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Abstract

With the development of mobile networks, customer needs and behaviours
have changed. Mobile communications means so much more than simple
voice communication; there is now mobile Internet with web surfing, video-
phone, streaming media, and micro blogging. The objective of network op-
timization has gradually shifted from enhancing network performance to im-
prove quality of experience (QoE). Therefore, assessing and optimizing QoE
is the trend for optimizing future mobile networks.

Today, users want reliable access for their content, wherever they go in
the network. To deliver the best possible experience to mobile broadband
subscribers, operators need new ways to assess performance that will enable
them to build and manage their networks in the most efficient way. The new
paradigmatic eco system (user-interface-network-content) requires novel and
disruptive end-to-end considerations in order to enable and sustain the next
generation of services and user experience. Thus, the extraordinary adoption
of mobile connectivity by end users, and the need for optimized bandwidth
management network resource, on the one hand, and the growing interest for
good quality content delivery/consumption, is boosting the creation of new
network solutions.

We consider that by taking advantage of the capacity to support multime-
dia platforms and applications of mobile devices (e.g. smartphones, tablets,
etc.) is possible to incorporate and provide awareness to the wireless infras-
tructures in the context of cross-layer systems to manage the resource alloca-
tion according to expected QoE levels. In this thesis, we address the ques-
tion on how to implement QoE-aware mobile networks and evaluate different
schedulers oriented to take advantage of the proposed architecture. We show
that by providing QoE-awareness to the network infrastructure is possible to
improve user’s QoE and generate impacts in the utilization of the network
resources. With this study, we provide insights into the broader question of
whether future mobile infrastructures can be deployed considering QoE be-
sides the classical QoS considerations.
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Chapter 1

Introduction

1.1 Background

Recent years have witnessed a huge growth in the network traffic, mainly generated by
the increasing number of wireless devices that are accessing mobile networks worldwide.
Improvements in mobile devices, on hardware (embedded sensors, memory, power con-
sumption, touchscreen, better ergonomic design, etc.), in software (more numerous and
more sophisticated applications due to the release of iPhone and Android platforms) and
in transmission (higher data transmission rates achieved with 3G and 4G technologies),
have contributed towards having higher mobile penetration. When device capabilities are
combined with faster, higher bandwidth and more intelligent networks, it leads to wide
adoption of advanced multimedia applications that contribute to increase mobile traffic [?].
According to [?], mobile data traffic is expected to grow at a compound annual growth rate
(CAGR) of around 45% (2013-2019). This will result in an increase of around 10 times by
the end of 2019, with video representing the largest and fastest growing mobile data traf-
fic segment. In that sense, mobile video will generate much of the mobile traffic growth
through 2018 (at a CAGR of 69% between 2013 and 2018), indicating the highest growth
rate of any mobile application [?].

While in 1G and 2G networks mobile traffic was mainly voice, with 3G and 4G net-
works development traffic is now dominated by video and data owing to applications like
video streaming, Facebook, Twitter and mobile browsing. This has not only increased the
amount of mobile broadband traffic transported by the carrier networks, but also trans-
formed its composition. We have moved from a world where providing quality speech
was the major concern to one where we must incorporate techniques to manage diverse
traffic characteristics of the growing range of multimedia applications and services. At the
same time, the demand for enhanced user’s experience with differentiated service levels
also extends. This trend continues to growth as the variety and number of applications and
services increases, and the subscriber base grows.

In this scenario, mobile network infrastructures face a challenge represented by the
traffic explosion and more demanding user’s expectations. The common approach to an-
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CHAPTER 1. INTRODUCTION 3

swer this situation has been the capacity expansion and the implementation of quality of
service (QoS) techniques. Solutions to the capacity issue and the growing traffic are fo-
cused in three key elements: spectrum, technology, i.e., spectral efficiency, and topology,
i.e., network architecture. A consequence of this approach usually implies an increase both
in capital expenditure (CAPEX) and operational expenditure (OPEX). However, the rev-
enues generated by traffic increase are limited, just a few percent of average revenue per
user (ARPU), and thus not compensating for declining voice revenues, creating a so called
"revenue gap" [?].

On the other hand, QoS implementation enables network operators to isolate traffic into
flows based on attributes, such as traffic type (voice, video or control) or application needs
(throughput, latency and/or jitter), and then to transport each flow accordingly. The major
challenges when considering QoS in mobile networks are varying rate channel characteris-
tics, bandwidth allocation, fault tolerance levels and handoff support among heterogeneous
wireless networks. However, this focus does not consider all the content delivered features
or the use of information regarding the content processing, provided by terminals. Things
get even more complicated when data and voice services have to be supported.

The new paradigmatic eco system (user-interface-network-content) requires novel and
disruptive end-to-end considerations in order to enable and sustain the next generation of
services and user experience. Thus, the extraordinary adoption of mobile connectivity
by end users, and the need for optimized bandwidth management network resource, on the
one hand, and the growing interest for good quality content delivery/consumption, requires
the creation of new network solutions. To deliver the best possible experience to mobile
broadband subscribers, operators need new ways to assess performance that will enable
them to build and manage their networks in the most efficient way.

The concept of QoS continues to be important in the service provider environment,
but a new concept called quality of experience (QoE) is rapidly gaining mindshare. The
QoE concept differs from QoS in that it considers much more than the performance of
the network. QoE is concerned with the overall experience consumers have when access-
ing and using provided services. Thus, it is important for mobile operators and content
providers to incorporate a high degree of intelligence to transport different types of traf-
fic in a way that provides a satisfactory and competitive end-user experience, while also
maximizing revenue per user. As the mobile operators deploy more and more infrastruc-
ture, comprehensive QoE capabilities will be needed to support next-generation services
and applications. This makes QoE a new fundamental component of the mobile networks
framework for satisfactory delivery of applications and services with effective end-to-end
management of network resources. To achieve this, the network elements must incorpo-
rate techniques to manage diverse traffic characteristics of the growing range of multimedia
applications and services.

In that sense, it is also important to consider what is happening during the content
processing at user’s side in order to get a better picture of the traffic management. Mo-
bile networks can utilize this information to impact in a positive way the use of limited
resources inside the infrastructure. By taking advantage of the capacity to support multi-
media platforms and applications of mobile devices (e.g. smartphones, tablets, etc.) it is
possible to incorporate and provide awareness to the wireless infrastructures in the con-
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text of cross-layer systems to manage the resource allocation according to expected QoE
levels. From a user’s perspective, this QoE-awareness will represent the probability that
the network delivers sufficient performance to run a particular application/service at an
acceptable quality level. From the network side, the use of this concept would ensure a
high probability that the most widely used application/services will deliver exactly what
the user expects, improving the utilization of the network infrastructure resources.

1.2 Previous work

A common approach to reach the goal of high quality information delivery has been the
implementation of resource management schemes and scheduling algorithms to optimize
resource allocation and traffic distribution as function of network parameters [?]- [?]. By
maximizing performance through infrastructure improvements mostly oriented to increase
QoS, network providers want to meet the growing end-user demand for more quality and
faster connectivity on the move.

Solutions have been gradually evolved from a perspective mainly centred on the eval-
uation of network based constraints (e.g. signal-to-noise ratio (SNR) or instant data rates)
deprived of knowledge about the transferred content [?], to a perspective where inherent
characteristics of the content are considered to improve network performance. In this re-
gard, solutions oriented to improve video transmission are a clear example.

Efforts to improve the users’s QoE in a video streaming scenario are presented in [?]-
[?]. While the evaluation of the bit error rate (BER) and its relation with the perceived QoE
is considered in [?] as alternative to improve resource management in wireless networks,
the signal strength level and an associated utility function is used to make resource alloca-
tion decisions in [?]. Other proposed solution defines a solution oriented to the assignation
of resources considering the relation between the packet loss rate and a predefined QoS
level [?]. In some cases, [?] and [?], the video distortion level is used to calculate the
rates to deliver a multimedia content in a gradient based scheduling and resource alloca-
tion scheme. Even though these studies consider the evaluation of content status to allocate
resources, their objective is to maximize the average peak signal-to-noise ratio (PSNR) of
all video users, which not always impacts positively the QoE.

A resource allocation scheme that considers both the average rate achieved so far and
the future expected rate is proposed in [?], a with the goal of maximizing sigmoid function
of the average bit rate. The prediction does not consider what happens to the content in the
terminal by establishing a direct relation between the bit rate and the QoE. Authors in [?]
and [?] improve system throughput by allocating resources according to predefined utility
functions to measure the QoE and QoS respectively, without considering how the content
is processed at the terminal side.

Although proposed solutions offer a path towards the solution of the traffic growth and
the demanding user expectation issue, this approach does not consider the type of content
delivered by the network or the use of information provided by terminals to manage the
resource allocation.
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Figure 1.1: Overview of the problem area. The shaded area identifies the scope of the
thesis.

1.3 Scope of the Thesis

As discussed above, the main challenge that operators face nowadays is to find a solution
to manage the traffic growth while meeting the users’ expectations in a cost effective man-
ner. Thus, our aim is to propose a mechanism to incorporate QoE-awareness to the mobile
networks. Considering the potential scale of the implementation of a QoE-aware infras-
tructure, we concentrate our effort on proposing a QoE-aware mobile network architecture
evaluating some resource scheduling mechanisms that take advantage of the proposed in-
frastructure. This is highlighted in Fig. ??.

More specifically, we are primarily interested in answering the following questions:

• How should the architecture of a QoE-aware mobile infrastructure look like?

• How the scheduling functions with parameters including QoE measurements (asso-
ciated to a specific application) will impact network performance and user satisfac-
tion?

• What are the potential gains in terms of resource utilization and user satisfaction
that could be achieved by incorporating QoE-awareness to mobile network infras-
tructures?

This dissertation does not intend to provide a definitive or exhaustive answer to the ques-
tion about how to deploy a QoE-aware network solution in the future mobile networks
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infrastructure, as such answer can only be achieved by making numerous assumptions
about future developments that are beyond of the scope of this study. In order to establish
a solid understanding the problem and provide a convincing analysis, we limited our focus
to propose what would be the architecture, evaluating mechanisms to manage the resource
allocation (schedulers) and measuring the potential of the proposed mechanisms to impact
the user QoE.

Towards QoE-aware mobile infrastructures, one important element is the definition
of the network architecture that will allow the incorporation of QoE-awareness concept
within the wireless infrastructure. In the thesis, we present an architecture proposal that
takes advantage of the current features of mobile terminals and applications to provide
awareness to the wireless networks about the content processing and user’s QoE.

The proposed model is then used to show a set of cross-layer resource schedulers ori-
ented to improve user’s QoE by reducing the number and length of the interruptions per-
ceived during the playback. Video streaming was considered as the evaluation scenario
because of the high impact of this type of content in the network traffic. Two approaches
for the implementation of the proposed QoE-aware architecture were evaluated: Fully in-
tegrated within the operator network (FION) and over the top (OTT). Our study measured
the gains of implementing QoE-aware showing it is possible to provide service to more
users while maintaining the same QoE level with no need for additional infrastructure de-
ployment. Even though this result is only evaluated in a video streaming scenario, it shows
promise to extend the analysis of the potential of QoE-aware solutions to less intense traffic
in terms of load and demand.

1.4 Contributions of the Thesis

In this section we briefly outline the contribution of the studies presented in the attached
papers. This thesis is a compilation of 5 papers (4 conferences, 1 journal). Chapters 2 and
3 correspond to the material treated in these articles. Chapter 4 presents a discussion of the
obtained results in this thesis.

Chapter 2

This chapter overviews the evolution of the QoE concept, analysing two proposed ap-
proaches to understand the user’s perception concept and the role played by QoS in the de-
ployment of mobile networks. Then, we present a description of an architecture proposal
that allows the incorporation of QoE-awareness concept within the wireless infrastructure.
Some of the findings of this chapter are presented in:

• Paper 1. L.G.M. Ballesteros and Z. Segall, "Quality of Experience and Human-
computer Interaction: A relation overview," in The Third International Conference
on Mobile Services, Resources, and Users, (MOBILITY 2013), Lisbon, Portugal,
November, 2013.
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Paper 1 traces the historic evolution of the QoE concept, and then connects common
points between the study of user experience as practiced within Human Computer Interac-
tion (HCI) field and recent efforts to understand how user perception can be incorporated
into the definition and management of network resources. In Paper 1, the author of this
thesis performed problem formulation, literature survey and writing process, while Prof.
Zary Segall provided valuable insight.

Chapter 3

Chapter 3 focuses on the initial assessment of the considered set of cross-layer resource
schedulers oriented to improve user’s QoE by reducing number and length of the perceived
interruptions by the user. Results are presented in:

• Paper 2. L.G.M. Ballesteros, P. Lungaro and Z. Segall, "Towards a Novel Re-
source Management Scheme in Wireless Networks Based on Quality of Experience
(QoE)", in 10th Scandinavian Workshop on Wireless Ad-hoc Networks (ADHOC
2011), Stockholm, Sweden, May, 2011.

• Paper 3. L.G.M. Ballesteros, P. Lungaro and Z. Segall, "Impact of semantic-aware
radio resource management schemes on video streaming service", in 8th IEEE In-
ternational Conference on Wireless and Mobile Computing, Networking and Com-
munications, 2012, (WiMob 2012), Barcelona, Spain, October, 2012.

• Paper 4. L.G.M. Ballesteros, C. Cavdar, P. Lungaro and Z. Segall, "Towards a
Semantic-aware Radio Resource Management", in The Third International Confer-
ence on Mobile Services, Resources, and Users, (MOBILITY 2013), Lisbon, Portu-
gal, November, 2013.

• Journal 1. (submitted) A. Yavari, L.G.M. Ballesteros, P. Lungaro and Z. Segall,
"Quality of Experience-aware Resource Management for Mobile Video Streaming",
ETRI Journal, submitted in September. 2013.

Papers 3 and 4 present our proposal of a network architecture incorporating the concepts
of QoE-awareness and our findings on the importance of considering buffer content status
in resource allocation decisions. Different cross-layer schedulers based on the evaluation
of buffer content status are considered and their performance evaluated with a case study.

Paper 2 and Journal 1 introduce a resource management process to a scenario where
the allocation decisions are based on a predefined Quality of Experience (QoE) model. The
possibility of managing the resource allocation in wireless networks by considering QoE
models instead of the classical approach (agnostic regarding the content processing and the
expected QoE) is also analysed.

The system models considered in Papers 2, 3, 4 and journal 1 were developed in joint
discussions with Pietro Lungaro, Cicek Cavdar, Ali Yavari and Zary Segall. The author of
this thesis executed the numerical results and wrote all the papers.
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1.5 Thesis Outline

The thesis consists of two parts. The first part, comprising Chapters 2, 3 and 4, contains the
results and discussion of the included respective papers. Concluding remarks and recom-
mendation for future works are outlined in Chapter 5. The second part contains verbatim
copies of all papers that constitute the contribution of this thesis.



Chapter 2

QoE and the Future of Network
Infrastructures

One of the goals for mobile operators today is to enable the best experience for as many
users as possible, given the available content, apps and devices [?], [?], [?]. In addition
to monitoring network performance, operators must increasingly be aware of the usage of
both devices and content/apps in their networks. They then need to measure how fast the
demands on the network are increasing but also what the user’s perception is regarding the
content delivered by the network infrastructure in order to build this knowledge into their
network investment.

It is in the scenario described above where the concept of QoE as a subjective measure
of a customer’s experience with a service gains more importance. However, the mul-
tidimensional character of user’s perception and pluralism of perspectives about how to
measure it have naturally contributed to the existence of several definitions and approaches
to the QoE concept. This has not allowed the emergence of a single definition that en-
compasses the multiplicity of concepts around QoE and user’s perception, as well as the
options for integrating the QoE perceived by users in the improvement of network per-
formance. As mentioned by Moor et al. [?] "It is rather uncommon to integrate concepts
from other fields less technical than telecommunications in definitions of QoE. A relevant
example is the domain of HCI, in which concepts such as user experience (UX) and "us-
ability" closely related to QoE are very important." In this chapter, we review the existing
definition of QoE and motivate our effort to incorporate user’s perception-related elements
in the management of resources within network infrastructures. The chapter first presents
an historic review of the QoE concept evolution from a techno-centric and a user-centric
approach. While from a technical approach, user’s satisfaction is a result of the adjustment
of some network parameters, with a user-centric point of view; QoE has a multidimen-
sional character and can be studied from an interdisciplinary perspective [?], taking into
account concepts like HCI and UX [?] [?].

Then, we address the question on how to implement a QoE-aware mobile network,
considering the resource management for a video-streaming scenario. This last, takes into
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account the high importance of video traffic in the current wireless infrastructures. Finally,
we present our proposal of a network architecture incorporating the concepts of QoE-
awareness will be considered in the following chapters of this thesis.

2.1 QoE and the Techno-Centric Approach

From a technical point of view, different QoE definitions have been proposed [?]- [?].
A review of some of these definitions shows a gradual evolution since an initial idea of
QoS, with a "rich tradition in engineering and developing environments" oriented to the
evaluation and adjustment of some network parameters, to a more user-centric approach
denominated QoE, emerging in the late 90’s, where user’s interests and experiences became
more important [?].

One of the first mentions of the QoS concept can be found in [?]. There, the discus-
sion is focused on describing and determining the relationship between telephone circuit
loads and corresponding delays in traffic, and how these delays directly relate to the qual-
ity of service. Even though QoS is mentioned, there is no definition of the concept. Three
decades later, a new mention of the term QoS appears in Pocock’s work [?], where the
financial influence of the quality of service provided by telephone operators is remarked
upon. This work represents one of the first attempts to open the discussion about the overall
quality that user can experience focusing only on the necessary adjustments of the quality
transmission. Pocock also tries to show the relation between the user’s appreciation and
the speed, availability and reliability of a service, making explicit, for the first time, the
relationship between the user’s opinion about a service and the technical factors behind its
provision. However, there is not any mention of external factors (i.e., economic, social,
etc.) that could affect a user’s perception. In the same line of Pocock, different research
efforts proposed mechanisms to increase the reliability, and consequently the QoS, through
technical modifications in both wired and wireless networks, without mentioning mecha-
nisms for QoS evaluation [?]- [?].

In 1986, Gruber [?] discussed the creation of a QoS framework according to the com-
petitive environment that appeared on the horizon of the telecommunications sector at that
time. To Gruber, the possibility of unifying network infrastructures to provide a multi-
plicity of services required the implementation of monitoring and surveillance systems to
manage and automatically control network resources and resulting QoS. This paper also
shows the prospect of competition based on the provision of high QoS, but with no indi-
cation about the assessment methods or the role that external factors can play in the QoS.
Only with the research results shown by Richters and Dvorak in [?] is presented the option
to involve the user directly in the QoS evaluation process. This might be called the first
attempt to incorporate subjectivity in the QoS assessment.

With the advent of packet-switching based networks the QoS concept gained more im-
portance due to the need for emulating the performance of classic and reliable telephone
and television networks. In that sense, one of the first research efforts oriented to work
with the concept of QoS focused on broadband networks was developed in the NETMAN
Project [?]. According to Brander et.al. QoS can be expressed as "the collective effect of
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service performances, which determine the degree of satisfaction of a user of the service."
Here the term "satisfaction of a user" appears in the context of this, until now, technical
world. Another important milestone in terms of QoS is expressed by Kim et.al. in [?].
Authors expressed the importance of a good end-to-end performance within the networks;
first considering a clear identification of the QoS parameters to be guaranteed in real-time
communications, and at the same time presented a proposal for a performance reference
model for real-time packet network analysis and a real-time estimation. Throughout the
90’s and early twenty-first century, various studies and proposals for the evaluation, im-
provement and implementation of QoS-based methods were made. The role of the user
in the evaluation of QoS was incorporated with the development of assessment schemes
such as mean opinion score (MOS), perceptual evaluation of speech quality (PESQ) and
video quality measurement (VQM), which attempted to quantify the subjective opinion of
people, giving greater weight to the evaluation from the user.

The gradual process of separation between QoS and QoE was revealed in the early
twentieth century by authors such as Anna Bouch, Allan Kuchinsky and Nina Bhatti in [?].
According to them, at that moment "the majority of research on QoS is systems oriented,
focusing on traffic analysis, scheduling, and routing. Relatively minor attention has been
paid to user-level QoS issues." Even though this paper is a first approach to establish a
mapping between objective and perceived QoS in the context of Internet commerce, and
the term QoE is not used, it can be considered as the first attempt to incorporate a new way
to evaluate the set of user perceptions regarding new services offered by the Internet. After
this article, in [?], the QoE is defined by O’Neil as "the totality of the QoS mechanisms,
provided to ensure smooth transmission of audio and video over IP networks," which high-
lights the interest of the telecommunications sector in multimedia content and its effect in
a world based on IP networks.

In the same line of thought, Heddaya [?] presents Internet and its penetration level as
the key factors to motivate the evolution from the old conception of QoS to a new concept,
where there is a clearer need to separate the internal aspects of the network, beyond the
control of the user, from the perceptible results delivered to the user by the network and
its content. In 2003, different researchers, such as Siller and Woods [?], proposed frame-
works to evaluate QoE using QoS metrics, network feedback and user requirements. At the
same time, Siller and Woods proposed a definition for QoE where the effect of the appli-
cation/interface layer over the user’s perception is remarked: "QoE is the user’s perceived
experience of what is being presented by the Application Layer, where the application
layer acts as a user interface front-end that presents the overall result of the individual
Quality of Services." In fact, this article states that the QoS required and perceived by the
user may be specified as a single parameter: Low, fair, good and excellent, while, by con-
trast, the user requirements can also be specified by several parameters such as resolution,
height, width, colour, etc., directly linked to the application layer and the QoE evaluation.
With this new idea in the air, different researchers have tried to establish mechanisms to
deepen the understanding and evaluation of user’s perception [?] [?]. Some others have
attempted to adjust technical parameters, related to QoS, considering the results generated
by assessment tests [?].
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Figure 2.1: Elements influencing QoE according to [?].

2.2 QoE and the User-Centric Approach

As a result of the different research efforts focused on QoE, the International Telecom-
munications Union (ITU) decided, in 2007, to incorporate within the recommendation
P.10/G.100 [?] a standard definition for QoE "The overall acceptability of an application
or service, as perceived subjectively by the end-user." In the same recommendation, ITU
considers that the overall acceptability may be influenced by user expectations and context,
and includes complete end-to-end system effects (client, terminal, network, services infras-
tructure, etc.). On the other hand, when ITU defines QoS in the recommendation E.800 [?]
as the "Totality of characteristics of a telecommunications service that bear on its ability to
satisfy stated and implied needs of the user of the service," claims that QoE measures the
effect that a service or application has in the user, considering the external factors, as well.
In contrast, QoS, with its point of view focused on the network performance is seen as one
of the factors, together with the grade of service (GoS), the environmental aspects, the user
profile and the quality of resilience (QoR), which affects the user’s perception assessed in
terms of QoE. This is represented in Fig.??.

Based on this separation, current research looks for the development of a well-defined
methodology that allows establishing a clearer measurement of the user’s perception in
order to incorporate these results into the technical adjustments related to the network
performance, to achieve the desired level of user’s satisfaction based on the type of infras-
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tructure and the applications running over it. Nevertheless, and as mentioned by Moor et
al. [?], "literature on QoE and its related concepts (such as QoS, UX), is rather fragmented.
As a result, it is still largely unknown which factors affect the mobile QoE and how users’
subjective experiences of such applications and services could be adequately identified and
optimized."

An attempt to trace out the historical evolution of QoE and its relation with the con-
cept of HCI might start by mentioning the research done by Card, Moran and Newell,
who in the book "The Psychology of Human-Computer Interaction"(PHCI) [?] proposed
an empirically-based cognitive theory of a skilled HCI and applied it to the specific prob-
lem of text editing. They discussed the processes involved, the techniques to use and the
methods to follow when human factors research is performed. Finally, the goals, operators,
methods, and selection rules model (GOMS) is presented, while exploring ways in which
this proposal can be extended and used to predict performance in other task-related areas.

In [?], Newel and Card extended the vision proposed in [?], restating the importance
of the psychological science in the design and development of interfaces, but remarking,
as well, on the need to provide engineering tools for this science in order to make its
influence in the HCI area less marginal. While it is claimed that there is a chance to
incorporate user’s perception into the daily work of HCI, the need for the development of
mental and cognition models that help to adjust the interfaces design is also shown. As a
pioneering work on cognitive engineering models, Newel and Card’s arguments were not
without critics. Some authors, such as Olson et al. [?] and Carroll et al. [?], remarked on
the gaps in the understanding of the whole process of interacting with computers. Even if
the utility of the GOMS model in both initial design, evaluation and training is recognized,
the lack of a deeper description of the user’s context and its effect on the implementation
of the model in a real design scenario was pointed out as its main weakness [?].

Another point of discussion was the hard science interpretation of the PHCI frame-
work. To Caroll and Campbell, rather than reducing everything to a "monolithic view
of conflict between hard computer science and soft psychology" [?], an interdisciplinary
field of HCI was taking form. One of the proposed areas of cooperation was the design
of interfaces, where psychologists would play an effective role addressing the questions
that designers need answered, and contributing to the analysis involved in the design pro-
cess of new products, but without touching the level of numerical quantification proposed
by Card et.al. Meanwhile, in [?], the importance of the a deeper comprehension of the
user’s understanding process based on the application of cognitive theories was remarked
by Booth, with the consideration of making this new framework more accessible to de-
signers. At this moment, while a continuous analysis of the role of HCI and the future of
this area is under discussion, the potential effect of some elements of this area of study in
infrastructure issues, or content management is not considered or studied. Over the years
different studies have developed and extended the use of GOMS as a cost-effective way
of evaluating designs without the participation of end users in human-computer interaction
fields [?]- [?]. On the other hand, this evolution led to the gradual consolidation of the soft
science perspective in the PHCI.

In tune with the evolution of the soft science concept, the gradual consolidation of a
user-centric approach has allowed the growth of new and complementary areas within HCI
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such as experience design (XD) and UX, which can be considered in the future as providers
of judgement elements to clarify the QoE concept in the techno-centric approach. In recent
years, users have had more chances to choose among multiple options with different levels
of design, complexity and innovation. This has empowered users, who have become more
demanding and critical, and the HCI field has not been immune to this phenomenon.

According to De Marez et al. [?], in the 1970s and 80s people involved in HCI fo-
cused on understanding the way that people thought and processed information in order
to increase the efficiency and provide more functionality in their solutions. However, at
this moment, the users’ expectations and experiences were not considered. Some efforts
to involve people in the development and design of HCI solutions were done from the late
80s and early 90s with the origin of participatory design and contextual design [?]. But
since the late 90’s, with the wider presence of computers and technology, more importance
is given to evaluate how this success of technology adoption and diffusion is explained.

As mentioned by Clemmensen et al. [?], most of the papers published in the HCI area
from 1990s became more oriented to show case studies, field experiments or field stud-
ies than research work based on lab experiments. Within this new panorama, the input of
Norman and Card’s work is reflected in the development of different cognitive modelling
approaches and the consolidation of a multidisciplinary HCI, but without the idea of build-
ing a monolithic science with the integration of PHCI within an engineering conception.
So far, only the importance of cognitive processes in the growth of HCI has been treated.

There were efforts to incorporate aspects such as beauty, enjoyment, or fun, into HCI
in general and usability engineering specifically [?] [?]. These approaches have three as-
pects in common: "a focus on the subjective side of usability, namely user perceptions and
experiences; on the positive sides of using products (instead of simply avoiding usability
problems), and on human needs as a whole" [?]. At the same time, there was an identi-
cal shift from a more R&D-driven ’push’-oriented mentality towards a more (marketing-
driven) ’pull’-oriented stance in which the user became the starting point of the technology
development [?].

The user is now the king and this consumer-oriented mentality is orienting the efforts
to measure the user experience and reflect it in the provision of high quality [?]. Under
these conditions, the experience of a user regarding a device, product or interface gains
more importance, despite the differences expressed by UX and XD experts. In the words
of Marc Hassenzahl [?], UX is focused on usage and only rooted in action, while XD is a
way to create experiences considering with more interest the history behind what the user
experience. In certain way, UX has been focused on how a person feels about using a
system, considering the external things that can affect this experience (i.e., brand, cost of
the system, image, ease of use, etc) [?], but with the introduction of usability in the design
process. Most of the efforts in the area seem oriented to the design of ways to interact with
computers, being necessary to understand how information is communicated to a person
and how they interact with and interpret that information to accomplish their goal [?].

Table ?? presents a summary of the differences between the techno-centric and user-
centric approaches is shown. In this case it is important to consider that to achieve a good
prediction of the user’s perception, QoE models need to take more aspects of UX into
consideration in order to generate more accurate solutions from user’s point of view.
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Table 2.1: Comparison between techno and user-centric approaches.

Techno-centric approach User-centric approach
- Evaluation based on network performance (technical parameters). - Evaluation centred in human factors.

- Usually considers one dimension for user’s perception evaluation, i.e., low, fair, good excellent. - Interdisciplinary approach, incorporating elements such as beauty, enjoyment or fun.
- User’s perception is primarily a result of traffic load, scheduling and routing techniques - User’s perception is associated to what people thought and human needs as a whole.

- More interest on laboratory test results and monitoring network performance. - More interest on empirical and field studies to collect natural and real user data.

2.3 Techno-centric approach in current mobile networks

Current mobile broadband networks must support multiple applications of voice, video,
and data on a single IP-based infrastructure. Mobile operators are therefore looking to
offer differentiated mobile service packages. One approach is to distinguish between the
traffic from different applications, offering a range of QoS standards as appropriate. This
technique is designed to ensure application quality, allow operators to offer differentiated
services to users and manage network congestion. In that sense, the 3rd Generation Part-
nership Project (3GPP) has developed a QoS, charging and policy control framework ori-
ented to UMTS/LTE to make an efficient partitioning of the available wireless network
resources [?].

The 3GPP’s goal is to define an access-agnostic policy control framework, with the
objective of standardizing QoS and policy mechanisms that enable operators to provide
service and subscriber differentiation. 3GPP standards explain how to build transmission
paths between the user equipment (UE) and the external packet data network (PDN) with
well-defined QoS. To this end, the 3GPP has defined an extensive "bearer model" to im-
plement QoS [?]. Bearer separation is a solution foreseen by 3GPP, where different appli-
cations are carried over different radio bearers.

A bearer is a traffic separation element that enables differentiated treatment of traffic
based on its QoS requirements, and provides a logical path between the mobile terminal
or user equipment (UE) and a gateway. Each bearer is associated with a set of QoS pa-
rameters that describe the properties of the transport channel, including bit rates, packet
delay, packet loss, bit error rate, and scheduling policy in the radio base station. All flows
mapped to a single bearer receive the same packet-forwarding treatment (e.g. scheduling,
queue management, rate shaping, link layer configuration, etc.) between the UE and the
gateway [?]. A bearer has two or four QoS parameters, depending on whether it is real-time
or best-effort service:

• QoS class indicator (QCI). QCI specifies the forwarding treatment (e.g. schedul-
ing weights, admission thresholds, queue management thresholds, link-layer proto-
col configuration, etc.) that the user-plane traffic receives between the UE and the
gateway. The 3GPP has defined a series of standardized QCI types, which are sum-
marized in [?] and define the delay level tolerable for different applications in the
network.

• Allocation and retention priority (ARP). According to 3GPP standards [?], the ARP
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contains information about the priority level, the pre-emption capability and the pre-
emption vulnerability. The priority level defines the relative importance of a resource
request. This allows deciding whether a bearer establishment or modification request
can be accepted or needs to be rejected in case of resource limitations. For instance,
the ARP parameter evaluation is important in handover situations where a mobile
subscriber roams to a cell that is heavily congested.

• Guaranteed bit rate (GBR). GBR specifies the bit rate that the network guarantees
(e.g. through the use of an admission control function) for that bearer. If imple-
mented properly, GBR bearers should not experience packet loss on the radio link or
the IP network due to congestion. GBR bearers will also be defined with the lower
latency and jitter tolerances that are typically required by real-time services.

• Maximum bit rate (MBR): MBR is the bit rate that the traffic on the bearer may not
exceed. MBR is applicable only for real-time services and in 3GPP Release 8 and
beyond, the MBR must be set equal to the GBR; that is, the guaranteed rate is also
the maximum rate that is allowed by the system.

With this information, the network operator controls the mapping of packet flows onto
a dedicated bearer and determines the QoS level of the dedicated bearer through policies.
This binding occurs at the PDN-Gateway (PDN-GW) and UE using traffic flow templates
(TFT). TFT’s contain packet-filtering information to identify and map packets to specific
bearers. QoS policies are provisioned into the network policy and charging resource func-
tion (PCRF), also known as the policy controller, implemented in the gateway. The policy
controller typically filters packet flows using five parameters, referred to as IP five-tuple:
source IP address; destination IP address; source port number; destination port number;
and protocol identification (TCP or UDP). PCRF determines the QoS requirements based
on three criteria: Application requirement, subscription information and policy of the op-
erator. Based on the decision made by PCRF, a dedicated bearer may be established. The
PCRF takes the available network information and operator-configured policies to create
service session-level policy decisions. The decisions, known as policy and charging con-
trol (PCC) rules, are forwarded to the policy and charging enforcement function (PCEF)
located in the gateway. The PCEF enforces policy decisions by establishing bearers, map-
ping service data flows to bearers, and performing traffic policing and shaping.

The gateway maps bearers to the underlying transport network. The transport net-
work will typically be Ethernet based, and may use MPLS. The transport is not aware of
the bearer concept and will use standard IP QoS techniques, such as DiffServ. The base
station (BS) performs uplink and downlink rate policing, as well as RF radio resource
scheduling. It uses ARP when allocating bearer resources. The effectiveness of radio re-
source scheduling algorithms in BS has a tremendous impact on service quality and overall
network performance. The BS, like the gateway, maps bearer traffic to the underlying IP
transport network. The UE also plays a role in policy in the uplink direction as it performs
the initial mapping of service data flows to bearers. According to [?] the functions that the
network elements need to implement for achieving end-to-end QoS in 3GPP networks are:
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• QoS identification and marking. IP packets belonging to a particular traffic flow are
identified and marked through the classification of each packet. This is necessary for
coordinating QoS provisions end-to-end throughout the network. Common methods
of identifying flows include access control lists and policy-based routing using rout-
ing tables. Marking ensures the flow characteristics are carried through portions of,
or if necessary, the entire network.

• Policing. The policing function is needed to ensure that a flow does not exceed the
agreed-upon bitrate. The policing mechanisms also guarantee a minimum share of
service to all types of traffic characterized by average/sustained throughput, peak
throughput, etc. Non-compliant traffic is either delayed within limits or dropped
based on the drop policies. Examples of policing algorithms include single rate two
color marker (srTCM) and two rate three color marker (trTCM).

• Traffic management and shaping. The traffic management function ensures that
bandwidth is available whenever needed to pass mission-critical traffic. It manages
the overall bandwidth so that the negotiated bandwidth requirements for different
services are all satisfied. For example, it ensures a guaranteed bandwidth for VoIP
and control traffic, or a minimum bandwidth for file transfers. Traffic management
algorithms, such as weighted random early detection (WRED) and random early de-
tection (RED), are used for congestion monitoring. The shaping function is used for
limiting the bandwidth of a flow and avoiding overflow situations.

• Administration of QoS policy and management: These functions are realized via
provisioning and accounting algorithms in the operations, administration and man-
agement domain.

• Queuing and scheduling. The scheduling function ensures that important traffic is
not dropped in the event of heavy oversubscription. Because IP traffic is usually
carried over an Ethernet core in LTE networks, the DiffServ protocol feature of Eth-
ernet is used to provide QoS. The DiffServ standard provides for up to six queues,
and the IP traffic is mapped to one of the DiffServ classes. DiffServ class can also
be determined by the differentiated services code point (DSCP) field in the IP layer
in the tunnel header. Scheduling is based on algorithms like strict priority without
starvation avoidance, weighted round robin (WRR), weighted fair queuing (WFQ)
and deficit weighted round robin (DWRR), or smoothed deficit weighted round robin
(SDWRR).

If we look at these required functions, it is clear they are dominated by techno-centric
interpretations of QoE. This goes hand-in-hand with the assumption that by optimizing the
QoS, the end user’s QoE will also increase. However, this is not always the case: Even
with excellent QoS, QoE can be really poor [?]. QoE is usually measured in terms of
technical metrics (QoS), ignoring the fact that the ultimate goal should not be to deliver
applications with the most advanced features, but to deliver content that will ensure a good
user experience. This gap is usually caused by a lack of insight in the totality of dimensions



CHAPTER 2. QOE AND THE FUTURE OF NETWORK INFRASTRUCTURES 18

Figure 2.2: Main elements composing the QoE-aware system.

of a customer’s experience and here is where HCI can offer the tools to complete the
development of a structured QoE system of assessment and implementation where users
are really involved.

2.4 QoE-aware architecture proposal: Towards a user-centric
approach

As mentioned by Thakolsri et al. [?] "we need to develop practices that allow infrastructure
and interaction features to be co-designed." We claim that an alternative way to improve
the QoE is having networks capable of identifying users’ expectations and using this infor-
mation to dynamically adjust network parameters according to a QoE model of the mobile
service requirements while the content is being processed in the user terminal.

Traditionally, QoE has been evaluated through subjective tests carried out on the users
in order to assess their satisfaction degree with a MOS value. This method cannot be
used for making decisions (including resource allocation ones) to improve the QoE on the
move. A possible solution to evaluate the QoE and the content processing status instan-
taneously is to integrate reporting tools in the mobile terminal, providing QoE-awareness
to the wireless infrastructure. In this regard, QoE-awareness might represent a way to op-
timize wireless communication based on a model of the mobile service requirements for
wireless communication in the context of a desired QoE. In order to incorporate this ca-
pacity in the context of a mobile infrastructure, we propose an architecture that can be used
to implement a QoE-aware resource management for delivery of multimedia content. The
key idea of the QoE-aware architecture is to collect information about content processing
and buffer status in the mobile terminal at a central entity, the QoE-aware communica-
tion engine. It is able to evaluate information sent by mobile terminals and make resource
allocation decisions considering the impact of the interruptions in the QoE perceived by
mobile users. This architecture was introduced in paper [?].

Fig.?? shows the different components of the proposed architecture. This is, first of all,
the QoE-aware communication engine that receives information from the application and
the mobile terminal. It is additionally connected to the devices in the network that actually
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enforce resource management decisions (radio interface/content servers). When notified by
an application monitor about a critical state of an application (a potential interruption), the
QoE-aware communication engine evaluates information provided by terminal and decides
about the resource allocation. This means that based on the information on application, it
determines how close to experience an interruption a user is, and allocate resources in a
way that can avoid a situation that impacts negatively the end user’s QoE.

Another key component is the application monitor that is running on the client. It
sends the content processing and buffer status to the QoE-aware communication engine.
The task of the monitor is to keep track of the status of the applications that are subject to
the resource management decisions. The status of an application is a collection of key per-
formance indicators that the customer will directly perceive as quality parameters. These
key performance indicators are specific for each application and describe whether the cur-
rent performance offered by the network leads or not to QoE degradation. Evaluating
these key performance indicators, the architecture is able to indirectly consider the QoE of
applications within the resource management and avoid degradations.

Key performance indicators (KPIs) for video streaming services are the bandwidth or
the buffered playtime in the client. When the buffered playtime is low and the bandwidth
is below the video rate, a period of stalling will probably occur if no measures are taken.
According to [?] and [?], stalling is the factor dominating the QoE for video clips clearly
exceeding the significance of video resolution as a second impact factor. In the following,
we focus on the buffered playtime and only consider resource schedulers that take the
buffered playtime into account.

2.5 Conclusion

The first aim of this chapter was to provide research directions and to aid in an understand-
ing of QoE concept. In order to achieve this objective, two approaches were considered:
techno-centric and user-centric. Specifically, we review prior research relevant to the field
of QoE and the evolution within the proposed approaches. User-centric approach can pro-
vide the tools to get a better understanding of the user’s perception to incorporate it to the
definition of QoE-aware infrastructures, while the techno-centric approach can provide us
the network mechanisms to incorporate QoE on the move and manage network resources
in future mobile networks.

Our second goal in this chapter was to introduce a QoE-aware architecture proposal
for mobile networks. This is an attempt to incorporate a more user-centric approach in
mobile infrastructures. The proposed architecture makes it possible to link a QoE-aware
communication engine and an application monitor to the mobile network with the aim of
achieving a dynamic control of resources based on user’s perception. Combining the ca-
pacity of current devices to process and report information about content status and user’s
perception, the QoE-aware communication engine can manage the available network re-
sources optimizing its use.

Success for network operators will be determined by an ability to deliver multimedia
applications and services with a competitive QoE for all users. An alternative to improve
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the resource management inside the network and fulfil the users requirements, it is that net-
work operators consider elements associated to HCI in order to deepen their understanding
about what users want and accept. Tools are there, but it is important to start thinking about
how to link these two shores.



Chapter 3

Resource Management for Future
Mobile Networks

The rapid growth in mobile networks traffic mainly generated by the popularity of multi-
media content pose new challenges for network operators. On the one hand, they have to
reduce the network’s operational expenditure. On the other hand, they have to deal with
the increasing quality demands of the users. In both cases, operators have to consider that
limited network resources have to be operated in an efficient way. This raises the need for
novel resource management solutions, specifically taking into account the most frequently
used applications, their use of resources and user’s perceived quality. To optimise the use
of transmission resources and the quality of the network, there is a shift from QoS resource
management [?]- [?] to QoE-based resource management [?]- [?]. QoS resource man-
agement maintains network-level parameters such as packet loss to provide good network
quality.

A good network quality, however, does not necessarily imply a smooth-running appli-
cation because the heterogeneous applications depend on very different parameters. Video
streaming, for example, has other requirements than web browsing. Web users are inter-
ested in a short page load time. Video users, however, expect a good video quality or
a smooth playback without interruptions. Each function has its own requirements to the
network. To comply with this, QoE-based resource management directly addresses the
perceived quality of the application at the end user. In addition to objective quality fac-
tors, it considers the subjective experience and the satisfaction of a user with a particular
service [?].

In this chapter, we address the question on how to deploy a QoE-aware mobile net-
work, considering the design and evaluation of different resource management solutions
for a video-streaming scenario. In that sense, we present different cross-layer solutions for
resource scheduling for a YouTube-like video-streaming scenario. These schemes consider
the evaluation of the video processing and the buffer content as a mechanism to generate
QoE improvements for the end user.

Two approaches are introduced in this chapter to address the challenge to develop a

21
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Figure 3.1: FION approach scenario.

QoE-aware resource management in a mobile infrastructure: FION and OTT. FION pro-
poses a system where the BS is aware about both the content processing and the buffer
status in the mobile terminal and uses this information to make resource allocation deci-
sions. For OTT approach, it is the content server who allocates resources after evaluating
the content processing and the buffer status in the mobile terminal. Both approaches are
evaluated in simple scenarios and investigated the impact of proposed solutions in the mo-
bile network infrastructure.

3.1 FION approach

In this approach the QoE-aware communication engine capability is placed in the BS.
Thus, the BS is aware about both the content processing and the buffer status in the mobile
terminal making resource allocation decisions at each time slot by evaluating information
provided by application monitors. Content provider server is agnostic about the content
status in the terminal. Fig.?? shows the scenario considered in this study.

In the proposed infrastructure we can identify two entities, fully integrated within the
operator network. These entities are:

• An entity dedicated to the resource allocation based on the information received
from terminals about current status of interruptions.

• An entity dedicated to report the information about the current status of the playback
from the mobile device to the wireless infrastructure.

The first entity or resource manager (RM) plays the role of the QoE-aware communi-
cation engine proposed in our architecture. It is centrally located in the BS and collects the
reports provided by the user’s terminals. It takes care of profiling user requests, as well as
keeping track of the terminals and content’s processing current status. A proper dynamic
linkage between the RM and the BS is recommended with the aim of achieving a dynamic
control of the resource allocation based on user perception.
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Figure 3.2: FION approach flowchart.

Traffic inspection at the BS is the foundation for control of the resource allocation
functionality and it will be based on advanced deep-packet inspectors (DPIs). A DPI is
network equipment that allows network providers to monitor, collect, and analyse the data
communications of its users. DPIs make it possible to identify the applications being
used on the network, which is very valuable information for many purposes such as QoE
oriented policy management. The DPI will likely be a software element in the RM or
even within the BS as a hardware card. The advantage of having a DPI is that it is able to
monitor above IP layers having the capacity to inspect application related information.

In addition to the DPI monitoring process, the potential complementation of informa-
tion with other sources of information from different elements in the core network will
allow to verify the QoS/QoE profile associated to each application or bearer (in the con-
text of a 3GPP architecture) and determine the potential resources adjustments based on
the extracted information. Locating the RM at the BS side will allow to obtain all the
statistics application/bearer and calculated at a quick rate so that the QoE of each data ser-
vice is (re)estimated every time slot and real-time actions may be triggered. The second
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entity or application monitor is a client application in the mobile terminal (MT), called
client information reporter (CIR). CIR reports to the RM information regarding the current
buffer status at the terminal, the player data rate consumption, and the remaining bits to
download. The CIRs are software applications with collecting and sensing functionalities
installed in the mobile terminals. The application monitor will require the establishment
of a radio bearer between the terminal and the BS in order to send the QoE/buffer-based
associated information.

To facilitate this, the terminal has to initiate an attach procedure when the user’s appli-
cation starts. Once the attach procedure succeeds, an initial context is established for the
MT in the BS controller, and a default bearer is established between the terminal and the
core network. Once the MT and the CIR have connectivity, the terminal can start sending
information to the infrastructure. Reported information will be passed to the BS, where the
DPI extracts information relevant for the RM. Once the gathered data is passed to the RM,
this selects the more appropriate moment for allocating resources and delivering content to
individual users by applying a scheduling policy. Fig.?? describes the FION operational
flowchart.

In the context of the FION approach, two types of resource schedulers are considered
and evaluated: buffer-based and QoE evaluation-based. Buffer-based schedulers consider
the evaluation of the buffered playtime in the client in order to reduce video stalling capac-
ity. QoE evaluation-based represents an attempt for allocate resources considering the use
of predefined QoE models for video content evaluation.

A. QoE evaluation-based resource allocation

In this section, we describe how results were obtained for a simple scenario consisting
of one BS and N users interested in receiving each a "live" video stream. The users are
classified in function of two types of video content: high or low movement videos. The
former type requires much higher rates than the latter, in order for the user perception to
be associated to high MOS values.

In this scenario the MOS performances are evaluated for three different resource alloca-
tion schedulers: One based on maximum SNR, one adopting a proportional QoE, and one
allocating resources to the lowest QoE. The mapping between the instantaneous data rate
and the perceived QoE or video quality metric Vq is computed considering the parametric
model for perceptual video quality estimation proposed in [?] and expressed in ??.

Vq(QoE) = 1 + 4k

1− 1

1 +
(
ab
v4

)v5

 (3.1)

Where Vq corresponds to the estimation for the MOS values. MOS values goes from 1
for bad quality to 5 for high quality evaluation. In this formula, b is the bit rate expressed in
Mb/s; a is a value related to the display format (SD, VGA, CIF, QCIF); and k expresses the
codec enhancement factor (MPEG-2 or H.264). Parameters used in the model are defined
in [?] and presented in Tables ??, ??, ??.
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Table 3.1: Considered values for the parameter k.

Codec Value
MPEG-2 1
H.264 1 + 1.36e−1.93a.b

Table 3.2: Considered values for the parameters v4 and v5.

Type of Video Optimal v4 Optimal v5

Low movement 0.366 1.32
High movement 1.088 1.56

Table 3.3: Considered values for the parameter a.

Display Format Value
SD 1
VGA 1.4
CIF 3.2
QCIF 10.8

This model also includes various display formats (SD, VGA, CIF, QCIF) and different
codec factors (MPEG-2 or H.264). After the evaluation of the resource allocation condi-
tions by the RM, the time slot will be assigned only to one user. Channels assigned have
two possible states: Bad (with data rate from 50 to 150 kbps) or good (with data rate from
500 kbps to 2 Mbps). Channel state transition probabilities considered in the model are 5%
and 25%.

Three resource allocation schemes were considered: One based on maximum SNR
(max SNR), one adopting a proportional fair QoE-aware method (proportional QoE), and
one serving the users currently with lowest instantaneous QoE (lowest QoE).

In the first case (max SNR), the QoE model proposed in [?] is considered as a parameter
to evaluate the service quality offered after the slot allocation. In second and third cases
(proportional and lowest QoE), the QoE evaluation model was used as a factor to make
resource allocation decisions. A description of each scheme is given below:

• Max SNR: In this scheme, all the users are ranked with their respective SNR Val-
ues. At each time interval n, the user l with the highest SNR value is selected and
allocated. So, the user selected will be:

max (SNRl,n) (3.2)

After the resource allocation, the QoE of all users is evaluated, measuring the QoE
average by kind of user, low or high movement video (QoElow/QoEhigh).
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Figure 3.3: QoE results comparison among different allocation schemes, with 30% of users
receiving High Movement Videos (HC) and 70% of users receiving low movement videos
(LC). No of users: 20. Display Format QCIF and H.264.

• Proportional QoE: In this scheme, all the users are ranked with their respective QoE
level of improvement values. At each time interval n, the RM calculates the QoE
value for each user considering both scenarios: Resource allocated (QoEallocated)
and resource no allocated (QoEnoallocated). Then, the difference between the two
calculated QoE values is computed, and the time slot assigned to the user with the
maximum difference or delta value. So, the user selected will be:

max
(
QoEallocatedl,n

−QoEnoallocatedl,n

)
(3.3)

• Lowest QoE: For every scheduling event n, the RM selects and allocates the re-
source to user with the lowest QoE value in the previous scheduling event (n-1). So,
the user selected will be:

min (QoEl,n−1) (3.4)

To investigate the performance of the proposed RRM schedulers in a wireless infras-
tructure we performed extensive simulations of a wireless network focusing on the down-
link connection between the base station and the user devices (between 4 and 20) request-
ing video streaming content and considering a snapshot of the system during 5 minutes.
The detailed simulation parameters can be found in [?].

The results displayed in Fig.?? show the average MOS values, obtained for the two
types of users (20 in total) with the three different RRM schemes. It can be seen that
including QoE information in the resource schedulers (proportional QoE) can lead to an
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improvement in MOS around 140%, as compared to standard max SNR solutions, for the
more demanding content type.

At the same time, the loss in MOS for the users interested in the other content type is
very limited (around 3%). This indicates that the inclusion of QoE related information, e.g.
on video quality and/or device screen types, can support the network operator in investing
its radio resources where they are more needed and/or where they can impact the most the
user service appreciation.

In the same figure, it is possible to note the reduction in the QoE perceived by both
types of users when the lowest QoE scheme is applied. The explanation of this phe-
nomenon is associated to the allocation of resources always to user with the minimum
calculated QoE, or in other words, to users with bad channel conditions. This generates as
a result that a user with low conditions ends up having more resources limiting the overall
performance of the system. About users expecting high movement videos, results showed
a QoE below the acceptable value for a MOS evaluation. The effect of the variation in the
probability to get a good conditions channel over the general QoE average is low.

Although the parameters are the same, it is remarkable the fact of the improvement in
the QoE average from the inclusion of this parameter as a factor to distribute the access
during the slot time. Noteworthy is the QoE increase between the two scenarios (max SNR
and proportional QoE) in the case of users who receive video with high movement content.
However, the criteria applied until this moment does not allow increasing the QoE average
for this kind of users in a value equal to or greater than MOS defined as fair to the quality
perceived by the user.

B. Buffer-based resource allocation

In this section, we describe the scenario considered to identify potential gains of deploying
a Buffer-based RRM within a QoE-aware architecture considering a FION approach. We
also depict the assumptions we make about the proposed system. Later, we plan to validate
these initial results in a more complex system.

In our model, we consider a simplified time-slotted cellular network scenario consisting
of 1BS deployed over an area of radius R. We assume that the total user population of
size Nu is uniformly distributed and downloading multimedia files, v, from a server. The
content server, connected to the BS, has enough capacity to store different multimedia
files of size Sv bits and duration of Tv seconds. Evaluation of the link capacity between
BS and a server is not considered in this study. The basic system level assumptions used
in the simulations are summarized in Table ??, with different number of users connected
simultaneously to a Youtube server watching up to 20 videos each one of 5 minutes of
duration. Users do not all start at the same time, being the initial buffer status randomly
assigned for each one of them.

Within this infrastructure, where the user equipments are connected to a Youtube server,
the data rate Rl achievable on the physical layer by user l when served by BS is computed
in the following way:

Rl = min{ηω ·W log2(1 + Γl
ηγ

), R̂max}, (3.5)
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Table 3.4: Simulation Parameters.

Parameter Value
Cellular layout Hexagonal 3-sector sites
Simulated BS 1
Cell Radius [m] 400
Propagation Model [dB] L=128.1 + 37.6 log10(D), D in Km
Max power [W] P̂T = 20
Carrier frequency [GHz] fc = 2
Channel bandwidth [MHz] W = 5
SNR target [dB] γ̂ = −16
Spectral efficiency [bps/Hz] ηω = 0.7
SNR offset [dB] 3
Downlink correlation 0.5, Lognormal fading
Max rate [Mbps] R̂max = 14.4
Time slot [s] 0.25
File sizes per resolution (Sv) [MB] {11.62; 13.26; 14.28; 36.29; 57.76}
Prebuffer [s] 2
Video duration (Tv) [s] 300

where Γl is the received SNR, W the bandwidth available for the communication, ηω rep-
resents the spectral efficiency coefficient and ηγ is an offset factor for the SINR (SINR
gap). In the proposed scenario, allocation will be done assigning all the available power
and resources to a transmitting terminal l in each time interval n of duration ∆t.

Each user l ∈ {1...Nu} is interested in receiving a maximum of M items, all of them
with size Sv and duration in seconds Tv . Once a user l requests a content at time t, infor-
mation will be downloaded from the BS at an instantaneous data rate Rl(n). Downloaded
information is placed into an application bufferBl of infinite capacity before being effec-
tively consumed by user l. An initial buffering time of b seconds is considered and counted
only once by multimedia file. b corresponds to the time interval between the first content
request moment done by user l and when the user starts the effective consumption of bits
from the buffer Bl.

Once the time b has elapsed, the playback starts and bits from the buffer Bl will be
consumed at time interval n with a data consumption rate Cl bps. Cl is a constant value
that depends on the size of the file in bits, Slv , and the duration in seconds of the multimedia
file, T lv . So,this is represented as:

Cl = Slv
T lv

[bits/s] (3.6)

Content processing in the user’s device will continue until the file stored in the server
is completely downloaded and consumed by user l. The user remains in the system until it



CHAPTER 3. RESOURCE MANAGEMENT FOR FUTURE MOBILE NETWORKS29

Figure 3.4: Description of the variables behaviour during a video download and playback
(no interruption scenario).

processes M multimedia files. Fig.?? and Fig.?? represent the behaviour of the variables
involved in the video download and playback process. Fig.?? sketches a scenario where
the playback elapses without interruption due to a buffer Bl with enough content to meet
Cl requirement. On the other hand, Fig.?? represents a scenario where interruptions are
generated due to the scarcity of bits in the buffer Bl.

In our work, we consider different resource schedulers that take into account the eval-
uation of video buffer and content processing during playback to make resource allocation
decisions. In this case, the RM has access to enough information to decide about the re-
source allocation in a way that would impact positively the throughput of the network and
the individual user’s experience.

The performance of the considered mechanisms is compared to the proportional fair
scheme, which provides a first step to identify potential gains in a simplified network sce-
nario that could be considered later in a more complex system. The initial considered
schemes in paper [?] are:
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Figure 3.5: Description of the variables behaviour during a video download and playback
(interruption scenario).

• Proportional Fair (PF). This resource scheduling strategy represents our reference
case. At each time interval n, this scheme assigns the resource to the user with the
largest ratio Rl

Al
, where Rl is the instant download data rate achievable by user l and

Al is the average download data rate of user l. So, the user selected will be:

max
(
Rl,n
Al,n

)
(3.7)

• Maximum Available Bits (MAB). In this RRM strategy, the RM checks, at each
time interval n, how much of the content has been downloaded and the amount of
bits still in the server for each user l, Tl . Finally, the time slot will be assigned to
the user with the largest number of bits remaining in the server,

max (Tl,n) (3.8)

• Fulfilment Index (FI). The goal of this scheme is to measure the potential level
of distortion generated on the video playback by the variation in Rl regarding a
scenario where the user can obtain a constant data rate equals to Cl that guarantees
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no interruptions during the video streaming. This level of distortion is called FI and
is evaluated at each time interval n. The first component of this index corresponds
to the calculation of what would be the amount of bits downloaded by each user l
at the moment n if the data rate Rl were constant and equal to its Cl, Dl,n. The
second element is the video buffer size for the user l in case of receiving the time
slot, Bl,n+1. So, the user selected will be:

max
(

Dl,n

Bl,n+1

)
(3.9)

• Interruption Prediction (IP). The resource allocation will be done taking into ac-
count the prediction of a potential interruption made by the RM. In this case, the
resource will be allocated to the user whose probability of experiencing a disruption
is the highest at the moment n. This probability will be associated with the minimum
difference between the current Bl value and the consumed bits from the buffer Cl,
so, the user selected at each time interval n is:

min (Bl,n − (Cl,n ∗∆t)) (3.10)

Fig.?? shows that while the PF scheme is not aware about the buffer status and the
impact the scarcity of resources will generate in the playback, our proposed solutions,
particularly the IP scheme represented in Fig.??, look at the buffered play time and allocate
resources considering the scarcity of bits in the buffer and the proximity of an interruption.

Figure 3.6: PF approach scenario.

As an extension to the generated results, in paper [?], we incorporate the evaluation
of multimedia processing stages to our analysis and the proposed schedulers. Our interest
was to measure the impact of these stages at the moment of making allocation decisions in
a buffer-based resource management scenario. In that sense, we consider that during this
process users can be in one of the three stages described below:
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Figure 3.7: IP approach scenario.

• Offline: In this stage, user l is still playing the video, but the terminal does not need
to request bits from the server because the entire file has been downloaded from the
server. The bits required to finish the playback are consumed from the buffer. This
is the last stage of the playback. Toff counts how long userl remains in Offline
stage.

• Wait: In this stage, the playback process is on-going, some content is still waiting
to be downloaded from the server but user l has not been allocated a time slot. Twait
counts how long userl remains in Wait stage.

• Download: In this stage, the playback process is on-going and the system has allo-
cated a time slot to the user l. User l can be simultaneously downloading bits from
the server and consuming bits from the buffer Bl. Tdwld counts how long user l
remains in Download stage.

In our implementation, all proposed schemes follow a similar procedure to assign re-
sources in every slotted time interval n of duration ∆t. RM considers the evaluation of the
buffer status (following a procedure similar to the described for the IP scheduler) and the
time a user l has stayed in different stages identified above.

Evaluation of the buffer status and the proximity to an interruption allows the classifi-
cation of the users in two queues. Queue X is used to differentiate users that have zero bits
in the buffer from the regular queue Y . Queue X has priority over queue Y in all schemes.
In all the following schemes, a utility function is used to prioritize different set of users:

• Buffer based (BufferB): This scheduling strategy tries to allocate resources to the
user with the smallest video watching time Tb based on the evaluation of bits in the
buffer in a similar way to the proposed IP scheduler. Utility function for grading the
users is the inverse of the Tb value ( 1

Tb
). So, the user selected will be:

max
(

1
Tb

)
(3.11)
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• Waiting-time based (WaitingB): This scheduler gives priority to the user who has
the maximum waiting time. The scheduler will look at the T lwait in seconds for each
user present in the queue X , as the first step, or in the queue Y if length of queue X
is zero. So, the user selected will be:

max
(
T lwait

)
(3.12)

• Downloading time based (DownloadB): This scheduler looks at the time a user
has been in the download stage, T ldwld seconds. This value is evaluated for each user
present in the queue X , as the first step, or in the queue Y if the length of queue X
is zero. In this scheme we have considered as utility function the value (T ldwld). So,
the user selected will be:

max
(
T ldwld

)
(3.13)

• Mixed-criteria based (MixedB): In this RRM the utility function for the user l is
computed, as the sum of the individual values T lwait and T ldwld divided by the value
of T lb . So, the user selected will be:

max
(
T lwait + T ldwld

T lb

)
(3.14)

To investigate the performance of the proposed schedulers in a wireless infrastructure we
performed extensive simulations of a wireless network focusing on the downlink connec-
tion between the base station and the user devices requesting video streaming stored in a
multimedia server.

A first scenario of evaluation compared the performance of the proposed schemes in a
scenario where all the users watch YouTube-like videos of 360p resolution (homogeneous
scenario). The assessment was done in terms of total duration of interruption (TDI) per-
ceived by the users during the simulated period of time. An example of this comparison is
described in [?] and shown in Fig. ??. In this case, with 40 users connected to the system,
it is possible to see that the best performance among the proposed buffer-based schedulers
is shown by the IP scheme. In this case, IP scheme guarantees no interruptions during
the playback what improves the performance of the system when PF is used to allocate
resources.

Once we identified the best performance among the proposed buffer-based schedulers
(IP scheme), our next step was a direct comparison between the IP scheduler and the ref-
erence case. To do this, we defined as a performance indicator for the system a maximum
tolerated TDI per video of 30s (which represents the 10% of the total duration of the video)
for the 90th percentile [?]. Our intention is to identify how many users connected to the
system simultaneously can guarantee the target TDI for the selected percentile.

We considered a scenario where all the users watch YouTube-like videos of 720p reso-
lution. In this assessment, Fig. ??(a) shows that working with PF the target TDI is obtained
with 9 users. In the same scenario but considering the IP scheme, Fig. ??(b) show the tar-
get TDI is reached in 90% of the cases with 29 users. This represents an improvement of
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Figure 3.8: CDF of the TDI for the different evaluated schedulers (40 users and video
resolution of 360p).
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Figure 3.9: CDF of the TDI for the PF(a) and IP(b) schemes, with multiple users. Video
resolution: 720p.
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Figure 3.10: Comparison of number of users satisfied with PF and IP schemes. Video
resolution: 720p.
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Figure 3.11: CDF of the TDI for PF(a) and IP(b) schemes, with multiple users. Video
resolution: 1080p.

2.9 times in terms of the number of users experiencing 30s or less of TDI. Fig. ?? offers a
more direct comparisson by showing the fraction of satisfied users in each case (PF and IP
schemes) considering a scenario 720p scenario.

The results concerning users playing the video with the highest resolution (1080p)
show that using PF scheme only with 7 users the system can guarantee that 90% of the cases
videos will be played with a TDI of 30s or less. This is presented in Fig. ??(a). In contrast,
Fig. ??(b) shows that with the implementation of IP scheme, an improvement of 2.28
times is obtained, allowing that with 16 users the system can provide contents within the
defined percentile and tolerated TDI. Fig. ?? offers a more direct comparisson by showing
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Figure 3.12: Comparison of number of users satisfied with PF and IP schemes. Video
resolution: 1080p.

Table 3.5: CDF values for the 90th percentile PF and IP schemes. Mixed scenario (video
resolutions 360p and 720p).

Resolution CDF for 360p CDF for 720p
360p 720p PF scheme IP scheme PF scheme IP scheme
75% 25% 0.8976 1i 0.6930 1ii

50% 50% 0.8812 1iii 0.6837 1iv

25% 75% 0.8647 1v 0.653 0.9993
i Max TDI=0s ii Max TDI=0s iii Max TDI=0s iv Max TDI=0s v Max TDI=1.25s

the fraction of satisfied users in each case (PF and IP schemes) considering a scenario
1080p scenario. In order to understand the impact of the implementation of a buffer-
based scheme, we performed simulations combining high definition (720p, 1080p) and low
definition (360p) video users. This scenario considered a system with 27 users, assessing
the performance of the system with different percentages of low and high definition users.
In this case, Table ??, show the CDF values obtained with different combinations of high
and low definition users for the target TDI of 30s. Table ?? represents the values obtained
in a scenario with users watching 360p and 720p videos. In this case, it is possible to
observe that when the PF scheme is implemented, users watching 720p experience less
than the target TDI between 65% and 69% of the attempts. For the low definition video
users, the target TDI is reached in 86% to 89% of the cases. These values vary depending
on the percentage of low and high definition users considered in each case. Comparing
these performances with the same scenario, but using the IP scheme, Table ??, shows that
the maximum TDI of 30s is obtained for users with the high definition videos in more
than 99% of the times. In all this cases the maximum TDI experienced by users watching
360p videos is 1.25s. This last value is obtained when the 720p video users represents
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Figure 3.13: Average TDI by number of user for the different resource schedulers in a HD
scenario. Error bars indicate 95% confidence intervals.

75% of the total in the system. When the percentage of the 720p video users is 25 or 50%
the experienced TDI in the system is 0s. High definition users experience 30% to 34% less
interruptions when the IP scheme is implemented instead of the PF scheme. Looking at the
performance obtained with low definition video users the level of improvement obtained
with IP scheme goes from 11% to 14%.

Once the potential of buffer-based RRM schemes was identified, we extended the anal-
ysis incorporating the evaluation of multimedia processing stages to the proposed schemes.
In addition to the TDI, we assessed the performance of the proposed solution considering
also the length and the frequency of the interruptions a mobile user could experience. The
detailed simulation parameters can be found in [?].

Fig. ?? demonstrates the average TDI comparison of different RRM schemes for dif-
ferent number of users watching high definition (HD) videos. With the implementation
of the MixedB scheme is possible to reduce the average TDI during the streaming session
compared to the PF scheme. Reduction goes from 74%(with 5 users) to 8% (with 25 users).
The other scheme that looks at the buffer capacity (BufferB) also guarantees a reduction
in the TDI that goes between 53% (5 users) to 3% (25 users) regarding the PF. In contrast,
schemes only focused on the evaluation of online times (WaitingB/DownloadB) reduce the
performance of the system increasing TDI.

Another performance evaluation scenario includes the comparison of schedulers in
terms of the frequency (number of interruptions) and length of the interruptions users can
perceive during the playback. In that sense, Fig. ?? shows the length of the shortest inter-
ruption experienced by different number of users when the proposed schedulers are used.
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Figure 3.14: Average minimum length of interruptions by number of user for the different
resource schedulers in a HD scenario.
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resource schedulers in a HD scenario.
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Figure 3.16: Average frequency of interruptions by number of user for the different re-
source schedulers in a HD scenario.

The figure reflects that schemes PF, MixedB and BufferB can guarantee that the shortest
interruption in any case will be less than 26s (being this the maximum value). On the other
hand, schedulers that do not consider Tb in its allocation criteria will generate as shortest
interruption duration values between 2s to 400s, which will generate a negative impact on
the QoE perceived by users in a real scenario. In the same line, Fig. ??, shows the aver-
age maximum length of interruptions perceived by different number of users with different
RRM schemes. According to this figure, network reflects a better performance when PF,
BufferB and MixedB are used as resource allocation schemes.

Although PF shows the best performance when maximum length of interruptions is
considered, observing the frequency of the interruptions in Fig. ??, PF shows the higher
frequency values compared to the proposed schedulers in this study. In this comparison
scenario, PF shows around 25% more interruptions during the playback than the best of
the other considered RRM schemes. This recurrence in the number of interruptions will
affect the user’s perceived quality more, according to the results obtained in [?]. In sum-
mary, schemes that use buffer information will reduce the TDI through a reduction in the
frequency and the length of interruptions.
3.2 OTT approach

In this approach, it is the content provider who is aware about the content processing in
the mobile terminal. The QoE-aware engine is placed in the content server and helps the
provider to allocate resources according to the content processing status. BS and radio
access network (RAN) are not aware about what happens in each terminal. Fig.?? shows
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Figure 3.17: OTT approach scenario.

the considered scenario.
Four modules were implemented in the MSL Lab test-bed [?] to accomplish the re-

source allocation decisions and the profiling activities: Management, monitor, control and
profile. The management module detects scarcity of resources that can generate an in-
terruption in the video. This management module also calculates the quality downgrade
cost to allocate resources according to the proposed resource management scheme. The
monitor module is checking every second the download rate and buffer conditions in the
player. Management module uses the information reported by the monitor module to de-
tect scarcity of resources. Control module is used to set the experiment video file, video
quality, number of playback loops and the experiment start-up time and date. Finally, the
profile module is responsible for assigning the players to the appropriate QoE Model. The
QoE model considered in the resource allocation decisions assumes a MOS-like grading
function associated to a predefined user’s profile. In our experiments we consider two basic
profiles:

• The first profile (profile A), shown in Fig.?? corresponds to users more interested in
experiencing few interruptions rather than in the video resolution.

• In contrast, profile B shown in Fig.?? grades higher the video resolution no matter
the amount of interruptions.

The RM in the server has access to enough information to decide about the resource
allocation in a way that would impact positively the throughput of the network and the in-
dividual user’s experience. Information reported by users devices includes, for all instants
of time, detailed data about the mobile terminal’s buffer state and the video resolution. In
our implementation, all proposed schemes follow a similar procedure to assign resources
in every slotted time interval n of duration ∆t. The schedulers evaluated in this study base
their operation in the detection of potential interruptions due to scarcity of bits in the buffer,
calculating the number of seconds to the next interruption in the player. This number of
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Figure 3.18: QoE associated to profile A.

Figure 3.19: QoE associated to profile B.
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seconds is called (ω) and is equal to:

µ = S

T

ω = L− (µ ∗ E)
µ

(3.15)

where S is the total size of the video, T is the length of the video, E is the number of elapsed
seconds of the playback and L is the loaded bytes in the buffer. When scarcity problem is
detected in the network segment, the RM calculates the quality downgrade cost for all the
simultaneous players (sessions) in the network segment using the QoE Model associated
to each profile.

Performance in the system is evaluated considering the QoEmin value. The QoEmin
is the worst QoE perceived by a user during a video playback. ¯QoEmin is the average of
the QoEmin for all the playbacks in one network segment and is calculated as (??) where
N is the number of playback sessions.

¯QoEmin =
∑N
i=0 QoEmin(i)

N
(3.16)

In our experiments, we assumed that the information about the users’ expectation from
the video quality and interruption aspects is already predefined and available for the sys-
tem. However, the study of users’ QoE from different quality and interruption perspectives
is out of this dissertation scope.

A set of different schedulers has been proposed in this study in order to evaluate their
performance in comparison to a reference case, called High Quality Case. In this case, the
players start the playback with the maximum quality (1080p) keeping this value until the
end of the video.

QoE grade depends on both the duration of playtime interruption and the streaming
video quality (resolution). This QoE model is specific and specialized for each of the video
streaming session according to predefined users’ profile (described below). The considered
resource schedulers in this part are:

• QoE-aware Case. It performs a quality downgrade choosing the best video resolu-
tion according to the QoE Model and the user’s profile.

• Interruption Case. This scheme downgrades only one player’s video quality in each
state. The device with ω value below the problem-threshold (10s for this study) will
be downgraded.

• Distributed Interruption Case. This scheme downgrades the video resolution for all
the devices with ω value below the problem-threshold (10 seconds in this case).

To investigate the performance of the proposed resource schedulers in a wireless infras-
tructure we performed different experiments using the MSL Lab test-bed described above.
In this scenario, we used a video from YouTube that was available in 5 different qualities
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Table 3.6: QoEmin Distribution for multi-user approach.

MOS 0 1 2 3 4 5

QoE-aware 0.00 0.01 0.00 0.04 0.29 0.66

High Quality 0.31 0.00 0.09 0.13 0.05 0.42

Interruption 0.00 0.00 0.00 0.06 0.41 0.53

Distributed Interruption 0.00 0.03 0.00 0.18 0.14 0.65

from 240p to 1080p with duration of 291 seconds. The detailed simulation parameters can
be found in [?].

Table ?? shows the cumulative distribution function of QoEmin for all the cases in
Multi-User approach. The results from the experiments show that we could significantly
increase the ¯QoEmin by performing QoE-aware resource allocation in the network. Ac-
cording to the results obtained from the experiment more than 95% of the users add a very
high value of perceived quality (MOS of 4 or 5) in the QoE-aware case, while in High Qual-
ity only 47% obtained QoE values between 4 and 5 in the MOS scale. We can see in Fig.

Figure 3.20: CDF of the interruption for the multi-user Approach.

?? the impact of the evaluated schedulers in the total interruption time perceived during
the playback. The cumulative distribution function shows that with the implementation of
QoE-aware mechanisms was possible to get important reductions in the interruption time
perceived by users in the system. While the reference case can guarantee less than 10s of
interruptions only in 5% of the video playbacks, the implementation of QoE-aware mech-
anisms (Distributed Interruption) allow increasing in 85% the probability of experiencing
the same amount of interruptions.
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Figure 3.21: Average QoE perceived in the multi-user approach.

The results in Fig.?? show that high average QoE is obtained with the use of the QoE-
aware scheme, where an increase of 60% regarding the reference case is possible. Similar
performance and improvements (between 52% and 55%) are obtained with those schemes
that look at the buffer capacity (i.e., interruption case and distributed interruption case).
Results reaffirm resource allocation can be done considering the use of information about
content processing and buffer status. In the same line, the proposed QoE-aware approach
can generate improvements in the user’s perception.

3.3 Conclusion

In this chapter, we have presented our proposal of a network architecture incorporating
the QoE-awareness concept. Two implementation approaches of the proposed architec-
ture (FION and OTT) were presented and discussed. We have analysed the performance
of both approaches and their respective resource schedulers evaluating the impact of the
proposed solution in the user’s perception. To this end, we have considered as key perfor-
mance indicators, in one case the MOS value generated by the perceived data rate in the
mobile terminal (FION-QoE evaluation based implementation) and then the video inter-
ruptions and their behaviour during a playback (FION and OTT buffer information based
implementations). The FION-QoE evaluation based implementation allows us to generate
initial insights about the potential of using QoE-aware solutions in the resource allocation
schemes.

Then, we present different cross-layer solutions for resource management for YouTube-
like video streaming. These schemes consider the evaluation of the video buffer content
status as the key parameter to reduce potential interruptions in the playback process and
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generate QoE improvements for the end user. The results show that whenever information
about the QoE, the buffer status and the playback process is available for the resource
manager, users experience less interruption during the playback and increase its QoE. This
indicates that resource allocation can be done considering the type of content accessed by
the users. It also shows that this policy both in FION and OTT approach might generate
improvements in terms of the final QoE perceived by a user. Even though, FION approach
offers higher level of improvement in user’s QoE compared to the OTT approach, it will
be necessary to evaluate the impact of implementing a signalling channel to exchange
information between the user’s terminal and the BS. At the same time, the impact of the
processing capacity of the user’s terminal in the system should be considered in future
studies.

Regarding the OTT approach, a future research step must be the evaluation of the core
network delay/congestion and its impact on the quality of the delivered content. Both
FION and OTT approach also will require to be evaluated in a scenario with multiple users
allocated in a time slot.



Chapter 4

Discusion

The results from this research helped us to reach a deeper understanding of the impact
of using information provided by user’s applications in the context of future cellular net-
works. The classical techno-centric approach (represented by the considered reference
cases, i.e., PF, max SNR, high quality case) has shown limitations at the moment of gen-
erating good levels of user’s QoE. This gap is usually caused by a lack of insight in the
content processing status.

Our results have shown that user’s QoE can be improved by incorporating a more user-
centric approach in the resource allocation. In our case, an initial step towards this goal is
represented by a mobile network capable of identifying users’ expectations and using this
information to dynamically adjust network parameters according to a QoE model while
the content is being processed in the user terminal. Two scenarios of implementation
were studied (FION and OTT) and the proposed schedulers for each one the considered
approaches were evaluated.

Regarding the FION approach, we first evaluated the potential of the proposed QoE-
architecture in a simple video-streaming scenario. We compared three different resource
schedulers, two based on the evaluation of QoE to make resource allocation decisions
(proportional QoE and lowest QoE) and one agnostic about how the content is perceived
at the user side (max SNR).

The model considered to evaluate user’s QoE establishes a relation between good qual-
ity and data rate. In that sense, we chose the max SNR considering that this scheduler
could maximize the mean rate of the whole system. Even though, some users hardly get the
chance to transmit data, at this stage of the research we were more interested on measuring
the potential of incorporating QoE evaluation in the scheduling decisions than evaluating
the general fairness of the system.

On the other hand, the considered model also takes into account the type of content
transmitted, the codec used and the display format. Our analysis of the results observed
that including QoE information in the resource schedulers can lead to an improvement
in MOS as compared to standard max SNR solutions, for the more demanding content
type. With the low movement videos there is a very limited loss in MOS terms probably
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associated to the impact generated by the higher data rates received by users when max
SNR is implemented as resource scheduler.

It should be noted that, buffer content status or the evaluation of the video stalling in
the QoE was not taken into account in this part of the research, since the model considered
does not evaluate this aspect. However, obtained results indicate that the inclusion of QoE
related information could support the network resource management and impact user’s
service appreciation.

Continuing with the FION approach, we extended the use of the proposed QoE-aware
architecture to a YouTube like scenario. In this case, the QoE-aware engine considers the
evaluation of the buffered playtime to make resource allocation decisions. The goal of the
system is to impact the user’s perception by reducing the video stalling time. According
to [?] and [?], stalling is the factor dominating the QoE for video clips.

Unlike the first FION scenario, the reference case for this evaluation was the PF sched-
uler. This taking into account that PF algorithm provides trade-off between efficiency and
fairness. Our interest was to generate an increase in the user’s satisfaction level within the
system by filling the video buffer in a way that reduces potential interruptions during the
playback.

Initial proposed QoE-aware schedulers in this scenario checked the buffered playtime
and the status of the video downloading in order to evaluate the impact of these parame-
ters in the TDI during the playback. The first of the proposed schedulers (MAB scheme)
attempts to prioritize users with large amounts of bits waiting to be downloaded from the
server. Although, at first sight, it seems this scheduler seeks to rapidly attend and release
users while reducing TDI, those users close to the end of the video will experience interrup-
tions affecting the system performance. Another proposed scheduler attempts to measure
the variation between the expected and the actual amount of bits received by each user in
order to determine the presence of interruptions in the playback. This scheme does not
guarantee a consistent performance compared to the reference case, increasing the TDI in
the system. This performance might be explained by the behaviour of the scheduler, which
does not consider a prevention of the interruption before the user can perceive it.

In the proposed scenario the scheduler aware of the buffered playtime and with the
capacity to prevent interruptions shown the best performance. This awareness impacts
user’s perception by reducing video stalling and TDI. At the same time, the proposed
architecture and the IP scheduler improve the use of network resources by guaranteeing
higher levels of QoE to more users using the same infrastructure. Even though the results
were obtained considering a single BS scenario, they indicate a potential to generate a
positive impact in more complex network scenarios.

By evaluating the waiting and downloading times per user with the buffered played
time was possible to generate important improvements to the IP scheduler. With this al-
ternative we achieve a balance between interruption prevention and the prioritization of
user’s with longer times online. In this case, it is possible not only to obtain a reduction
in the TDI but also an important decrease in the frequency of the interruptions compared
to the PF scheduler. Future research efforts should be oriented to understand the impact
of frequency of interruptions in the QoE, and to incorporate this parameter as a new input
for the proposed QoE-aware architecture. On the other hand, it is important to evaluate the
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potential impact of the initial buffering time in the frequency of the interruptions. A longer
buffering time might prevent video stalling, but it could impact the user’s QoE in a way we
have not considered in this study.

The OTT approach represents an alternative for the QoE-awareness concept imple-
mentation in a mobile infrastructure. In this case, the resource management is centred on
the application server with no intervention of the network operator. Similar to the FION
scheme, the OTT approach is based on the evaluation of the buffered playtime to detect po-
tential video stalling. Taking into account the content provider controls the system; all the
proposed schedulers consider a resolution downgrade as a mechanism to reduce interrup-
tions by decreasing the player rate data rate consumption. This mechanism can generate
performance improvements in terms of the user’s QoE in all the proposed scenarios.

In our experiments, we assumed that the information about the users’ expectation from
the video quality and interruption aspects is already predefined and available for the sys-
tem. However, the study of users’ QoE from different quality and interruption perspectives
is out of this dissertation scope. On the other hand, a future research work should consider
the impact of the core network traffic and the delay in the signalling system in the general
performance system. These variables might affect the response time of the OTT system to
the lack of resources in the user’s buffer impacting the user’s QoE.

It should be noted that presented results have been obtained considering a simple net-
work scenario, since our goal is to identify initial and potential gains that later can open the
door to the validation of our current results in a more complex system. We may expect that
including more cells in the system will impact some user’s performance as a consequence
of the data rate reduction generated by higher interference. This will impact the amount
of bits a user can store in the buffer increasing at the same time the number of users close
to experience a video stalling. Despite all, the obtained results can be interpreted as an
indication of the large QoE improvement possibilities with the deployment of QoE-aware
network infrastructures. As future research, it will be necessary to develop mechanisms
that guarantee fairness and good performance in a multiBS scenario.



Chapter 5

Conclusions

The concluding chapter highlights the important contributions discussed in the thesis and
the possible directions for future work.

5.1 Concluding Remarks

With the development of mobile networks, customer needs and behaviours have changed.
Mobile communications means so much more than simple voice communication; there
is now mobile Internet with web surfing, videophone, streaming media, and microblog-
ging. Traditional KPIs are no longer adequate for measuring the quality of mobile services.
The objective of network optimization has gradually shifted from enhancing network per-
formance to improving QoE. Therefore, assessing and optimizing QoE is the trend for
improving future mobile networks. The lack of multidisciplinary work enhancing the de-
velopment of more complete models to link user experience and resource allocation is still
evident. Up to now, most of the communication network deployments have been done tak-
ing into account economic and technical considerations with the user’s satisfaction regard-
ing content provided through these infrastructures will be reached only by having better
technology and higher bandwidth.

In chapter 2, we claim that an alternative way to improve the QoE is having networks
capable of identifying users expectations and using this information to dynamically allo-
cate resources adjusted to a semantic model of the mobile service requirements while the
content is being processed in the user terminal. And it is here that a better understanding
of user’s perceptions might contribute to the creation of network infrastructures with better
performance based on the evaluation of predefined QoE model. Even though we consider
the adjustment of network parameters based on QoE evaluation, it is necessary to develop
new studies where the application of concepts such as UX and HCI can feed systems like
we propose with more accurate description of what users want.

In this dissertation and its chapter 3, we have investigated the problem of providing
good levels of QoE in mobile infrastructures. In particular we have performed technical
analysis of a QoE-aware architecture as the approach to generate improvements in the
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quality perceived by users in wireless networks. One alternative is considering a FION
approach, which implies a modification in the resource management scheme implemented
at the base station. The other option is entirely relying on an OTT approach, where the
content provider manages the resource allocation. By implementing a QoE-aware based
solution is possible to provide service to more users maintaining the QoE level with no
need for additional infrastructure deployment. Even though this result is only evaluated
in a video streaming scenario, it shows promises to extend the analysis of the potential of
QoE-aware solutions to less intense traffic in terms of load and demand.

We have shown the possibility of managing the resource allocation in wireless net-
works by considering QoE models instead of the classical approach (agnostic regarding
the content processing and the expected QoE). In that sense, QoE-aware architecture takes
advantage of the current features of mobile terminals and applications to provide awareness
of the content processing and user’s QoE to the wireless networks. The proposed solutions
are believed to have a significant impact on the development of future mobile networks.

5.2 Future Directions

A few issues that have not been addressed in this dissertation deserve further attention, such
as the study of the potential privacy issues of implementing QoE-aware solution in future
mobile infrastructures. Besides, so far our analysis has considered the video-streaming
scenario. Further study would incorporate other types of traffic and investigate the impact
of QoE-awareness in the deployment of mobile infrastructures. In the same line, it is neces-
sary to consider more complex network scenarios (closer to real deployed infrastructures)
to evaluate the level of impact of the results in this study.

Considering the growing importance of QoE in the mobile telecommunications market,
it would be key to analyse the importance of QoE considering different actors (operators,
regulators, content providers) from a market perspective, since QoE might be seen as com-
petitive/differentiation factor in the provision of telecommunication services.

The relationship between QoE and energy consumption at the mobile terminal and
the BS might be a future extension of the current work. The impact of interruptions on
the online time, and the relation between interruptions and QoE seems to show that it is
possible to obtain energy savings in the wireless infrastructure. The quantification and
modelling of this relationship will be an interesting next step of this research.

Finally, we envisage interesting further research areas such as the definition of a model
to allocate resource based on the expected QoE incorporating HCI elements in the defini-
tion of more effective RRM in energy consumption that simultaneously improves users’
QoE.


