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Abstract— One of the main requirements in this emerging 
wireless multimedia era is the Quality of Experience (QoE) 
assurance for 2D or 3D video applications in heterogeneous 
multi-operator environments. Therefore, this paper proposes a 
QoE Architecture for Heterogeneous Multimedia Wireless 
Networks, called QoEHand. QoEHand extends the Media 
Independent Handover (MIH)/IEEE 802.21 proposal with QoE-
awareness, seamless mobility, dynamic class of service mapping 
and a set of content adaptation schemes. The proposed solution 
allows the best connection and considers the QoE needs of mobile 
clients and available wireless resources in IEEE 802.11e and 
IEEE 802.16e service classes. Simulation experiments were 
carried out to show the impact and benefits of QoEHand on the 
user´s perception, by using objective and subjective QoE metrics. 
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I. INTRODUCTION 
The integration of heterogeneous wireless networks, such as 

IEEE 802.11 and IEEE 802.16, Long Term Evolution (LTE), 
in multi-access and multi-operator systems is bringing 
revolutionary changes to the Internet by introducing new 
opportunities, better communication channels and the 
possibility of providing better Quality of Experience (QoE) 
assurance for users of wireless services. The multi-operator 
wireless environment will allow mobile users to be “Always 
Best Connected” (ABC) (including during handover), where 
seamless mobility will be coupled with respect to user´s 
preferences. In this scenario, the creation of novel architectures 
is required to allow vertical/horizontal seamless QoE-aware 
handovers in heterogeneous wireless networks.  

As a means of providing interoperability and seamless 
mobility in heterogeneous systems, the IEEE introduced the 
standard called IEEE 802.21 or MIH (Media Independent 
Handover Services) [1]. The MIH is a middleware for 
heterogeneous networks, where it has a set of protocols and 
mechanisms to allow different IEEE or non-IEEE wireless 
technologies to be integrated, while ensuring both vertical and 
horizontal handovers. However, MIH alone is not able to 
provide either an ABC approach or QoE assurance of media 
applications over wireless clients. 

In traditional handover schemes, such as MIH, users are 
connected to access points that offer the best power present in a 
received radio signal or Quality of Service (QoS) metrics, such 
as loss, delay and jitter values. In heterogeneous networks, the 
Received Signal Strength Indicator (RSSI) and QoS metrics by 
themselves, are not sufficient to support QoE-aware seamless 

mobility. This is because that metrics cannot capture the 
subjective aspects of multimedia content with regard to user 
perception/satisfaction [1][2][3]. In view of this, heterogeneous 
wireless QoE architectures with quality estimator, mapping and 
adaptation support are recognized as key issues for the success 
of future systems [4]. 

A seamless mobile multimedia architecture with a video 
quality estimator scheme, is designed aiming at estimating user 
perception in the currently connected and candidate access 
points (to be will be used in the handover decision process) and 
must integrate comprehensive monitoring schemes with service 
metrics such as visual codec, Group of Pictures (GoP) length, 
intra-frame dependency, spatio-temporal video activity, 
network impairments and other relevant factors, such as the 
capacity of wireless systems/service classes [5][6]. QoE-aware 
prediction models can be devised through efficient, network 
cross-layer agnostic content-awareness, QoE monitoring and 
Artificial Intelligence (AI) techniques along with the 
corresponding cognitive evaluation of user´s inputs [7]. 

One of the key issues when deploying heterogeneous 
wireless systems is that each domain may support different 
QoS models (e.g., IEEE 802.11e or IEEE 801.16), offer the 
same wireless service classes with different definitions or even 
service classes with different compositions [8]. Therefore, a 
QoE mapping mechanisms must be used to map application 
requirements and user´s perception into available wireless 
service classes, on the basis of information about the available 
service classes within or between wireless networks (multi-
access and multi-operators) and the video quality level score 
given by the quality estimator. During periods of congestion in 
a selected service class, the adaptation mechanism must adjust 
the quality level of the 2D/3D multimedia applications, by 
selecting another service class to map on-going packets or by 
dropping packets in overloaded queues according to their 
impact on user´s perception. 

This paper presents a mobile QoE Architecture for 
Heterogeneous Wireless Multimedia Networks (QoEHand). 
QoEHand extends MIH with QoE-aware video quality 
estimator, mapping and adaptation control. Simulation 
experiments were carried out to measure the impact and 
benefits of the proposed solution in a multi-operator IEEE 
802.11e and IEEE 802.16e system on the user´s perception, by 
employing objective and subjective QoE metrics. 

This paper is structured as follows. The related works are 
discussed in Section 2. Section 3 details the QoEHand. 
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Performance evaluation results are analysed in Section 4. 
Section 5 summarizes the paper and presents the future works 

II. RELATED WORKS 
A video quality estimator proposal that relies on the 

structure (width, length and height) of the video to provide a 
QoE quality score is introduced by [9]. However, this proposal 
was not evaluated in wireless networks and does not take video 
motion and complexity levels and intra-frame dependency into 
account in the prediction process. 

Another video quality estimator, known as Pseudo-
Subjective Quality Assessment (PSQA) [10] and, its extensions 
[11], uses a Random Neural Network to map network 
impairments and video characteristics of the user´s perception. 
Different applications have already used PSQA, such as in the 
context of video streaming over Peer-to-Peer networks [12], 
voice [13], VoIP [14], video streaming over WLAN [15] and a 
scheme for network selection together with an admission 
control mechanism for IEEE 802.11 [16]. However, PSQA-
based solutions only use QoS parameters, such as packet loss 
rate as input and do not consider videos for the prediction 
models that have different motion and complexity levels. 

The main challenges and functionalities required to create 
an IEEE 802.21 Media Independence Service Layer to 
optimize the usage of resources in heterogeneous wireless 
networks is discussed in [17], by adopting a modular and self-
organized approach. Control modules, such as mobility, routing 
and video quality estimator, can be easily integrated into the 
architecture. Our proposal uses the same modular and self-
organized approach, but also includes and analyses the benefits 
of a MIH system integrated with QoE-awareness video quality 
estimator, dynamic mapping and a set of adaptation schemes. 

An enhanced information server for seamless vertical 
handover in IEEE 802.21 MIH networks is proposed in [18]. 
Information about the wireless channel conditions is assessed 
and used to provide seamless mobility. However, this proposal 
does not assume the existence of networks with different class 
of services as expected in future wireless systems. It also lacks 
QoE assessment and optimization support. The IEEE 802.21-
based solution [19] draws attention to the benefits of its 
proposal by analyzing packet loss, handover latency and 
handover discovery time. Our proposal follows the same make-
before-break approach to provide seamless handover, but it 
also introduces the QoE video quality estimator, mapping and 
adaptation support as required for heterogeneous networks. 

A QoS architecture to provide a level of quality assurance 
for applications in heterogeneous environments is presented in 
[20]. The proposal uses a schedule-based scheme that draws on 
information about delay, loss and current network resources, 
and adjusts the scheduler to improve the video quality of 
delivery. However, this work does not provide seamless 
handover control or follow its procedures in accordance with 
the user´s experience/QoE scheme (only QoS parameters). 

An environment-aware interface management framework 
for QoS support is used in multi-interface wireless terminals 
(IEEE 802.11e and IEEE 802.16e) [21]. A static mapping 
approach between service classes of different QoS models is 
included in the framework to provide seamless mobility. 

However, in multi-operator wireless systems, a static mapping 
model is not suitable because the heterogeneous networks 
might offer the same wireless service classes but with different 
definitions or even service classes with different compositions. 
In addition, this QoE-unaware proposal does not support 
adaptation mechanisms for congestion periods. 

The main challenges for optimizing QoE in Next 
Generation Networks (NGN) are discussed in [22]. However, 
our solution will succeed in implementing and validating a 
QoE handover architecture for converged next generation 
wireless heterogeneous networks, by extending MIH and its 
traffic/mobility controllers with QoE video quality prediction, 
mapping and adaptation schemes. 

III. MOBILE QOE ARCHITECTURE FOR HETEROGENEOUS 
WIRELESS MULTIMEDIA NETWORKS (QOEHAND) 

QoEHand follows a self-adaptation principle and has been 
devised on the basis of a modular integration of control 
components over application, session and network layers (see 
Figure 1). The self-adaptation principle assures QoEHand to 
adjust its control functions to different wireless infrastructures 
and service classes. The modular design allows the inclusion 
(or change) of policies, technologies and emerging services. 

 
Fig 1. QoEHand mechanisms, protocols and interfaces 

The QoE mapping maps application requirements and 
user´s perception into available wireless service classes (IEEE 
802.11e or IEEE 801.16 QoS models). The mapping process is 
performed by drawing on information about the available 
service classes within or between networks (in multiple paths 
when possible), application QoS/QoE requirements, the video 
quality estimator score and mapping policies. The latter decides 
which, what and when mapping methods must be used to carry 
out a request. After the mapping decision, the QoS scheduler is 
triggered to map the packets in the selected service class. 

The mapping policies define two main mapping methods to 
select the best class for an emerging multimedia application (its 
flows/components), called Full and Partial-Matching. A full-
matching mapping is accomplished when the quality level 
score of an application in a class is better than the minimal 
level. If there is more than one class result in the same quality 
level score, the policy scheme only considers the service class, 
which has more available resources in terms of bandwidth. If 
the most suitable wireless service class is unable to assure a full 
matching (due to congestions or service classes with different 
configurations in terms of loss, delay and jitter support), the 
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adaptation scheme is triggered to seek a potential adaptation of 
the applications that can fit the current network conditions.  

Depending on the business strategies, the nature of the 
multimedia content and the video quality level score, a set of 
dynamic partial matching mapping approaches can be applied 
as follows: Downgrade class mapping (i): This approach 
chooses a less important class to accommodate the application 
that assures a good/acceptable level of quality (video quality 
estimator score >= minimal video quality level requirement) 
(ii): This approach selects service classes according to the order 
of priority of different multimedia components. Video 
communication is much more sensitive to packet loss than 
audio communication, because the human eye can often detect 
small glitches in a video stream caused by relatively minor 
packet loss, to an extent whereby enjoyment and/or 
understanding are more severely affected. For example, since 
voice has a higher priority than visual content in an application, 
the packets of audio flows are mapped to the best class and the 
packets of video flows to a lower priority class; Hierarchical 
2D/3D mapping (iii): This scheme maps 2D or 3D video 
frames based on the importance of each frame type from the 
user´s experience, such as, packets carrying I frames are 
allocated to the best class, while packets of P and B frames are 
mapped in a less important class. 

An advanced video quality estimator mechanism is 
implemented by QoEHand agents as detailed in [5]. This 
scheme allows real-time video quality prediction in multipath 
and multi-operator heterogeneous networks, where it gives a 
video quality score which corresponds as closely as possible to 
the user´s perception. This value is used for monitoring the 
quality level of the multimedia content consumed by a wireless 
user, as well as to predict the user´s experience of video 
streaming in multipath and multi-operator systems (used as 
input for mapping and adaptation procedures). This mechanism 
is able to carry out its video quality prediction on the basis of 
the statistical learning of Neural Networks (NN) because of its 
ability to learn and adapt from different environments. During 
the training phase, the learning process is iterative, and the NN 
improves its performance gradually as it interacts with the 
environment, and in this way, the process results in a better 
generalization. After the training phase, the proposed video 
quality estimator is used in real-time as a function that maps 
the input parameters for the MOS. 

The video quality estimator uses objective parameters from 
the video encoder and wireless network conditions, as well as 
information about the perception of real viewers collected from 
the MOS experiments. The MOS is the most widely used 
subjective metric and is recommended by the ITU [26]. The
MOS is obtained by asking people to grade the quality of video 
on a five-point scale (Excellent, Good, Fair, Poor and Bad). 

The video quality estimator takes into account the current 
network conditions (different network impairments in the 
service classes) and different video parameters (percentage of 
losses in I, P and B frames, total number of losses, GoP length, 
and motion and complexity levels) that directly affect the 
quality of the video in terms of MOS prediction. As a result, 
this procedure gives a video quality score that corresponds as 
closely as possible to human perception in real-time. Since our 

proposal has been tested and validated, it is a dynamic and 
content-aware quality predictor that is able to estimate the 
video quality of several types of video content features in 
realistic multi-operator converged network conditions, without 
any interaction with real viewers. Figure 2 shows an overview 
of the video quality estimator mechanism, where original 
videos are encoded, transmitted in wireless networking systems 
(suffered network impairments) and the quality level of 
received videos are subjectively evaluated by real observers.

 
Fig 2. QoE video quality estimator 

This paper validated the video quality estimator in an IEEE 
802.11e and IEEE 802.16e system as explained in Section 4. 
After observers have evaluated each video in service classes 
with different congestion levels, the training process was 
performed by the training video database to obtain the mapping 
between the selected input (video/network) parameters and the 
MOS. The validation task was done with cross-validation 
techniques to minimize the generalization error. If the predicted 
MOS indicates a low level of quality for the video flow, the 
QoEHand will search a new (most suitable) class to map or 
adapt the multimedia content. The QoEHand considers the 
service classes available in the current and target networks so 
that it can offer continuous and seamless services and a 
satisfactory multimedia content delivery in heterogeneous 
networks, as expected in future environments. 

As mentioned earlier, one problem arising from multi-
operator wireless systems is the fact that each network provider 
can support different QoS models (e.g., IEEE 802.11e or IEEE 
801.16) and can offer the same class of service with different 
definitions. For this reason, when the mapping process is not 
optimal (perfect match), the QoE Adaptation adjusts (e.g., 
downgrades) the quality level of the emerging applications if 
the network resources in a service class are unavailable (e.g., in 
congestion periods). The downgrade adaptation process is 
reversible when there are available resources in the previous 
service class again. In this case, the QoEHand can trigger MIH 
to handover the wireless client to the old network and maps all 
the flows into the previous service class. Since the success of 
our seamless proposal depends on adopting a make-before-
break approach, the resources that are allocated and not used in 
previous or candidate the service classes, are released by soft-
state operations, for instance after a handover. 

A set of network adaptation profiles can be performed by 
the adaptation mechanism to control the quality level of new or 
current applications as follows: 2D/3D Frame dropping 
adaptation (i): This approach drops packets according to the 
visual importance of each frame encoded with common 
hierarchical 2D and 3D MPEG/H.264 codecs. I frames are 
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marked with low priority and B frames with high priority on 
dropping probability. Due to the intra-fame dependency in 
hierarchical codecs, when a P-frame is discarded, all of the 
subsequent P frames and B frames within the same GoP should 
also be discarded. When an I frame is discarded, all other 
frames within the same GoP is dropped. Scalable video 
adaptation (ii): This approach adjusts the quality level of 
applications by, dropping or adding low important flows of 
scalable multimedia data. Hierarchical component adaptation 
(iii): Media flows within an application can be marked with 
different priorities. Audio packets are marked with low priority 
and video with high priority dropping probability.  

After introducing the functionalities of the mapping, 
adaptation, and video quality estimator, QoEHand will be 
described and integrated with an IEEE 802.21 converged 
network. In this system, each BS or AP (both with MIH) gives 
information before the connection, about which service class 
(including the current channel conditions in terms of loss, 
delay, jitter and bandwidth) are available to map the 
applications of the wireless clients. After selecting a service 
class (e.g., Access Category 1 in IEEE 802.11e or Unsolicited 
Grant Service (UGS) in IEEE 802.16e), the BS/AP establishes 
a connection linked to the user in a QoS class with enough 
resources to ensure a quality level for the application. 

When a wireless node detects a Target/Candidate/Foreigner 
Network, the MIH module sends a MIH_LINK_DETECTED 
message to inform the Target Network that there is a new client 
in a coverage area. The Target Network sends a 
MIH_LINK_PARAMETERS_REPORT to the Current Network, 
where the available service classes and its conditions are 
contained. After this, the QoEHand in the Current Network 
measures and compares the level of video quality in the current 
and foreign service classes and triggers the mapping 
mechanism to select the best service class for the multimedia 
applications. If the quality level score in the target network is 
higher, QoEHand informs the mobile node of the handover 
decision by sending a MIH_LINK_PARAMETERS_REPORT. 
The seamless handover is initiated by using a 
MIH_HANDOVER_INITIATE. The handover can also be 
triggered in congestion periods when the video quality 
estimator detects a service class in a target network that will 
assure a better level of quality. The MIH establishes 
communication between the lower and upper layers, based on a 
set of primitives defined as SAPs (Service Access Points) and 
presented in its standard. 

IV. PERFORMANCE EVALUATION AND RESULTS 
Performance evaluations were carried out by Network 

Simulator 2 (NS2) and Evalvid Tool. The objective was to 
analyse the benefits of QoEHand in converged IEEE 802.11e 
and IEEE 802.16e networks, compared with a system without 
QoEHand (without video prediction, mapping and adaptation – 
only MIH functionalities), by measuring objective and 
subjective metrics. The QoEHand Quality Estimator Neutral 
Network was formed with the aid of MATLAB. The Real Time 
Protocol (RTP) payload header includes a field which indicates 
the current frame type, i.e., I, P, or B frames. 

Four profiles were configured in the system to determine 
the benefits of QoEHand with different scenarios and 

experiments: (i) Pure_MIH (without QoEHand); (ii) 
QoEHand_Full, when a full mapping match is achieved during 
the handover and there are available resources in the service 
class of the foreign network; (iii) QoEHand_Part profile, which 
re-maps all the packets of a video sequence into a less 
important class in the target network, because the most suitable 
wireless service class cannot assure a full-matching (e.g., due 
to congestions); (iv) QoEHand_Drop which controls the video 
quality level by dropping video packets in descending order of  
importance from the standpoint of the user´s perception. 

The Structural Similarity Metric (SSIM) QoE metric is 
based on frame-to-frame measuring of three components 
(luminance similarity, contrast similarity and structural 
similarity) and combining them into a single value, called the 
index. The SSIM index is a value between 0 and 1, where 0 
stands for zero correlation with the original image, and 1 stands 
for exactly the same image.  

The ITU-T MOS recommendation was used for subjective 
evaluation with 55 observers. They had normal vision and their 
ages ranged from 18 to 45. The observers included 
undergraduate students, postgraduate students, and university 
staff. The test platform used was a Desktop PC with Intel Core 
i5, 4GB RAM and a 21” LCD monitor. 10 different well-
known Internet video sequences were selected for the 
experiments (Akiyo, Container, Coastguard, Highway, 
Football, Hall, Mobile, Grandma, News, Silent) with different 
complexity and motion levels [23]. The video sequences were 
encoded in MPEG4 format and the duration varied from 10s to 
30s. The GoP length was 18, which is what can be expected for 
common Internet videos. To provide a large enough video 
database and increase the system reliability, each selected 
video was simulated 10 times by varying the congestion 
periods (from 0% to 50% in steps of 5) in a class, resulting in a 
total of 100 (received) videos with different packet loss rate. 

The multi-operator use case scenario is composed of IEEE 
802.11e and 802.16 networks, where QoEHand seeks to 
control the quality level of the multimedia applications and 
provide seamless mobility and adaptation in congestion 
periods. Two service classes are configured in each network 
(IEEE 802.11e – AC_V0 and AC_V1 / IEEE 802.16e - Real-
time Polling Service (rtPS) and Non-real-time Polling Service 
(nrPS). The service class where the user is receiving the video 
in the current network will experience congestions from 5% to 
50% in steps of 5 caused by concurrent traffic. Hence, 
QoEHand will interact with MIH to adjust (handover, re-
mapping or drop packets) the video quality level based on one 
of its 3 profiles. 10 simulations were carried out for each video, 
where, in five of them, the receiver experienced congestions in 
a service class of an IEEE 802.11e network. In the other 5 
experiments, the receiver experienced congestions in a service 
class of an IEEE 802.16e network.  

The MOS results (Figure 3) show that QoEHand assures an 
excellent quality level for the videos during congestion periods 
when the QoEHand_Full and QoEHand_Part profiles are 
configured in the system. In the QoEHand_Part, the videos still 
have a good-to-excellent quality level even when re-mapped to 
a less important class (nrPS or AC_V1) with a packet-loss rate 
of approximately 2%. The QoEHand_Drop attempts to keep 
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the application at an excellent quality level of up to 10% of 
congestion and at a good/regular quality level of up to 30% of 
congestion. When the Pure_MIH is used, the video quality 
level was considered poor by all the observers if there was at 
least 10% of congestion in a wireless service class.  

 
Fig 3. Congestion x MOS for all the profiles 

Figure 4 illustrates the SSIM values obtained from all the 
experiments. When the QoEHand_Full is used, the SSIM value 
is, on average, approximately 7%, 21% and 40% better 
compared with the profiles of QoEHand_Part, QoEHand_Drop 
and Pure_MIH, respectively. 

 
Fig 4. Congestion x SSIM for all the profiles 

V. CONCLUSION AND FUTURE WORKS 
Future multimedia systems envision the synergy among 

heterogeneous wireless communications will co-exist, where 
users must be connected to networks able to provide the best 
QoE for his/her applications. This paper proposes QoEHand to 
improve the user´s perception and optimize the usage of 
wireless network resources in a competitive converged system. 
QoEHand extends MIH with QoE assurance by coordinating 
quality estimator, mapping and adaptation mechanisms. Due to 
its modular approach, QoEHand can be adjusted to operate 
with different wireless technologies, such as LTE. 

Performance evaluations were carried out to present the 
impact and benefit of QoEHand in an IEEE 802.11e and IEEE 
802.16e multi-operator system. The results obtained show that 
QoEHand provides a better quality level for multimedia 
applications compared to a pure MIH scheme. For instance, 
QoEHand_Full and QoEHand_Part profiles keep the video 
with an excellent MOS during all experiments. 
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