
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.



2.3 Assessment Method 11

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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