingly sensitive to the life of the battery. If a service consumes too much
power, the users will have very bad feelings, which leads to a lower QoE degree. As
a result, the energy efficiency is also an important QoE factor in 5G.

2.6.3 Challenges Related to Big Data

In the 5G era, due to the network data traffic explosion and applications diver-
sification, a huge amount of data is expected to be transfered during the mobile
communications [41], which leads to some new challenges in the QoE management
field.

One challenge concerning big data is the subjective QoE influencing factors. The
main research issue on this topic includes two aspects. The first is the subjective QoE
factors including a user specific preference, users’ mood, attention, expectation etc.
The factors above all are qualitative and highly related with social psychology and
cognitive science fields. In order to use these factors in practical applications, some
problems should be concerned including: (1) how to quantize these factors? (2) how
to normalize these factors after quantization? and (3) how to capture and monitor
these factors in a practical real-time application scenario. In addition, it is difficult
for a certain application/service to decide which factors are essential and which are
not. How to smartly model QoE given a service/application is quite important issue
for further investigations.

Another challenge is about QoE evaluation from the perspective of big data. Most
existing research on subjective QoE evaluation is conducted based on users’ direct
feedback of the service. It is suitable for a relative small scale of evaluation. When
more data is needed which makes the results more reliable, it is too expensive and
even unaffordable by using the above evaluation ways. With the development of
big data technologies, many user specific information is preserved and can be used
to infer the user’s subjective feelings, which is the basis of QoE. As an example
of online video services, the viewing time, the total number of clicks on a certain
video, the number of daily accesses etc. could be measured and analyzed for user’s
QoE. For Web services, the online reviews is the knowledge resources in which
the relevant features could be extracted reflecting user experience feedback on the
web services. Many similar research works had been carried out in the manner of
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the data-driven way in other areas such as natural language processing (NLP) and
unstructured data processing, Thus, it is meaningful to use data-driven approaches
in the topic of mobile QoE in the future.

It is also challenging to handle the security and privacy related to intelligent ter-
minals, which comes along with the trend that intelligent terminals play a key role
in 5G, especially in the big data era. For those who use intelligent terminals, inten-
tionally or unintentionally, their personal information such as contacts, download
histories, application usage records, the system logs, etc., are saved in either client
end or cloud end. It is of course beneficial to make use of those data to facilitate
QoE. But those data are possibly used for the wrong purpose, even illegal use. How
to balance the protection requirement of user’s privacy and the QoE management
usage on the personalized data is one of the major challenges.

2.7 Summary

In this chapter, an overview for the state-of-the-art QoE is given, including QoE
influencing factors, QoE assessment methods, QoE models, QoE management and
control applications, and QoE challenges on 5G. QoE definitions are summarized at
first. The QoE influencing factors are then discussed in a systematic way, followed by
the sequential part which QoE assessment methods are introduced and QoE models
are summarized. QoE management and control issues are also discussed in this
chapter. Furthermore, the challenges of QoE in 5G wireless networks are discussed
finally.
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Chapter 3
Architecture of Data-Driven Personalized
QoE Management

Abstract In this chapter, we propose a systematic architecture on data-driven
personalized QoE management. A framework of the QoE management architecture
is firstly introduced, which consists of two modules namely (1) training module and
(2) control module. We also depict two models for the prediction of user preference,
including Bayesian Graphic Model and Context Aware Matrix Factorization Model.
Apreliminary use case is deployed to demonstrate and evaluate the proposed architec-
ture. Simulation results illustrate the superior performance of proposed architecture
compared with traditional water-filling method.

3.1 Introduction

The ultimate target of QoEmanagement, following themodeling, control and assess-
ment of QoE, is to attain the control over QoE by optimization and controlling
strategy. In order to maximize the quality of experience and the degree of end-user
satisfaction, along with the expected utilization efficiency on limited resources of
communication system, control strategy is expected to provide optimized services
while controlling QoE dynamically and continuously. From the operators’ perspec-
tive, the purpose of QoE management is both maintaining users satisfaction effec-
tively and allocating available wireless network resources efficiently. It is always a
challenging problem to optimize and manage QoE due to the non-negligible influ-
ence on QoE of many factors, including restricted network environment (limited
network bandwidth, network variance, etc.), increasing data flow of mobile network,
randomness of device location and service situation, and diversity of users profiles,
requirement, and expectation. As a consequence, a comprehensive design from dif-
ferent perspectives is vital in the topic of QoE management.

Traditional QoE management and control only focused on the influence of
resource such as network and QoS, but neglected the difference among the indi-
vidual users. For example, for a man who is not Kobe’ fans, a high-precision
video and wide bandwidth allocated on Bryant motion video may not lead to high
degree of satisfactory feelings because the user may simply not want to watch this
video. The classic strategy of QoE management can not figure out this problem.
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With the development of mobile Internet, a huge amount of new smart devices
and many service providers are emerging and growing rapidly. Win or lose heav-
ily depends on the ways on the satisfaction of the various user demands. In particular
with the advent of Web 2.0, we have entered into an unprecedented era of big data
with explosively growing information. For example, YouTube has 2 billion video
contents which grow at a speed of 60 h per minute meanwhile [1]. The big data leads
to many new problems faced by video service providers. On the one hand, users
may get confused or even feel bored to find the interested ones from vast amounts of
videos, which affects user experience badly [2]. Furthermore, many new competi-
tors enter the same business field to provide the similar services. It is meaningful
for service providers to perceive the user’s feeling, and provide the personalized
service [3]. The characteristics of the personalized service includes: (1) The service
is user-oriented. (2) The service is unique and varied along with the change of user
requirements. (3) The service is diverse and discrepant [4].

Assessing QoE is one of key issues in the topic of QoE. The greatest difficulty to
assess QoE from a user perspective is how to quantitatively use the user subjective
information. In addition, a data-driven architecture for personalized QoE manage-
ment is proposed in this chapter.

3.2 Framework of Data-Driven Personalized
QoE Management

3.2.1 Basic Requirements

The prerequisites of the proposed architecture are listed in the following:

• Amonitor to capture real-time information is contained. The real-time information
includes the type of application in use and the status of QoS.

• A data mining scheme is maintained, which is capable to predict user prefer-
ence/expectation with respect to the specific applications.

• Resource management is conducted according to the captured QoS status and the
predicted preference/expectation information to maintain a reasonable degree of
QoE.

Figure3.1 illustrates the two components including the training module and the
control module of the proposed architecture.

3.2.2 Training Module

The training module is designed to collect the subjective data, train and tune the user
preference prediction model. The inputs of the model are obtained from a specific
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Fig. 3.1 A data-driven architecture for personalized QoE

user and a specific service, and the output is the user’s expectation with respect to
the service.

The training module is divided into three subcomponents described as follows.

(1) Subjective Data Collector (SDC)

SDC is responsible for collecting the data. The diversity of the data is the major
concern when designing this subcomponent since the different types and dimensions
of data should be integrated in the model training process. Due to end-user oriented
characteristic of the data, the central part of such collector is a mobile agent designed
to be physically deployed in the end-user device.

Such a mobile agent is logically divided into three entities: the QoS monitoring
entity, the contextualmonitoring entity and the experiencemonitoring entity.Besides,
a data repository is created in the device to preserve the temporarily collected data,
which is then uploaded to the cloud by synchronizing with the data processing and
storage component. The framework of the mobile agent is presented in Fig. 3.2. The
details of SDC are given as follows.

• The main function of the QoS monitoring entity is to measure the technical para-
meters, including (1) the device information, such as the operating system and
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Fig. 3.2 Framework of
mobile agent [5]

the screen size; (2) the network information, such as the access type, throughput,
delay, and jitter; and (3) the application information, such as the application type.

• The contextual monitoring entity is responsible for collecting context information
of the application, which contains the location, the mobility, and some other avail-
able data from sensors on the device or around the body. This entity is extensible
for a variety of newly developed sensors.

• The experience monitoring entity is in charge of the interaction with users by
gathering explicit feedback of questionnaires, including both closed and open-
ended question formats. The Experience SamplingMethod (ESM) is chosen as the
collection method in order to minimize the possible interference and the deviation.
Moreover, with the further study of implicit experience measures, the experience
probe can be extended with new modules and parameters, such as brain activity,
heart activity, and eye movement.

(2) Data Processing and Storing Component (DPSC)

The data uploaded from SDC onmobile devices is preprocessed and stored in DPSC.
Once the newdata is received, the damaged data is removed by an initial data cleaning
process. Then, a process of anonymization is done for pseudonyms and reduction of
location accuracy. And the further encryption is further proceeded for the reason of
the user privacy. The feature extraction is also completed in this component. And the
extracted features and encrypted data are preserved in a distributed database. Other
components in the architecture are only permitted to access the extracted features.

The user today generally has more than one mobile device and different login
accounts for distinct applications. To build connections among these individual
resources, a concept known as OpenID is established [6], in which a unique user
ID is allocated to a specific user uniquely as authenticated information. The user’s



3.2 Framework of Data-Driven Personalized QoE Management 25

cell phone number is linked with other user specific information such as verifiable
email address, etc.With unique user ID, DPSCmerges data uploaded from each SDC
according to a certain rule.

(3) Data Mining Component (DMC)

DMC is responsible for mining the user preference when they use certain services.
The data-driven approach is used in this component to provide more effective pre-
diction ability on user preference. Given a set of data, a user preference prediction
model is trained by an offline mode. Most of previous QoE modeling approaches
focused on how to model the mapping from network layer parameters to QoE para-
meters, but the role of the user preferences is ignored. Actually a specific user could
prefer some services compared with others, which leads to the different satisfactory
degrees for different services under the the same network layer condition.

In this section, we present several data mining models with regard to user pref-
erences for DMC. A set of features is used for model training which is extracted in
DPSC and reserved in a distributed database. Once the process of model training is
finished, the model file is saved in a database and used by the control module for
online user-preference prediction.

3.2.3 Control Module

The control module provides online service for monitoring and collecting both user
and service information. The preferences for each user on different services are
predicted by using the model derived in DMC. The control module is composed of
three components namely (1) the real-time data collector, (2) the preference predictor
and (3) the QoE controller.

(1) Real-Time Data Collector (RTDC)

Unlike SDC, the data collection is necessary to be finished in a very short period of
time. Three types of data are gathered by RTDC including user ID, service in use and
the network status. The software entity of RTDC is placed on the user mobile device,
by which the user-service data are collected and sent to the Preference Prediction
Component (PPC) and the network status information to the QoE controller.

(2) Preference Prediction Component (PPC)

The function of PPC is to provide prediction ability for user preference. The user-
service data from RTDC is processed in PPC and user preference is predicted by
applying prediction model trained in DMC. It should be noticed that there could be
multiple models for handling different types of services. And the model selection is
done automatically.
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(3) QoE Management Component (QMC)

The predicted result of user preference by PPC is handed over to QMC. The status
of the objective network is also identified by QMC. Given those information as the
input, a QoE management model is derived which is summarized in Table2.2. The
QoE management is thus formulated as an optimization problem, and two types of
optimization objective functions are selected including (1) maximizing the total QoE
in the system, and (2) improving the QoE fairness for all users. Based on the results
of optimization derivations, a QoE management scheme is designed by utilizing the
status of the current system and the user preferences.

In summary, the whole process includes offline part and online part. Offline part
is responsible to build up the user preference model by using data-driven approach.
The SDC component distributed in each user’s mobile device collects upload user
specific information. And the DPSC component uses the data to train model. The
function of online parts is provided by control module for online service. The whole
process begins with monitoring of RTDC in the user device for the user action. Once
the user begins to use a application/service, RTDC collects the realtime user/service
information, which is then sent to PPC. PPC selects and uses the user preference
model to predict the user preference. The resulting user preference is then utilized
by QMC for QoE management on a system level.

Compared with the previous architecture, the main novelty of the proposed archi-
tecture is to involve a new concept, that is data driven user preference prediction. We
present two kinds of modeling techniques for predictions.

3.3 Personalized Character Extraction: User-Service
Preference

In this section, two models: Bayesian Graphic Model [7] and Context Aware Matrix
Factorization Model [8] are introduced. Given the above discussion, the model is
trained in the offline training stage, and used for online servicewithin controlmodule.

3.3.1 Bayesian Graphic Model (BGM)

The first modeling technique is Bayesian Graphic model, which is shown in Fig. 3.3,
where subscripts i and j stand for user and service, respectively. This model contains
three kinds of layers, which are, respectively, observable layer, hidden layer and
prediction layer from the bottom to the top in turn. In the top layer, ri j represents
user xi ’s real rating towards video y j , r̂i j represents user xi ’s predicted rating towards
video y j . In the bottom layer, pi and q j represent user and video observed feature
vectors, whose dimension is p × 1 and q × 1, respectively. In the middle layer, ui
and v j represent user and video hidden (latent) feature vectors. The dimension of ui

http://dx.doi.org/10.1007/978-3-319-42454-5_2
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Fig. 3.3 User-service preference model [7]

and v j are r × 1. These three layers construct a Bayesian Graphic, in which ri j is
random variable which depends on the two random variables ui and v j . And ui and v j
also depend on pi and q j , respectively. Thus this Bayesian Graphic model describes
a probabilistic mapping from the observed features to the user’s rating results. A
Gaussian assumption is used in this model defined as follows.

ri j ∼ N
(
uT
i v j , σ

2
)
,

ui ∼ MV N (Gpi , �u) ,

v j ∼ MV N
(
Dqj , �v

)
,

where N
(
μ, σ 2

)
indicates the Gaussian distribution with expectationμ and variance

σ 2; MV N (U, �) indicates the multi-dimension Gaussian with expectation beingU
and covariance matrix being �; G and D indicate the coefficient matrixes with
dimension being r × p and r × q, respectively. Based on the above definitions, the
probability relationship in BGM is as follows.
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P
(
ri j |pi , q j ,Θ

) =
∫∫

P
(
ri j , ui , v j |pi , q j ,Θ

)
duidv j , (3.1)

where Θ = (σ,G, �u, D, �v) represents all the coefficients in the model. The joint
probability distribution in the above equation represents the generation model with
the complete data set {ri j , ui , v j }. According to conditional independence assumption
of the hidden features, the joint probability distribution is

P
(
ri j , ui , v j |pi , q j ,Θ

)

= P
(
ri j |ui , v j , pi , q j , σ

) · P (ui |pi ,G, �u) · P (
v j |q j , D, �v

)
. (3.2)

In the training step, the Monto Carlo Expectation-Maximization (EM) algorithm is
adopted in this case to train the model.

Denote the training set as {RT , PT , QT }. After the above training process, coeffi-
cients Θ and the posterior distribution of latent variables P(U |RT , PT , QT ,Θ) and
P(V |RT , PT , QT ,Θ) are achieved. The prediction target is r̂i j , based on the BGM,
the distribution of r̂i j is

P
(
r̂i j |RT , PT , QT ,Θ

)

=
∫∫

P(r̂i j ,U, V |RT , PT , QT ,Θ)dUdV

=
∫∫

P
(
r̂i j |U, V,Θ

)
P

(
U |RT , PT , QT ,Θ

)

P
(
V |RT , PT , QT ,Θ

)
dUdV, (3.3)

with this distribution, the r̂i j can be predicted.
Integrations w.r.t U and V lead to a very high computation complexity. So, some

approximate methods are preferred. The expectation of hidden variable Ū and V̄
can be estimated by using their posterior distribution. Then the probability density
function of r̂i j is approximated by

P
(
r̂i j |RT , PT , QT ,Θ

) ≈ N (
r̂i j |ūi v j , σ

)
. (3.4)

So the approximation of r̂i j is ūi v̄ j .
Once the BGM is used online, xi or y j represents the new user or a new video,

respectively. We use observed features pi and q j to estimate ui , v j and Θ . And the
cold start problem can be solved.

3.3.2 Context Aware Matrix Factorization Model

Before the discussion on context aware matrix factorization model, we present a
information gain based factor pre-selection process. Given a set of factors, it is mean-
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ingful to proceed a factor pre-selection step to filter out some less influential factors,
which makes the modeling work more easier. The different applications/services
have their own requirements. There are actually no common set of factors suitable
for all applications/services. In this section, we use a information gain to select con-
textual factors. Given a contextual factor variable denoted by D = {dk, 1 ≤ k ≤ K }
and R = {ri , 1 ≤ i ≤ I }, and the information gain is formulated as follows.

Gain(R, D) = H(R) − H(R|D)

= H(R) −
∑

k

p(D = dk)H(R|D = dk) (3.5)

where Gain(R, D) indicates the information gain between the rating R and the
contextual factor D; H(R) indicates the information entropy of the rating R; H(R|D)

indicates the conditional entropy of the rating R given the contextual factor D;
H(R|D = dk) indicates the conditional entropy of the rating R when the contextual
factor D = dk .

H(R) depicts the uncertainty of rating R, meantime H(R|D) depicts the uncer-
tainty of rating R given the contextual factor D. Naturally, Gain(R, D) represents
the decreased uncertainty of rating R given the contextual factor D. The higher
Gain(R, D) means the stronger influence on predicting rating R determined by the
contextual factor D. Consequently, the contextual factors with lower information
gain are regarded as less influential factors, which will be removed from the set of
factors.

The matrix factorization (MF) is formulated as:

r̂i j = pTi q j (3.6)

where r̂i j indicates the predicting rating of user i to item j ; pi denotes features of
user i ; q j indicates features of item j .

And the context aware matrix factorization model extends MF model to integrate
the context information. The context aware MF model is used for user preference
prediction under different contexts, which is shown in Fig. 3.4. Subscripts i and j
are used to represent user and service, respectively.

Here, we simply divide the contextual factors into three types: the user context, the
item context and the interaction context. The detailed contextual factors are shown
in the following by using movie recommendation as example:

• User Context: represents user attributes (Age, Gender, Occupation, Faith, Country,
etc.). Generally, they are acquired by users’ registration information.

• Item Context: represents movie attributes (Budget, Director, Genres, Actors, Lan-
guage, etc.). Generally, they are acquired by publishers.

• Interaction Context: represents the condition of users or environment when watch-
ing movies (Time, Mood, Location, Day type, Social, etc.). Generally, they are
acquired by user behavior analysis and server records.
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r̂u i

bu be bi

qipu

Fig. 3.4 The structure of context aware matrix factorization model [8]

Using the definitions defined in the last section, we further define r̂i j as

r̂i j = μ + bi + b j + be =
μ + bi (ci ) + b j (c j ) + [pi (ci , ce)]

T q j (c j )
(3.7)

as the predicted preference of user i to application/service j . And the relevance
between predicted rating and each context is simplified as the sum of four parts:
global average, user bias, item bias, and user-item interaction bias. μ is the average
score of all known ratings. bi and bj indicate the observed deviations of user i and item
j, respectively. pi and q j are two K-dimensional vectors that represent the features
of user i and item j, pi ∈ R

K×1, q j ∈ R
K×1.

Given the definition of the predicting rating r̂i j , subsequently the training method
is shown. The method conducts a loss function related to the parameters in r̂i j , which
can be minimized using stochastic gradient descent method to train the model, more
details of this method are shown in [8]. Consequently, parameters of r̂i j above are
solved and then the predicting rating can be calculated using Eq.3.7 along with
new data.

3.4 Personalized QoE Model and Example User Case

In order to validate the proposed architecture [5], we carry out a preliminary use
case. In this case, the service scenario is online video. The data includes the user
information collected from some volunteers from the university campus and the
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video information. The information data of users includes gender, age, occupation,
and preferred video type. The videos are categorized into 16 classes and the video
information includes the released dates. The context features we considered include
whether the user is indoor or outdoor, whether the user is walking or sitting, and
whether the user watches video using a smartphone or a tablet.

In this case, a two-step QoE modeling method is presented, which depends not
only on network layer parameters, but also on user-service preferences. In the first
step, the user-service preference is modeled and the preference value is predicted
as the feature of QoE modeling. In the second step, QoE is modeled according to
both network layer parameters and user preferences. A sigmoid function is used to
formulate the mapping from network layer parameters and user preferences to QoE
as follows:

QoE = θ

1 + e(−αS+βri j+γ )
, (3.8)

where θ , α, β and γ are a set of parameters to control the relationship between input
and output of sigmoid function.

Without loss of generality, we simply select bit rate to represent QoS. We assume
that the users are randomly distributed in the coverage areas of 5 APs and each AP
has an upper bound of the total bit rate. An optimization problem is formulated to
describe themaximization of the total QoE. By solving the problem, a properly tuned
bit rate could be achieved for the optimization of QoE.

Fig. 3.5 QoE comparison
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We compare the QoE distribution in the proposed architecture with that of the
traditional water-filling algorithm. In traditional water-filling algorithm, iterative bit
rate allocation solution is obtained as a result of total QoEmaximizationwithout con-
sideration of the user expectation/preference, which results in more bit rate allocated
to the user with lower QoE. Simulation results show improved performance of the
system compared with the traditional resource allocation method, with an increase
of the total QoE by 20 and 96% of the users obtaining a higher QoE, as shown in
Fig. 3.5.

3.5 Summary

In this chapter, we propose a systematic data-driven personalized QoE management
architecture forQoEoptimization.A framework of theQoEmanagement architecture
is first introduced, which consists of a training module and a control module. We
also employ two models to predict user preference, including Bayesian Graphic
Model and Context Aware Matrix Factorization Model. To evaluate the proposed
architecture, we deploy a preliminary use case. Simulation results illustrate that the
performance of the proposed architecture increases by 20% in the total QoE, while
96% of the users obtain a higher QoE compared with the traditional water-filling
method.
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Chapter 4
QoE-Oriented Resource Allocation
in Wireless Networks

Abstract User-subjective experience and personalized preference play a very impor-
tant role in QoE. In this chapter, we intend to develop personalized QoE management
by considering the user preference. The proposed personalized QoE model integrates
objective QoS parameters and subjective user preference to evaluate user QoE and
thus a more reasonable QoE assessment is achieved. Then, the personalized QoE
model is applied to the sequential resource allocation and a more specialized and
refined management scheme can be attained. For both conventional and personal-
ized resource allocation schemes, numerical simulations are conducted to present
the effectiveness of the proposed algorithms.

4.1 Background

Radio resource allocation or scheduling algorithms are in charge of deciding when
and how to assign limited radio resources to network users, in order to maximize
network capacity, or to ensure QoS requirements, user fairness, etc. Traditional basic
radio resource scheduling algorithms, such as Round Robin scheduling (RR) algo-
rithm, Maximum Throughput (MT) algorithm and Proportional Fair (PF) algorithm
[1–4] are not suitable for multimedia services any more due to the ignorance of
service quality. Then, QoS is proposed as an indicator to describe objective ser-
vice quality, including Assignment Reservation Priority (ARP), Guaranteed Bit Rate
(GBR) and QoS Class Identifier (QCI) in the 3GPP standard [5], where QCI is a
pointer pointing to a more detailed QoS parameter table, including service priority,
budget of L2 packet delay, and packet loss rate of L2 packet [2]. However, in the con-
text of increasing competition among network operators and service providers, it is
important to provide users satisfied QoE in order to keep and attract more users. QoE
has become a crucial indicator to evaluate comprehensive performance of wireless
communication systems. Hence, the focus of radio resource management has been
shifted from improving objective system performance to promoting user subjective
experience.

To illustrate the research status of radio resource management, we mainly divide
them into three types according to scheduling objectives: QoS-based, QoE-based,

© The Author(s) 2017
Y. Wang et al., QoE Management in Wireless Networks, SpringerBriefs
in Electrical and Computer Engineering, DOI 10.1007/978-3-319-42454-5_4

33



34 4 QoE-Oriented Resource Allocation in Wireless Networks

and energy efficiency based. More details of these resource management schemes
are given as follows.

4.1.1 QoS-Based Radio Resource Management Strategies

Real-time multimedia applications (such as voice, web browsing, and file download-
ing services) have become the most important services in wireless communication
systems, motivating QoS parameters to be considered in wireless resource manage-
ment strategies. For QoS performance indicators (like transmission rate, network
latency, packet loss rate, etc.), researchers have proposed a number of radio resource
scheduling strategies for different optimization objectives and applicable scenar-
ios. References [6–10] proposed QoS-based resource allocation strategies in order
to fulfill user requests such as upper delay time and packet loss rate. In particular, a
detailed and comprehensive analysis about QoS-based resource scheduling policies
was given in [6]. The EXP and LOG rules were proposed and claimed to have a great
prospect in the delay-sensitive OFDM system [6].

4.1.2 QoE-Based Radio Resource Management Strategies

For multi-media services with strong content relevance, QoS can not reflect user
subjective experiences accurately due to the ignorance of user factors, motivating
the research focus to shift from QoS to QoE. In [11], based on human stimulated
perception model in the psychology field, a QoE model in the form of log func-
tion was proposed, mapping certain QoS parameters (such as data rate, delay and
other parameters) into the MOS (mean opinion score) value by log function. Most
existing QoE-based radio resource management strategies follow such QoS to QoE
mapping model currently, turning data rate throughput maximization problem into
MOS maximization problem. Reference [12] studied a MOS-based radio resource
management strategy based on game theory in OFDMA systems. For QoE optimiza-
tion, bitrate-MOS mapping models were adopted to match data rate to QoE for video,
voice, and data service, respectively. In [13], a radio resource management strategy
in MIMO-OFDM system for data transmission service was proposed based on QoE
mapping model.

The process to investigate a QoE-based resource resource management can be
summarized as follow: (1) Determine the QoE estimation method and develop the
system model. (2) Formulate the resource allocation problem according to specific
objectives decided by network managers. (3) Design a resource allocation strategy
to obtain the optimal or suboptimal solution of the formulated resource allocation
problem.
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4.1.3 Energy Efficiency-Based Radio Resource Management
Strategies

With the rapid development of mobile communication, the global warming issues
caused by carbon dioxide emission increasing have drawn much attention for future
mobile communication systems. It is challenging to design resource management
schemes which can provide good service performance and reduce energy consump-
tion simultaneously. Therefore, energy efficiency defined as the ratio of system
throughput or other performance indexes to whole energy consumption turns into a
hot topic in wireless communications.

There have been a lot of radio resource management strategies designed in physi-
cal layer and MAC layer or cross layer in order to improve system energy efficiency.
Reference [14] first introduced the theoretical limits of energy efficiency according to
information theory, and analyzed energy efficient design of Multiple-Input Multiple-
Output (MIMO) and relay system. Moreover, radio resource allocation strategies
based on signal and data symbols were further discussed in that paper. In [15], four
kinds of trade-off of basic performance indexes, including deployment efficiency
versus energy efficiency, spectrum efficiency versus energy efficiency, bandwidth
versus energy and latency versus energy are studied. As for radio resource schedul-
ing based on energy efficiency, [16] studied an energy efficient resource allocation
strategy in uplink and downlink OFDMA system. To optimize overall energy effi-
ciency in the downlink and maximize the lowest energy efficiency of users in the
uplink with QoS constraints, an optimal algorithm and a suboptimal low complexity
algorithm were proposed based on the property of energy efficiency problem.

A radio resource scheduling algorithm with high energy efficiency in multi-cell
OFDMA downlink system under the BS collaboration was proposed in [17]. In par-
ticular, on the basis of basic energy efficiency problem, limited backhaul bandwidth,
minimum user data rate requirement and other constraints were added. To solve
the problem, it first transformed the fractional form optimization problem into an
equivalent subtraction optimization problem, and then a low complexity iterative
algorithm was proposed. Conclusions were drawn according to simulation results
that high spectral efficiency did not necessarily guarantee high energy efficiency
and that energy efficiency can be improved by increasing the backhaul bandwidth
to a certain extent. A joint optimization problem of QoS and energy efficiency in
downlink OFDMA network was studied in [18]. QoS parameters such as delay were
transformed into equivalent transmission rate in order to formulate the energy effi-
ciency optimization problem. The upper bound of the original problem was derived
and then suboptimal solution was obtained to realize the tradeoff between energy
efficiency and delay.
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4.2 Traditional QoE-Based Resource Allocation
Mechanism

4.2.1 QoE Metric Model

Three typical applications are considered in this chapter including audio stream, data
stream and video stream. Each user is assumed to experience a single application
service. The utility function of QoE is expressed in terms of MOS estimated for each
stream. The relationship between MOS and user satisfaction is illustrated in Fig. 4.1.

As an example, details of estimating MOS for three applications are described
below.

4.2.1.1 Audio Stream

Different methods have been proposed to evaluate user experience of audio stream,
such as Perceptual Evaluation of Speech Quality (PESQ) and Pseudo-Subjective
Quality Assessment (PSQA). We adopt the PESQ-based MOS estimation method
proposed in [20], formulating MOS as a function of the transmission rate R and the
packet error probability (PEP). Figure 4.2 shows experimental curves of MOS versus
PEP for different voice codecs.

Accounting for the high data rate of LTE, a reasonable assumption is that all
the audio stream are encoded by G.711. Thus the MOS function of PEP can be
formulated as

MOS = 0.5 ∗ log(
1

1 + 60 ∗ PEP
) + 4.3. (4.1)

Fig. 4.1 Relationship
between MOS and user
satisfication [19]
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Fig. 4.2 PESQ-based MOS
versus packet error
probability (PEP) for
different transmission rate
[20]

4.2.1.2 Data Stream

Surfing webs and downloading files on the Internet both belong to data stream ser-
vice. For this type of service, the waiting time until the download process is finished
is the most important influencing factor for user’s QoE. Download bandwidth, user’s
throughput here, has direct relationship with the waiting time for the data download-
ing. It is concluded in [11] that MOS increases logarithmically with increasing data
throughput. In addition, user’s tolerance for waiting time is influenced by the size of
the file. The MOS function is modeled in [11] as follows.

MOS = 0.775√
s

ln(T) + 1.268, (4.2)

where, s stands for the file size with unit of MB and T is the throughput of a user.

4.2.1.3 Video Stream

Video stream service has high requirement for data rate, continuity and real-timing.
MOS for video service is complicated to evaluate because users’ QoE is related to not
only transmission rate but also the content of the video. Reference [21] points out that
Video Structural Similarity Index (VSSIM) can evaluate users QoE more reasonably
than images Mean Square Error (MSE) or Peak Signal Noise ratio (PSNR). That is
because human eyes are more sensitive to the distortion of images structure than that
of images pixels. According to the data from Video Quality Expert Group (VQEG)
[22], MOS can be obtained according to VSSIM as follows.

MOS =
⎧
⎨

⎩

1 VSSIM < 0.7
12.5 · VSSIM − 7.75 0.7 ≤ VSSIM ≤ 0.98
4.5 VSSIM > 0.98.

(4.3)
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Fig. 4.3 MOS versus data
rate for different videos [23]

Figure 4.3 shows the video utility curve for five different video sequences. It can be
concluded that videos with higher dynamic scenes are more demanding for data rate
than static videos.

4.2.2 System Model

In a multi-service single cellular downlink OFDM system with a BS communicating
with K users sharing N subcarriers. The total bandwidth of the system W is equally
divided into N subcarriers, with the bandwidth of each subcarrier B = W/N . In
order to avoid co-channel interference between different users in the same cell, each
subcarrier in a sub-frame can be assigned to only one user. However, one user can
be assigned more than one subcarrier.

Denote pi,n andGi,n as the instantaneous transmit power and channel gain of user i
on subcarriern, respectively.Gi,n represents the sum effect of path loss, shadow fading
and small-scale fading. Ii,n is the inter-cell interference. According to Shannon’s
formula, the maximum available data rate for user i on subcarrier n is

ri,n = Blog2(1 + pi,n · Gi,n

N0B + Ii,n
), (4.4)

where N0 is the white Gaussian noise power spectrum density. Hence, the total data
rate of user i can be given by

Ri =
N∑

n=1

ai,n · ri,n, (4.5)
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where ai,n indicates whether subcarrier n is allocated to user i. ai,n = 1 if the sub-
carrier n is scheduled to user i, otherwise ai,n = 0. Moreover, each subcarrier can be

allocated to at most one user
K∑

i=1
ai,n = 1.

4.2.3 Problem Formulation

In order to achieve system QoE maximization, the resource allocation problem can
be formulated as follows:

max
ai,n,pi,n

:
K∑

i=1
MOSi,

C1 :
K∑

i=1
Pi ≤ Ptotal,

C2 : 0 ≤ Pi ≤ Pmax,∀i ∈ {1, 2...K},
C3 : ai,n ∈ {0, 1},∀i ∈ {1, 2...K},∀n ∈ {1, 2...N},
C4 :

K∑

i=1
ai,n = 1,∀n ∈ {1, 2...N}.

(4.6)

4.2.4 Resource Allocation Strategy

Weber–Fechner Law (WFL) [24] illustrates a logarithmic relationship between user
QoE and data throughput, which implies that a marginal effect does exist for QoE and
transmission power. Meanwhile, the relationship between throughput and transmis-
sion power is also formulated as a logarithmic function. Therefore, MOS will exhibit
a strong diminishing marginal benefit in terms of power. More specifically, there
is limited MOS increase for a user whose MOS being already high with a certain
amount improvement of power. While a low MOS will have a stronger enhance-
ment with the same amount of power improvement. Hence, a QoE-based resource
allocation algorithm with low complexity is presented in Fig. 4.4.

The M+ in the flowchart represents the achieved MOS gain if power allocation
increases by ΔP, which can be given by ΔM+

i = MOSmi (Pm
i + ΔP) − MOSmi (Pm

i )

and M− stands for the MOS degradation if power allocation decreases by ΔP.

4.2.5 Simulation and Analysis

To validate the effectiveness of the QoE-based resource allocation strategy, a simula-
tion experiment is conducted and the Round-Robin strategy is adopted as the baseline



40 4 QoE-Oriented Resource Allocation in Wireless Networks

Fig. 4.4 QoE-based
resource allocation strategy

Table 4.1 Experiment
parameters

Carrier frequency 2 GHZ

Fast fading Rayleigh fading

User number 10

Subcarrier number 200

Subcarrier bandwidth 10 kHZ

Noise power spectrum density
(N0)

10−13 W/HZ

strategy for comparison. Simulation parameters are listed in Table. 4.1. Figure 4.5
presents the Cumulative Distribution Function (CDF) of user QoE. It can be con-
cluded from Fig. 4.5 that the proposed QoE-based resource allocation strategy can
acquire better user QoE than QoE-ignorant baseline strategy.
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Fig. 4.5 Cumulative
Distribution Function of user
QoE
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4.3 Personalized QoE-Based Resource
Allocation Mechanism

To conduct personalized QoE-based management, a personalized QoE model is
established first. The personalized QoE model proposed and validated in Chap. 3 is
used here to instruct personalized QoE-based resource allocation. For personalized
QoE management, a comprehensive consideration of both objective and subjective
factors is used to evaluate user QoE. User preference is used to quantize subjective
factors and QoS is used to quantize the objective factors. The QoE model is devel-
oped using the popular sigmoid function with respect to user’s preference rij and
QoS denoted by S, i.e., as is shown below.

QoE = θ

1 + e(−αS+βrij+γ )
, (4.7)

where α, β, γ , and θ are the parameters constraining the quantization of QoE and
they can be learned by implementing experiments and data analysis.

For sequential personalized QoE-based resource allocation purpose, the person-
alized QoE model is utilized to replace the QoE formulation in optimization problem
(4.6), where user preference data derives from the user preference prediction model
and bit rate is utilized to represent QoS parameters. A simulation is employed to
depict the results comparison of non-personalized QoE-based strategy and person-
alized QoE strategy. Final user actual QoE distribution and data throughput distrib-
ution and their average values are shown in Figs. 4.8 and 4.9. And Figs. 4.6 and 4.7
depict the Cumulative Distribution Function of user actual QoE and data through-
put, respectively. Obviously, more refined and precise QoE management is attained
for personalized strategy because resources can be utilized more reasonably and
efficiently by considering user personality and more system benefit can be reached
accordingly.

http://dx.doi.org/10.1007/978-3-319-42454-5_3
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Fig. 4.6 Cumulative
Distribution Function of user
actual QoE for personalized
and non-personalized
strategy
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Fig. 4.9 User data
throughput for personalized
and non-personalized
strategy
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4.4 Summary

In this chapter, a brief introduction to radio resource allocation research status along
with the developing direction is given first. Then, QoE-based resource allocation
problem is investigated from both non-personalized and personalized aspects. A
QoE-based resource allocation algorithm is proposed to attain suboptimal solution
for QoE maximization problem. Simulation results validate the proposed algorithm
by comparing QoE-based strategy with round robin strategy. Furthermore, a compar-
ison of personalized and non-personalized QoE-based strategy is given, indicating
that a more detailed and refined management is accomplished by considering user
preference.
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Chapter 5
Implementation and Demonstration
of QoE Measurement Platform

Abstract This chapter describes the state-of-the-art of QoE experiment. Then using
a streaming media application as an example, how to design subjective experiment
is presented in particular to the QoE-related factors and measurement criterion def-
inition. The detailed procedure and infrastructure is then presented and illustrated.
Finally, a conclusion is given.

5.1 Introduction

Although many research works are involved in QoE, it is still an open problem on
how to measure QoE quality. Since the user-subjective information such as user
preference is highly related with QoE quality, how to balance the influences between
objective and subjective factors is a key issue.

5.2 Related Work

According to the wireless network environment which QoE measurement work
depends on, the measurement is divided into three categories, namely, commercial
network, laboratory network, and simulation network.

5.2.1 Measurement Under Commercial Network
Environment

The data from commercial network is of course realistic data. Because data is usually
user-dependent. The relevant privacy regulations should be respected. In addition,
the end-users obviously do not want to be disturbed when they are using the appli-
cations. Some smart ways should be found to promote the end-users to response
their subjective feelings. Schuurman et al. discusses a concept of “living laboratory,”
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Fig. 5.1 QoE and QoS for video streaming service in 3G networks [5]

in which they create a real-life community within a commercial market [1]. With
a large amount of users involved, the measurement result becomes more accurate.
De Moor et al. has proposed a distributed architecture to monitor the QoS, the context
information and the subjective user experience based on the functional requirements
which is related to real-time experience measurements in real-life settings [2–4].
This approach aims to evaluate all relevant QoE-dimensions in a mobile context.
X. Yu et al. has introduced an end-to-end, no-reference, and real-time QoE predic-
tion model for video streaming in 3G networks [5–7]. In this model, comprehensive
parameters from the network layer, the application layer, decoded videos and the user
equipments are collected and integrated. This model has a good performance on the
simulation results in terms of accurate prediction mean opinion score (MOS), small
root mean squared error (RMSE), and low time-consuming. Figure 5.1 describes QoS
and QoE for video streaming service in 3G networks. However, due to the difficulties
in collecting operators’ actual network data, there is a big gap between the data that
we have actually got and that we ideally need. How to obtain more comprehensive
and effective data that we really need is also a tough challenge.

5.2.2 Measurement Under Laboratory Network Environment

Due to the problems discussed in the last section, many researchers incline to establish
the laboratory network environment based on their requirement. With a laboratory
network environment, the researchers have a better control on the whole infrastructure
to facilitate QoE measurement. In Ref. [8], an active feedback measurement scenario
is built up in a laboratory network which contains the terminal domain and the
server domain. When the experiment is in progress, users will shake their mobile
phones if they are dissatisfied with the quality of the videos. Then, the feedback
information will be sent back via the terminal. By this way, the feedback information
is collected and the value of the QoE parameter is calculated for each user. In Ref. [9],
another measurement scenario is also constructed for short-form videos considering
the memory effect. Plenty of subjective tests is proceeded within the laboratory
network environment. Figure 5.2 shows the whole architecture. It is observed that
the primacy factor has more influence than recency factor on short-form videos.
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In Ref. [10], the QoE unfairness issue is studied by investigating how the segment
duration of the video content affects the MPEG-DASH user QoE level. Amounts
of experiments are conducted by using different segment duration on an interactive
DVB-T testbed. The experimental results show a strong correlation between the
video segment duration and the MPEG-DASH user QoE level. That is, a longer
segment duration is preferred to achieve a higher QoE level than a shorter one. In
Ref. [11], a VMOS model is proposed to predict the video streaming quality. An
accurate end-user subjective perception evaluation is claimed on video streaming
with low residual error. An adaptive laboratory test environment is also set up for
the subjective measurement. And the result indicates that the correlation between the
VMOS score and MOS is no less than 0.9. Thus, the VMOS score is a pretty good
metric to evaluate end-user perception. In Ref. [12], QoE measurement is focused
on the influence of test duration investigated on user fatigue and the reliability of
user ratings. Three typical QoE lab studies are conducted with different task profiles
including audio, video and web task. The different network conditions are evaluated.
Given the results, long term active testing does not influence participants’ quality
gradings even with the presence of measurable signs of fatigue. Thus, for comparable
QoE lab user measurement, they recommend to stay within this limit in order to
achieve a good balance between results quantity and results quality. But the result
can hardly be applied to the actual network environment because of the limitation of
the simplicity of the experimental network. Yet it can provide a helpful guidance for
QoE evaluation.

5.2.3 Measurement Under Simulation Network Environment

Besides the above two network environments, the simulation network environment
is also chosen by many researchers. The advantage of the simulation network envi-
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Fig. 5.3 Evalvid
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ronment is that the complex network can be set up quickly in order to meet the
need of complex experimental environment for researches. Liyan et al. used a NS-
3 simulation tool to build a simulation platform for LTE-based mobile streaming
network transmission and added an Evalvid tool to obtain the MOS values of users
[13–15]. Figure 5.3 presents the evaluation framework of Evalvid architecture depicts
the architecture of Evalvid [16]. As a result, they achieved a better fitting effect
whereby they obtained a single-index and multi-index evaluation model under LTE
network. Q. Zheng et al. used an open LTE simulator-OpenSim to provide a simu-
lation of virtual LTE network with the ability to connect physical hosts through real
wired connection in real-time [17]. The related logical entities of video streaming in
transport and application layers can be deployed on remote hosts and will no longer
be limited by the simulator framework. However, due to the limitation of actual
situation, the simulation data is insufficient in some way, which results in the impre-
cision of the evaluation model. Although the experiment is easy to carry out, it lacks
parameters which consider the user effect. Therefore, to obtain more precise results,
the actual network data and parameters of users are necessary to be considered.

5.3 Design of Subjective Measurement

To quantify user QoE, MOS is usually used in subjective tests. It is user’s feedback
after video watching so that it can reflect user subjective measurement on video
accurately. A great number of methods on QoE measurement focus on parame-
ters in network layer (jitter, packet loss or delay) and application layer (resolution,
frame rate, etc.) [15]. But evaluation results based on those methods rarely consider
user-personal impact. As users increasingly participate in video streaming watching,
human-centric especially psychological factors weigh more in QoE measurement.
The experiment aims to clarify the relationship between technical factors, user pref-
erence and resultant user’s QoE which is closely related to many factors. Instead
of objective factors, subjective factors play an important role on QoE measurement.
Those factors are generally obtained by special experimental application which sup-
ports user’s participation and measurement. Therefore, we design a platform which
can help to collect user preference and relevant factors when they are watching online
videos.
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5.3.1 QoE Related Factors

With the development of smart phones and mobile communication, mobile terminals
are increasingly chosen as the platform for user to watch videos. Therefore, the
experiment focuses on short-formed video QoE measurement on user’s own mobile
phones.

(A) Content Classification

The experiment system stands on the view of content service providers and provides
distinct videos with diverse content types. Considering the time limitation of short
videos, the content type is classified into six categories which are cartoon, movie,
news, sport, MV, and entertainment.

(B) Influencing Factors

User’s evaluation of video is determined with many factors which can be classified
with objective factors and subjective factors. Objective factors depend on the condi-
tion of network and video sources. Traditionally, those factors can be obtained from
technical approaches and evaluated as QoS metrics. As to subjective factors, they are
crucial determinants for the evaluation of personal evaluation since they can reflect
user perception directly. From objective aspect, the video is visually different from
definition which is influenced by resolution and bitrate, as shown in Fig. 5.4. In this
experiment, we control the resolution of video to 480 p and adjust different bitrate to
achieve three levels of video quality. Because the experimental network is limited to
local network, the network influence is not considered in this part. Compared with
objective factors, subjective factors are more complex. With collection and analysis
of those factors, the user-personal perception can be reflected. The subjective factors
can be extended to user’s psychological conditions such as preference and user’s
profile information such as user gender. Also, other environmental factors can make
an influence on evaluation result. But in this experiment, we keep them as constant
as possible. User perception can be estimated by preference factors directly. In this
experiment, the preference factors are quantified with three levels. Table 5.1 shows
the preference criteria for video content.

Also, user-personal characteristics may be the influencing factor. We collect user’s
gender information and their terminal information for further analysis about person-
alized difference.

Table 5.1 Preference level
criteria

Preference level Description

1 Dislike

2 Do not like nor dislike

3 Like
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Fig. 5.4 Influencing factors
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Table 5.2 MOS criteria Score Description

5 Imperceptible

4 Perceptible but not annoying

3 Slightly annoying

2 Annoying

1 Very annoying

(C) Measurement Criterion

According to ITU-T Recommendation P.910, MOS is chosen as the score criterion
for QoE measurement. The score can reflect users’ overall experience for the target
video. Also, compared with other user’s survey, it is more intuitional and clear to be
collected. As a result, the experiment uses MOS as measurement criterion, as shown
in Table 5.2.

5.4 Platform Infrastructure on Streaming Media
Application Scenario

5.4.1 Supporting System Architecture

The architecture adopts B/S (Browser/Server) structure. Users watch videos on the
browser of mobile terminals and submit feedbacks to the server. As shown in Fig. 5.5,
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Fig. 5.5 The overview
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the whole server operates on Ubuntu Linux system which provides a supporting
platform for the experiment system. The experimental system is supported by LNMP
(Linux—Nginx—MySQL—PHP) which is a free and efficient web service system.
Compared with LAMP (Linux—Apache—MySQL—PHP), LNMP differs from the
web server. Nginx is a lightweight and high-performance web server and a reverse
proxy server. Compared with other kinds of web servers, it has the advantages of less
internal memory occupation and good performance on concurrence. As a result, it is
high-performance on static and index file processing, which improves the efficiency
for M3U8 file indexing to implement HTTP Live Streaming (HLS) protocol. Also,
it is easy to configure, which releases the pressure for the system establishing.

Both video distribution and result feedback functions are built up on top of the
support system architecture.

5.4.2 Functional Modules

From the functional aspect, the streaming media system can be divided into three
parts, i.e., encoder, server, and terminal. The encoder is responsible for the content
preparation function. The server is to provide platform to distribute prepared videos.
With request and download, the terminal can play the video for users. As shown in
Fig. 5.6.

(A) Content Preparation

FFmpeg, which is a frequently used multimedia open source tool, serves for the
content preparation to complete encoder function. Original videos are encoded based
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Fig. 5.6 Functional modules
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on MPEG-2 system layer standard and output with transport streaming format. Also,
FFmpeg helps to segment those transport streaming into a series of sequential and
equal-length small TS files which will be sent to video distribution module then.

(B) Video Distribution

For a conversation, the browser will download an extended M3U (m3u8) playlist
which acts as an index to find streaming media segments. Video distribution module,
which is supported by Nginx server, is to distribute the segmented TS files and related
index files to client player. It is responsible to respond to users’ requests and allocate
prepared media streaming with HLS protocol.

(C) Terminal playing

With user’s request, browsers obtain and download the index file which specifies the
available TS files, the decryption key and the location of the other replacement flow
on the server. When the media file buffer is enough large to support playing, the
client will assemble them into a sequential TS streaming and send to the player.

(D) Feedback Collection

The video player embeds in the webpage which can be browsed on mobile termi-
nals. Users watch videos on browser and submit their subjective data from web
pages. Then, the form will be submitted to server to complete data collecting. In this
experiment, users’ preference, measurement scores, gender, video contents will be
collected and stored in database.

5.5 Measurement Procedure

5.5.1 Crowdsourcing

Although lab based test tends to provide more accurate results, crowdsourcing seems
to be an alternative way with time and cost limitation. Crowdsourcing is to invite
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anonymous volunteers from the Internet to participate in subjective test. It widens
the range of testers and makes the measurement as simple as possible. The testers
in local area network are asked to watch online videos and then give a quality and
preference measurement for each one.

5.5.2 Measurement Description

During the experiment, the QoE evaluation results are collected with corresponding
users’ subjective information. The relationship between the values of QoE parameters
and application metadata is analyzed and modeled accordingly. That is the collected
data should include the preference score, the quality measurement and the videos
with different bitrates. The video, whose resolution is 480 P, encoded with FFmpeg
into H264/AAC at three different bitrates: 128, 512, and 1024 kbps. Those prepared
videos are embedded in HTML webpages so that users can watch videos through
their browser on mobile terminals. Table 5.3 shows the information about videos
used in this experiment.

User Operations

Users use their mobile terminals to connect and login to the campus network.
Then, a given website is opened and a list of video is shown on the webpage (shown
in Fig. 5.7). The users can access any video randomly and then give a brief evaluation
for each.

5.5.3 Measurement Result

Users’ feedbacks of a total of 18 videos assessment are stored in database. Based on
those crowdsourcing data, brief analysis has been conducted. As shown in Fig. 5.8,
it is observed the score gaps among the videos with different qualities. A tradeoff
between video quality and user video preference is also observed. That is, the users
are willing to tolerate poorer video quality when they are watching their favorite
videos.

Table 5.3 Video used in test Item Value

Content Cartoon, MV, News, Sports,
Movie, Entertainment

Amount of videos in each
content

3

Resolution 480 p

Bitrate 128, 512, 1024 kbps

Length of each video 1 min
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Fig. 5.7 The video list on
the webpage

Cartoon 1 Cartoon 3Cartoon 2

MV 1 MV 3MV 2

News 3News 2News 1

Sports 3Sports 2Sports 1

TV 3TV 2TV 1

Entertainment 1 Entertainment 2 Entertainment 3

Figure 5.9 shows the average score for each content type with different quality
videos. Compared with other content types, news seems to have a lower score on
lower video quality degree and there is not a big score gap for cartoon among the
different video qualities. For some specific content type, users pay more attention
to the details especially facial detail, such as news, sports, etc. The bitrate change
will have a greater impact on these content types. It is also observed that even with
the same user preference and video quality, the QoE is still various for the current
video application. It demonstrates that further research work should be done for QoE
measurement.

Figure 5.10 illustrates that if a certain video is not preferred, user is quite sensitive
to the video quality change.
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Fig. 5.8 Average score of
videos with different
preference

Fig. 5.9 Average score of
videos with different bitrates

Fig. 5.10 Average score for
videos with different quality
and preference
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Fig. 5.11 Average score
with different gender

The users’ gender information is also collected. As shown in Fig. 5.11, comparing
female with male score, female gives a higher score for the video, which means that
female is more insensitive to the video quality than male.

Based on those observations, the necessity of QoE measurement is validated. It
can be summarized that the technical factors are crucial for the QoE measurement.
In addition, user perception is also an important metric.

5.6 Summary

In this chapter, the QoE measurement platform for implementation and demonstra-
tion is presented and described. The measurement factors and criterion are given
respectively. In order to clearly articulate the whole infrastructure, we use a stream-
ing media application as an example. A detailed design of the subjective experiment
is also given especially including the QoE-related factors and measurement crite-
rion definition. A detailed supporting architecture is described and an experiment
procedure is given. Procedure and infrastructure is then presented and illustrated.
Some observations are also given on the influences of different factors such as user
preferences, video qualities, video content type, and user gender information etc.
Finally, a conclusion is given.
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Chapter 6
Conclusion

Abstract In this chapter, we summarize the main innovations and contributions of
this book before future work is discussed.

6.1 Conclusion Remarks

On the basis of traditional radio resource management, we aim to develop a data-
driven personalized radio resource management technology in this book, focusing
on enhancing users’ QoE. The user objective/subjective information is taken into
account to guide wireless resource management accordingly. The main innovations
and contributions include:

(1) A user’s QoE description framework is established with comprehensive infor-
mation of multi-dimensional context. A specific user tends to have a unique feeling
on a particular application or service. This book provides a way to be able to utilize
user personalized information when modeling QoE. Such personalized QoE model
is expected to be more powerful.

(2)Anarchitecture ofData-drivenPersonalizedQoEManagement is alsoproposed
in this book, which consists of two modules: namely training module and control
module. The trainingmodule is responsible for training and tuning the user preference
prediction model. The control module collects the data about the users and provides
the user preference instantly by using the model given by the training module. An
efficient radio resource management process is done given the predicted results.

(3) This book tends to explore how to use data-driven methods for user preference
prediction model. Two models are used in this book including Bayesian Graphic
Model and Context Aware Matrix Factorization Model, which is borrowed from
machine learning community. The experimental result demonstrates that the data-
driven model is more robust and more promising in the era of big data.

(4) Resource allocation strategies based on QoE optimization are further stud-
ied in this book, where QoE-based resource allocation problem is investigated from
both non-personalized and personalized aspects. A QoE-based resource allocation
algorithm is proposed to attain suboptimal solution for QoE maximization prob-
lem, providing guidance to conduct QoE-aware radio resource management. Sim-
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ulation results validate that a more refined resource allocation can be achieved by
personalized QoE management.

(5) An experiment is conducted to collect QoE evaluationwith corresponding user
subjective information in the designed particular application scenario. With analysis
on users’ feedbacks, it can be summarized that these influencing factors are crucial
determinants for the evaluation of QoE, and the effect of user preference on the
perception is validated.

6.2 Future Work

Personalized QoEmanagement in mobile Internet is a promising research topic now,
which is also greatly significant for radio resource management. This book provides
guidance on how to utilize available user data in personalized QoE management. Of
course further research work should be concerned in the future studies including:

(1) More tests and experiments are necessary to validate the proposed data-driven
model. More QoE influencing factors including age, gender, job, mood etc. should
be involved. And better QoE assessment methods are preferred.

(2) In this book, the target application scenario is emphasized on the streammedia
service. Other types of services are under investigation, which possibly cause the new
model structure, new influence factors and/or new assessment infrastructures.

(3) The objective function for QoE-oriented radio resource management is
changeable with respect to the variant of applications, communication qualities user
requirements, etc. A more resilient objective function is preferred and a set of more
efficient and effective optimization methods has to be studied.
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