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Abstract

Due to the exploding traffic demands with the ubiquitous anticipated spread of 5G and
Internet of Things, research has been active to devise mechanisms for meeting these
demands while maintaining high quality user experience. In support of this direc-
tion, 3GPP is working towards cellular/WiFi interworking in heterogeneous networks
to boost throughput, capacity, coverage and quality of experience. However, the con-
tinuous use of multiple wireless interfaces will increase the system performance but at
the expense of more energy. As a result, there is a need for a dynamic use of multi-
ple interfaces to provide a balance between energy consumption, throughput and user
experience. Previous work in this field has considered improving throughput and reduc-
ing energy consumption, but did not consider simultaneously quality of experience as
perceived by the end user. In this work, we aim at devising real-time traffic traffic split-
ting strategies between WiFi and cellular networks to maximize user experience, reduce
delay, and balance the needed energy consumption. We develop solutions for cellu-
lar/WiFi network resource management using Lyapunov drift-plus-penalty optimization
approach. We evaluate the proposed approach using parameters determined via experi-
mental measurements from mobile devices, and using our own test bed implementation
to provide an evaluation under realistic operation conditions. Results show the per-
formance effectiveness of the proposed traffic splitting approach in terms of throughput,
delay, queue stability, energy consumption and quality of user experience by monitoring
the frequency and lengths of video stalls.

Keywords: QoE, Heterogeneous Networks, Energy Consumption, Traffic Splitting,
Multi-RAT

1. Introduction

According to Cisco Visual Networking Index, the mobile traffic will reach 30.6 Ex-
abytes per month by 2020 [1]. Video streaming and downloads are expected to consist



more than 75% of all consumer Internet traffic in 2020 [1]. Due to the large video
demands, operators are working towards satisfying application needs in terms of band-5

width and users’ expectations. The user’s expectations, noted as quality of experience
(QoE), is defined by the International Telecommunication Union (ITU) as the overall
acceptability of an application or service, as perceived subjectively by the end-user [2].

To meet these tremendous traffic demands, the research community is currently ac-
tively involved in the design of the key components that will lead to the development of10

the 5G cellular technology, with the ability to accommodate massive connections and
high loads with ultra-fast speeds taking advantage of coexistence of multiple wireless
interfaces[3][4][5]. Heterogeneous networks (HetNets) are currently under intensive
academic and industrial research due to their improved coverage and unprecedented ca-
pacity gains as compared to conventional single-tier macro networks. The idea behind15

HetNets is to overlay existing macro cellular networks with additional infrastructure
in the form of smaller low-power low-complexity access nodes, such as WiFi hotspots.
Substantial gains in throughput and user experience can be provided by utilizing smarter
resource coordination among base stations, better transmission strategies and more ad-
vanced techniques for efficient resource management [6][7]. Resource allocation in20

HetNets can be divided between approaches focused on utilizing one wireless interface
at a time, which is denoted as network selection, and approaches focused on utiliz-
ing multiple interfaces simultaneously which is denoted as traffic splitting. Network
selection allows moderate enhancements in terms of throughput while keeping energy
consumption low. However, traffic splitting achieves higher throughput and quality of25

experience with a trade off cost in terms of energy consumption. Since the energy of
the mobile devices is limited and due to the urgent need of satisfying user expectations,
a balance between energy consumption, user experience and throughput is needed.

In this work, we focus on real-time traffic splitting decisions in cellular/WiFi Het-
Nets to provide the user with a balance between high quality of experience, low energy30

consumption and delay while using video on demand streaming applications. We aim
at developing an optimized multi-objective traffic splitting solution as a function of the
dynamic variation of various system parameters. The proposed approach does not only
focus on the energy consumption and throughput, however, it considers user satisfaction
as a main objective based on QoE metric that is derived from ITU-T P.1201 standard35

for video streaming applications. Real-time traffic splitting decisions are performed
based on Lyapunov optimization utility functions aiming at achieving high quality end-
user experience and minimizing energy consumption while stabilizing network queues.
The proposed approach traffic splitting with delay-power-QoE balance (TS-PQ) is user-
centric and runs in the background at the user side without any intervention from the40

network or the server, and without performing any changes to the cellular/WiFi stan-
dards. The performance is evaluated using simulations based on parameters determined
via experimental measurements on mobile devices for video streaming and using our



own test bed implementation under realistic conditions.
This paper is organized as follows. Related work is presented in Section 2. The45

contributions are presented in Section 3. The potential gains of traffic splitting are
presented in Section 4. The system model is presented in Section 5. The proposed
traffic splitting approach is detailed in Section 6. Performance results are presented and
explained in Section 7. Test bed implementation and results are presented in Section 8.
Finally, conclusions are drawn in Section 9.50

2. Related Work

Network selection and traffic splitting in cellular/WiFi HetNets have been widely
addressed recently in the literature.

2.1. Network Selection in Heterogeneous Networks
The authors in the following research works focused on proposing approaches for55

the user to select one network in HetNets. The authors in [8] defined the best network
depending on the coverage, cost, bandwidth and application QoS requirements, capac-
ity, as well as personal preferences. The authors in [9]-[13] used machine learning to
solve network selection in HetNets. In [9], the authors proposed a new learning-based
approach based on decision tree for performing 3G/WiFi network selection considering60

different features such as signal strength, data size, location, and type of application
to maximize throughput or maximize energy efficiency or reduce energy consumption
based on the context. In [10], a fuzzy logic based network selection approach was
proposed considering signal strength, network load and mobile movement speed pro-
viding the best throughput. In [11], the authors proposed a Q-learning and reinforce-65

ment learning-based algorithm for radio access technologies selection game where the
throughput is the main objective function. The authors in [12] used particle swarm op-
timization and a modified version of the genetic algorithm to solve network selection
and channel allocation providing users with a target quality of service at a low price,
subject to the interference constraints. In [13], the authors proposed a cooperative ver-70

tical handoff decision algorithm based on game theory to achieve the load balancing
and meet the quality of service (QoS) requirements of various applications. The au-
thors in [14] presented a network selection approach for energy-delay tradeoff using the
Lyapunov optimization framework for video upload considering queue stability, power
consumption and throughput. The authors in [15] proposed a network selection scheme75

with network assistance satisfying operator objectives while meeting user preferences
and requirements. In [16], the authors proposed a handover scheme based on a util-
ity function providing balance between energy, throughput and cost based on the user
preferences. In [17], [18] and [19], the authors considered traffic offloading in HetNets
from the cellular network to WiFi to balance the load, accommodate new requests and80



reduce network congestion. The authors in [20] addressed power and admission con-
trol in small cells deployment aiming at maximizing user admission, network spectral
and energy efficiency while satisfying users minimum rate requirements. In [21], the
authors proposed a joint network selection and resource allocation for multicast in Het-
Nets aiming at minimizing the overall bandwidth cost. The authors in [22] proposed85

automatic energy efficient application-aware multimedia delivery solutions in cooper-
ative HetNets where a device can download content from the neighboring device with
the same interest on the content and providing lower energy consumption.

Despite the enhancements provided by the intelligent network selection approaches,
their performance was limited to the selection of one interface, and did not consider the90

simultaneous use of multiple interfaces. Furthermore, they did not consider user quality
of experience.

2.2. Traffic Splitting in Heterogeneous Networks
The authors in the following research works considered traffic splitting in HetNets.

In [23]-[27], the user receives data over different interfaces consecutively according to a95

specific ratio. The authors in [23] aimed to split the traffic periodically according to the
ratio of the time required to send the data using one link over the sum of time required
to send it via both links. The authors in [24] presented a multi-objective approach for
traffic splitting that splits the data file between WiFi and cellular links capturing trade-
offs between throughput maximization and energy consumption minimization. In [25],100

the authors worked on minimizing the time required to send the data over WiMAX
and WiFi to determine the traffic splitting ratio. In [26], Yang et al. proposed a traf-
fic splitting approach based on a split ratio dynamically adjusted based on the network
channel quality and load to enhance throughput. The authors in [27] presented a mul-
tipath packet transmission scheme that reduces packet reordering, improves throughput105

and maximizes utilization of the links. The faster link is assigned more packets than
the slower one. In [28]-[32], the authors aimed to split the traffic based on the service
characteristics. In [28], the control or important information such as base layer in video
are sent over 3G while others are sent via WiFi. The authors in [29] proposed layered
video streaming allocation based on traffic characteristics to increase system capac-110

ity. The authors in [30] proposed a delay tolerant approach in heterogeneous networks
where the user sends a request via 3G to the base station which replies by forwarding
the requested content via 3G or WiFi based on links’ availability. In [31], the I-frames,
containing the full information of the video, are sent over 3G with a guaranteed level
of quality of service while other frames are sent via WiFi. The authors in [32] pro-115

posed a centralized multi-RAT bandwidth aggregation where LTE and WiFi networks
are used to transfer different services simultaneously taking into consideration networks
congestion. The authors in [33] proposed a traffic splitting approach performed at the
network level, through jointly optimizing traffic control and radio resource allocation of
multiple radio access networks. The authors in [34] and [35] considered uplink traffic120



splitting and scheduling. The authors in [34] proposed a packet scheduling algorithm
based on parallel aggregation of radio nodes transmission schemes to improve the delay
performance.

The authors in [35] proposed resource allocation for uplink traffic splitting while
considering a particular aspect of user QoE, where the QoE metric focuses on: (1)125

link reward function reflecting the achieved throughput as quality of service, and (2)
resource cost function representing the cost required to use the allocated resources per
unit bandwidth. They aimed at illustrating the trade-off between the link throughput and
associated cost without considering actual user experience as perceived by the user end.

In summary, previous network selection and traffic splitting approaches considered130

load balancing, system capacity enhancement, bandwidth allocation, throughput maxi-
mization and power consumption reduction. However, they did not consider simultane-
ously user quality of experience. Some work addressed system performance enhance-
ment, and based their results on simulations or arbitrarily generated values for factors
affecting network selection decisions such as signal quality, network load and achiev-135

able data rate. Some proposed approached were not dynamic, the decision is static and
made only once. Traffic splitting decisions in some works were based on traffic charac-
teristics, and may require network assistance.

3. Contributions

This paper focuses on meeting the real-time demands of video streaming applica-140

tions where higher bandwidth and QoE are required. This can be achieved by allow-
ing the use of multiple wireless interfaces simultaneously, which would lead to higher
energy consumption. Alternatively, we propose a QoE-aware resource management
approach providing the user with higher throughput, good quality while keeping low
bounds on energy consumption and delay.145

The main contributions of this work can be presented as follows:

1. Developing an optimized multi-objective traffic splitting solution that minimizes
delay, stabilizes network queue while reducing energy consumption and achieving
high quality end-user experience. In contrast to the literature, our approach does
not focus only on throughput and energy consumption, but also considers user150

quality of experience based on ITU-T P.1201 standard to better capture the video
quality as perceived by the end user.

2. Providing real-time traffic splitting decisions as a function of the dynamic varia-
tion of various system parameters. The formulation customizes the Lyapunov drift
plus penalty optimization approach to meet the desired objectives of capturing155

user satisfaction, achieving a balance between high quality end-user experience,
low energy consumption and delay, and allowing the use of multiple interfaces
simultaneously to split the traffic at a specific time slot into different links.



3. Allowing the proposed approach to function in the background at the user side
without any intervention from the network or the server, and without performing160

any changes to the cellular/WiFi standards.
4. Evaluating and validating our proposed approach using our own test bed imple-

mentation under realistic conditions.

4. Motivating the Benefits of Traffic Splitting in HetNets

To demonstrate the potential gains of traffic splitting in heterogeneous networks, a165

realistic toy example for video on demand transmission is presented in Figure 1. Sim-
ulations are conducted using MATLAB to stream a video using different strategies: (1)
WiFi only (WO), (2) cellular only (CO), and (3) using both links simultaneously (TS-
S), and their performance in terms of average throughput, total energy consumption,
frequency of stalls and length, and satisfaction metric evaluated based on ITU-T P.1201170

(2013) QoE metric (15) (details are presented in Section 6.2). Figure 1 shows the three
different data transmission decision strategies for three consecutive 117 KB data down-
load time slots. The video has a size of 7 MBytes, duration of 60 seconds, and frame
rate of 25 fps. The arrival rate will be 117 KBytes every second. At each time slot of
duration 1 second, the mobile device will make decision on the links to use for down-175

loading data based on the selected strategy. if the download rate is less than the video
arrival rate, the user will experience buffering events. The video data is not lost and the
frames are not skipped. Instead, they are delayed when stalls happen. In the top-most
plot, the data is always sent over WiFi. The average throughput over WiFi was higher
than the average throughput provided by cellular link while the total energy consumed180

is the lowest comparing to the other two scenarios where data is sent over cellular only
or split between the two links.

In the lowest plot, splitting the traffic by using both links simultaneously provides
higher throughput while consuming more energy compared to using WiFi and cellular
alone. The results showed that the user experience stalls and freezing frames while185

watching over WiFi and cellular only, however, no stalls are experienced when traffic
splitting is used. The estimated QoE is 5 when using traffic splitting while it is lower
4.3979 and 4.0229 when using WiFi only and cellular only, respectively.

This demonstrates the potential gains of traffic splitting in HetNets and proves its
ability to provide high performance in terms of throughput and user satisfaction with190

a trade of in energy consumption. The results emphasize the need for an optimized
decision making approach to achieve target performance tradeoff and motivate our work
for proposing better solutions for designing an optimized approach to determine the
best cellular/WiFi resource management strategy considering traffic splitting decisions
in every time slot. Many questions arise for selecting the best suitable decision at each195

time slot: (1) What are the available interfaces and transmission strategies? (2) What are
the effects of using each strategy on the device power consumption, queue length and



Figure 1: Toy example illustrating the benefits of traffic splitting by comparing three
scenarios of: (i) always use WiFi, (ii) always use cellular, (iii) traffic splitting while
using the two links simultaneously, for downloading three consecutive 117 KB data
blocks. The Figures show the performance in terms of average throughput, total energy
consumption, frequency of stalls and length (freeze frames are marked with X), and
QoE metric evaluated based on (15).

user satisfaction? (3) What is the best strategy and the amount of data to be transmitted
over each interface that reduces power consumption, queue backlog length, number
and length of stalls, and maximizes user QoE? (4) Is it possible to provide a device200

centric approach performing autonomously without any intervention or change in the
standards? (5) What will be the gains under practical implementation and operational
conditions?

5. System Model

A cellular/WiFi heterogeneous network is typically composed of areas covered via205

3G/4G cellular macro-cells and WiFi hotspots (see illustration in Figure 2). Individual
users can take advantage of the coexistence of the different technologies for enhancing
their perceived quality of service and experiences. Our proposed method will decide
on behalf of the user to use one link or multiple links simultaneously based on system
parameters such as throughput, energy consumption, quality of experience and cellu-210

lar/WiFi links characteristics. Therefore, deciding on the best download strategy needs
to be dynamic to provide the user with the best performance at discrete time sample
points, represented by time slots. The notion of time slots is introduced to handle dis-
cretization of the real-time aspect of the system and handle the queuing theory operation



Figure 2: Heterogeneous network formed by cellular macro-cell and WiFi hotspots.

of the proposed approach. It provides practical feasibility to make decisions periodically215

every time slot based on data collected and previous actions. Accordingly, at every time
slot t, when a mobile device has both cellular and WiFi connections available, the best
link for data download or the best split ratio of data over the two links should be de-
termined to optimize performance and provide the best balance between QoE, energy
consumption and delay.220

In general, the main system parameters are:

• Time slot duration (Ts):
Ts is the time slot duration, in seconds, representing how often the decision is
taken.

• Resource management solution (L[t]):225

L[t] is the possible traffic splitting decision at time slot t, which can be one of the
following: (1) WiFi only, (2) cellular only, (3) both links simultaneously, and (4)
no transmission.

• Strategy (`):
The index ` represents one of the possible resource management strategies rep-230

resented by L[t]. ` represents the index W when WiFi only is selected, C when
cellular only is selected and WC when both links are used simultaneously. Based
on the selected strategy `, the amount of data to be sent over WiFi and cellular
links, respectively during time slot duration Ts, can be determined.

• Transmission data rate (R`[t]):235

R`[t] represents RW[t] the estimated data rate over WiFi link only, RC[t] over
cellular link only, and RWC[t] when using both links simultaneously at time slot t,
expressed in bits/second. Note that RWC[t] = RW[t] +RC[t].



• Power consumption (P`[t]):
P`[t] represents the estimated power consumed by the mobile device while re-240

ceiving via WiFi, cellular or both links simultaneously, PW, PC and PWC in Watts,
respectively. Note that PWC[t] = PW[t] + PC[t].

• Arrival rate (A[t]):
A[t] represents the amount of data, in bits, that arrives to the user’s queue at the
server from the application layer within time slot t.245

• Cost (C`[t]):
C`[t] represents the estimated penalty function and cost in terms of power con-
sumption and QoE degradation when choosing resource management strategy `
at time slot t. The selected resource management strategy will determine the cost
of the decision at time slot t.250

• QoE metric (φ`[t]):
φ`[t] represents the expected quality of experience and user satisfaction when
choosing download strategy ` at time slot t. φ`[t] represents φW[t], φC[t], φWC[t]
when WiFi only, cellular only, and simultaneous use of both links are selected,
respectively. φ`[t] is expressed as mean opinion score ranging from 1 to 5.255

• Number of stalls (N`[t]):
N`[t] represents the predicted number of stalls or rebuferring events that the user
is expected to experience if resource management strategy ` is used at time slot t.
If the transmission rate is less than the required amount of data to be played, the
user will experience a re-buffering event during time slot t; in this case, N`[t] =260

N [t− 1] + 1.

• Average stalls length (L`[t]):
L`[t] represents the average length of stalls that the user is expected to experience
if download strategy ` is used at time slot t. L`[t] considers the length of all the
previous stalls experienced by the user in addition to the expected stall length at265

time slot t.

The performance parameters are:

• Transmission data (µ`[t]):
µ`[t] represents the amount of data that has been transmitted in time slot t over
WiFi and cellular links µW[t] and µC[t], respectively, and on both links simultane-270

ously µWC[t], expressed in bits.

• Transmission data (µ[t]):
µ[t] represents the total amount of data that has been transmitted till time slot t,
expressed in bits.



• Queue backlog (Q[t]):275

The queue backlog Q[t] represents the amount, in bits, of unfinished work as data
not being downloaded yet at the beginning of time slot t and can be expressed as
follows:

Q[t+ 1] = Q[t]− µ`[t] + A[t] (1)

• Video data played (Y [t]):
Y [t] represents the amount of video data played till time slot t, expressed in bits.280

• Video data downloaded but not yet played (D[t]):
D[t] represents the amount of video data downloaded but not yet played till time
slot t, expressed in bits. D[t] can be computed as follows: D[t] = max(µ[t] −
Y [t], 0).

• QoE (φ[t]):285

φ[t] represents the quality of experience metric reflecting the user satisfaction at
time slot t. QoE metric does not capture subjective quality of experience, how-
ever, φ[t] will reflect the user satisfaction based on the video stalling length and
frequency objective measures.

• Number of stalls (N [t]):290

N [t] represents the number of stalls that the user experiences till time slot t.

• Stalls length (W [t]):
W [t] represents the length of stalls that the user experiences till time slot t.

• Instantaneous throughput (I[t]):
I[t] represents the instantaneous download rate obtained at every time slot t, ex-295

pressed in bits per second.

• Energy consumption (E[t]):
E[t] represents the energy consumed to download data at every time slot t, ex-
pressed in Joules.

• Actual streaming time (S[t]):300

Due to the channel condition variations, the estimated rate may be different from
the actual transmission rate at time slot t. The data may be downloaded in less
time if the actual transmission rate is higher than the estimated. S[t] represents
the actual amount of time needed to download the video data at every time slot t,
expressed in seconds.305



6. QoE-Aware Traffic Splitting Optimization

This paper presents a QoE-aware resource management approach for video on de-
mand streaming applications. Our main aim is to solve traffic splitting problem cap-
turing the balance between user QoE, delay bounds and energy consumption for video
streaming applications. To achieve high quality of experience with our target applica-310

tion of video streaming, we want to minimize, if not eliminate, video stalls for the users.
As a result, the goal for QoE is to keep the network queue backlog from building up and
causing video stalls and delays. Therefore, we aim to find the best traffic splitting so-
lution at every time slot t minimizing the delay and stabilizing network queues while
reducing the average power consumption and achieving high quality of experience.315

The queue length will grow infinitely when the download rate is less than the video
arrival rate; the user will then experience stalling events. The queue backlog length is
thus directly related to the system parameters and channel quality such as download
rates over each interface. Under queue stability, all requested bits are delivered within
an acceptable limited delay experienced by the user, such that, all video chunks will be320

delivered within their playback deadline [36]. To ensure queue stability, decisions need
to be made at every time slot t based on the current queue state and system parameters,
to control the change in a function at every step. This process will allow controlling the
ending value of the queue backlog size from growing infinitely.

The traffic splitting problem can be formulated as a multi-objective optimization325

function leading to high QoE with a controlled tradeoff in energy consumption. We use
Lyapunov optimization framework from queuing theory, which also provides low com-
putational complexity and enables real-time decisions on network transmission. The
Lyapunov optimization guarantees queue stability and achieves near-optimal perfor-
mance for the chosen optimization objective [14] [37].330

Lyapunov-based utility functions are derived to provide solution for the multi-objective
optimization providing a balance between QoE, energy consumption and delay. These
utility functions are computed for the set of possible download strategies which are in
our case WiFi link alone, cellular link alone, and both links simultaneously. The strat-
egy providing the maximum utility function will be selected for transmission at time335

slot t.
In this section, we present: (A) the Lyapunov drift-plus-penalty optimization formu-

lation of the multi-objective function minimizing the Lyapunov drift and cost penalty
function, (B) penalty cost function capturing the balance between the power consump-
tion and QoE in addition to queue stability, and (C) the proposed solution and utility340

functions derivation from the Lyapunov-based multi-objective function.

6.1. Lyapunov Drift-Plus-Penalty Optimization Formulation
The Lyapunov optimization considers controlling and minimizing the change in the

user download queue backlog size Q[t] at every time slot t resulting in a scheduling



algorithm that reduces delay bounds, stabilizes the queue over time and enhances QoE.345

Definition 1: The Lyapunov function is a scalar measure of the network congestion.

ζ(Q[t]) =
1

2
(Q[t])2 (2)

Definition 2: The Lyapunov drift function ∆(Q[t]) measures the difference in the
Lyapunov function between two consecutive time slots.

∆(Q[t]) = E{ζ(Q[t+ 1])− ζ(Q[t]) |Q[t]} (3)

The function grows large when the system moves towards undesirable states. There-
fore, system stability is achieved by taking control actions that minimize the Lyapunov
function drift function ∆(Q[t]). If control decisions are made every slot t to greedily
minimize ∆(Q[t]), then backlogs are consistently pushed towards a lower congestion
state, which maintains network stability [36][37].350

Lyapunov drift-plus-penalty method is used as an extension to the base Lyapunov
optimization by adding a penalty C[t] term weighted by a positive coefficient V [t] that
determines the significance of the penalty cost function. In our case, the penalty cost
function is expressed in function of power consumption and quality of experience. The
Lyapunov drift-plus-penalty approach uses drift steering technique for achieving real-355

time near-optimal performance-delay tradeoffs for dynamic resource management [14]
[37].

The Lyapunov drift-plus-penalty method is used to capture queue backlog stability
in real-time network systems while optimizing the penalty objective metric which al-
lows a balance between delay, QoE and energy in our case. The advantages of using360

this approach is that (1) it converges to [O(1/V ), O(V )] performance-delay tradeoff;
it results in a time average penalty that is within O(1/V ) of optimality, with a corre-
sponding O(V ) tradeoff in average queue size, (2) it provides local optimum guarantees
even for non-convex functions, and (3) it provides simple and fast solutions by making
decisions based on the current queue states and system parameters without requiring365

knowledge of the probabilities associated with future random events such as arrival
rates and channel variation [37].

The objective function of the Lyapunov drift-plus-penalty approach will be:

argmin
`∈L[t]

∆(Q[t]) + V [t] · E{C`[t] |Q[t]} (4)

The objective function aims at (1) minimizing the Lyapunov drift to ensure queue sta-
bility and prevent the queue to grow large, and (2) minimizing the cost function at every
time slot t that is in our case expressed in terms of power consumption and quality of370

experience. The goal is to find the best traffic splitting strategy ` that minimizes the
Lyapunov drift to ensure minimum delay and queue stability while reducing the trans-
mission cost at every time slot t. Since the system is dynamic and the channel conditions



and rates estimation vary over time, the positive weight V [t] and cost C`[t] are time de-
pendent and may vary based on the link selected for transmission at each time slot t.375

For real-time traffic splitting decisions, the multi-objective function will be used
to derive utility functions computed at every time slot t to choose the most efficient
traffic splitting strategy ` among L[t] represented by the following: (1) WiFi only (W),
(2) cellular only (C), (3) both links simultaneously (WC), and (4) no transmission (0).
These utility functions can be obtained by developing the objective function as follows.380

Combining (1), (2) and (3), the Lyapunov drift function will be:

∆(Q[t]) =
1

2
E{(Q[t]− µ[t] + A[t])2 −Q[t]2|Q[t]} (5)

≤ 1

2
E{µ[t]2 + A[t]2 |Q[t]} −Q[t] · E{µ[t]− A[t] |Q[t]} (6)

Therefore, the multi-objective function in (4) can be upper bounded as follows:

∆(Q[t]) + V [t] · E{C`[t] |Q[t]} ≤ 1

2
E{µ`[t]2 + A[t]2 |Q[t]} −Q[t] · E{µ`[t] |Q[t]}

+Q[t] · E{A[t] |Q[t]}+ V [t] · E{C`[t] |Q[t]}
(7)

The amount of data µ`[t] to be sent over link ` can be estimated at the user side based
on the transmission data rate R`[t] representing RW[t], RC[t] or RWC[t]. Therefore, µ`[t]
is replaced by its estimate amount of data transfer when using resource management
strategy ` at time slot t expressed as follows: E{µ`[t] |R`[t]}.

Minimizing our target multi-objective function (4) can thus be achieved by minimiz-385

ing the upper bound of the objective function in (7). Define B[t] and λ as follows:

B[t] =
1

2
E{µ`[t]2 + A[t]2 |Q[t]} (8)

λ = E{A[t] |Q[t]} = E{A[t]} (9)

B[t] and λ are non controllable parameters. λ represents the expected data arrival rate
A[t] defined by the application which is in our case the video arrival rate. λ cannot be
controlled by the user and is independent of the current queue backQ[t]. B[t] is the sum
of the variances of the transmission rate and the arrival rate, which are non controllable390

parameters. In addition, B[t] is assumed to be bounded by a fixed value B [14]. Thus,
minimizing the Lyapunov drift and penalty will result in minimizing the controllable
part of the upper bound in (7) −Q[t] · E{µ`[t] |Q[t]} + V [t] · E{C`[t] |Q[t]} which is
equivalent to −E{Q[t] · µ`[t]− V [t] · C`[t] |Q[t]}.

Using the concept of opportunistically maximizing an expectation, the upper bound
expression is maximized by choosing the traffic splitting strategy ` every time slot t as
follows [37]:

argmax
`∈L[t]

Q[t] · E{µ`[t] |R`[t]} − V [t] · C`[t] (10)



L[t] is the set of possible traffic splitting decision at time slot t. The solution of the395

optimization problem is to find the best download strategy ` providing the highest per-
formance gains as the best balance between QoE, delay, and energy consumption. The
selected strategy `will determine the amount of data µ`[t] to be downloaded during time
slot t as µW[t] if WiFi link only is selected, µC[t] if cellular link only, and µWC[t] if both
links are used simultaneously.400

6.2. Cost Function in Terms of Power Consumption and QoE Metric For Video Stream-
ing

We define the cost C`[t] of using a transmission link ` at time slot t as a function of
power consumption and QoE parameters as follows:

C`[t] = f(P`[t], φ`[t]) = w1P`[t]− w2φ`[t] (11)

where w1 and w2 are positive weights that define the relative importance of the power
consumption and QoE metrics. P`[t] is the power expenditure at time slot t when using
strategy ` and φ`[t] is a metric representing the quality of experience.405

P`[t] represents the average power consumed by the mobile device while receiving
data over different interfaces over time slot following time instance t. When WiFi link
is selected, the mobile device will consume PW[t] to download data during time slot t.
Similarly, the device will consume PC[t] while receiving data over cellular link only.
When both links are used simultaneously for data download, the device will use both410

interfaces in parallel and will consume PWC[t] = PW[t] + PC[t].
The quality of experience metric φ`[t] is based on both objective and subjective

psychological measures of using an information and communication technology ser-
vice [2][38][39]. Several factors affect quality of the video experienced by the user end
such as: (1) network parameters including transmission rate, packet loss, delay, and415

jitter resulting in stalls and freeze frames (2) application type and characteristics, for
instance, video characteristics such as size, frame rate and resolution, and (3) user char-
acteristics such as user’s age, and interests. The satisfaction of the user when using the
application can be measured by Mean Opinion Score (MOS) [40][41][42]. The MOS
ranges between 1 (bad) and 5 (excellent) [2].420

For video on demand streaming, the video bit rate, frame rate, compression parame-
ters, codec and resolution are non-adaptive and fixed. Video streaming is characterized
by playing synchronized media streams in a continuous way while those streams are be-
ing downloaded from the application server without having to wait for the entire video
to be delivered. Once the playout phase starts, the player fetches video frame from425

the buffer at a constant speed defined by the video characteristics. When the service
transmission rate is less than the arrival data rate, the playing buffer becomes empty. In
this case the player pauses and the user will experience stalling and re-buffering events.
The video streaming data is not lost, instead the frames are delayed, rather than being



skipped. The last received frame freezes and is displayed until the data for the next430

frame is being downloaded. Therefore, the main distraction for the user and quality
satisfaction degradation factors are stalling events, frequency and length. In our model,
compression artifacts and losses impairments are not considered since the compression
rate is non adaptive and the frame is only displayed when its data is completely down-
loaded. As a result, common QoE metrics relying on frame by frame and pixel analysis435

such as peak-signal-to-noise ratio (PSNR) [43], structural similarity (SSIM) [44] and
video quality metric (VQM) [39] are not suitable for our model and cannot be consid-
ered [45].

In our work, we estimated the MOS values based on a QoE metric that is derived
from standards to better capture the video quality in our optimization and performance
assessment. We used re-buffering artifact QoE metric presented in Recommendation
ITU-T P.1201 (2013) considering stalling and initial buffering for several reasons: (1) it
assesses the effect of perceptual buffering-related indicator to the overall media session
quality score, (2) the model predicts mean opinion scores on a 5-point scale as defined
in ITU-T P.911, (3) it does not consider the effects of audio level, noise, delay and
other impairments related to the payload, and (4) it can be applied for non-adaptive,
progressive download type media streaming such as YouTube and operator managed
video services over Transmission Control Protocol (TCP) [46]. For these reasons, ITU-
T P.1201 QoE metric is found to be valid and suitable to our model and consistent with
our considerations. In addition, the ITU-T P.1201 QoE metric Φ`[t] can be customized
to make real time decisions every time slot t. Φ`[t], presented in [46], can be expressed
as follows:

Φ`[t] = 5−max(min((Ω`[t] + Γ`), 4), 0) (12)

where Ω`[t] and Γ` are the expected degradation caused by stalls and initial buffering
till time t, respectively, when using link `. They are defined as follows:

Ω`[t] = max(min(s4 + s1 · exp((s2 · L`[t] + s3)N`[t]), 4), 0) (13)

Γ` =

{
max(min(d1 · log(T0 + d2), 4), 0), if T0 ≥ 1− d2

0, otherwise
(14)

where T0 is the initial loading time in seconds, L`[t] is the averaged stalling duration in
seconds and N`[t] is the number of stalling events excluding initial buffering happening440

till time slot t when using link `. The coefficients s1, s2, s3, s4, d1 and d2 have the
following values -1.72, -0.04, -0.36, 1.66, 0.29 and -3.29, respectively [46].

In our model, we assume the QoE is not affected by the initial buffering degradation;
the video is either played without initial buffering or the initial buffering is lower than
4.71 (1 − d2) seconds. Accordingly, the main degradation of the QoE is caused by the445

re-buffering and stalling artifacts. To study the effect of the lengths and frequency of
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Figure 3: QoE ITU-T P.1201 metric and proposed QoE metric variations with respect
to the number of stalls considering average stalling length of 1 second.

occurrence of stalling events on the QoE, Figure 3 shows the QoE MOS while varying
the number of stalls. In the considered case scenario, the average stalling length is
considered 1 second. The results show that the QoE varies from 5 (excellent) where the
user experience no stalls, to 3.34 where the number of stalls is high. The QoE values450

are limited to 3.34 since the initial buffering artifacts are not considered. In addition,
the re-buffering degradation score Ω`[t], expressed in (13), ranges between 0 and 1.66.

In general, the MOS needs to vary between 1 and 5, however, the QoE metric pre-
sented by ITU-T P.1201 is limited to 3.34. For this reason, we utilize an updated metric
inspired from the ITU-T P.1201 QoE metric to better emphasize the impact of stalls on
MOS. To this end, we use a logarithmic transformation curve fitting to transform the
ITU-T P.1201 QoE metric scale from 3.34-5 to 1-5. Accordingly, the new metric φ`[t]
can be obtained from the ITU-T P.1201 QoE metric Φ`[t] as follows:

φ`[t] = a · log(b · Φ`[t] + c) (15)

where a, b and c are found to be 0.9377, 128.9 and -427.6, respectively. As shown in
Figure 3, the proposed QoE metric values range between 1 and 5. For instance, when the
number of stalls is 9 and 16, the MOS score provided using ITU-T P.1201 QoE metric455

was 3.3715 and 3.3429, respectively. The video is then considered fair, perceptible but
not annoying for both cases. However, when using the proposed QoE metric in (15),
the scores were 2.0741 and 1.1590, respectively. The results emphasized the impact of
stalls; accordingly, when the user experience 16 stalls, the video will be bad and very
annoying, and in case of 9 stalls, the video will be poor and annoying.460

The QoE metric φ`[t] will be integrated in the Lyapunov drift-plus-penalty objective
to capture QoE-related tradeoffs.



6.3. Solution Approach: Traffic Splitting with delay-power-QoE balance (TS-PQ)
The Lyapunov drift-plus-penalty problem formulated in (10) can be developed by

expressing the cost function in terms of power consumption and QoE. The weighted
cost function in (11) will be:

V [t] · C`[t] = V [t] (w1 · P`[t]− w2 · φ`[t]) (16)
= V1[t] · P`[t]− V2[t] · φ`[t] (17)

Therefore, the objective function will be:

argmax
`∈L[t]

Q[t] · E{µ`[t] |R`[t]} − V1[t] · P`[t] + V2[t] · φ`[t] (18)

where V1[t] and V2[t] are positive weights that define the relative importance of the
power and QoE metrics in the objective function.465

In our problem, the decision variable is the strategy ` to be selected at time slot
t providing the best performance. One of four possible download strategies can be
selected. The decision will be either selecting WiFi link only, cellular link only, both
links simultaneously or no transmission at time slot t. Therefore, the solution of the
problem can be achieved by computing the following utility function for the possible
resource management strategies considered at every time slot t. The optimal solution is
given by the decision that maximizes the utility per time slot [37].

U`[t] = Q[t] · E{µ`[t] |R`[t]} − V1[t] · P`[t] + V2[t] · φ`[t] (19)

U`[t] is computed for different download strategies as follows:

UW[t] = Q[t] · E{µW[t] |RW[t]} − V1[t] · PW[t] + V2[t] · φW[t] (20)
UC[t] = Q[t] · E{µC[t] |RC[t]} − V1[t] · PC[t] + V2[t] · φC[t] (21)
UWC[t] = Q[t] · (E{µW[t] |RW[t]}+ E{µC[t] |RC[t]})

− V1[t] · (PW[t] + PC[t]) + V2[t] · φWC[t] (22)

where UW[t], UC[t] and UWC[t] are the utility functions of using WiFi link alone, cellular
link alone, and both links simultaneously, respectively, at time slot t. The strategy pro-
viding the maximum utility function will be selected for transmission at time slot t [37].
However, when the three utility functions are negative, there is no benefit of sending
over the links since the device will be consuming more power than benefiting from470

downloading the data in terms of throughput and QoE; no transmission is recommended
in this case. The proposed TS-PQ approach performs in real-time, autonomously at the
user end following the steps shown in Figure 4. The video specifications such as video
size, duration and frame rate, are obtained from the server before the start of the video
download. The cycle starts with estimating the rate provided by each link and updating475



Algorithm 1: The proposed multi-objective traffic splitting with delay-power-QoE balance
(TS-PQ)

Input:
- Video specifications: video size, duration, frame rate, arrival rate A[t]
- Time slot duration: Ts
- Available interfaces (cellular/WiFi) and set of possible download strategies solutions: L[t]
- Power consumption and QoE metric weights: V1[t] and V2[t], respectively
- Initial queue backlog size: Q[0] = 0
- Initial video data downloaded: µ[0] = 0
- Initial video data played: Y [0] = 0
- Initial video data downloaded but not yet played: D[0] = 0
- Initial number of stalls: N [0] = 0
- Initial stalls length: W [0] = 0

Output:
The download strategy `[t] ∈ L[t] = {0, W, C, WC}

1: Estimate WiFi and cellular transmission rates RW[t] and RC[t], respectively, by dividing
the data downloaded over the time required for download

2: Estimate next chunk data size using each strategy `, E{µ`[t] |R`[t]}: (1) E{µW[t] |RW[t]},
(2) E{µC[t] |RC[t]}, and (3) E{µWC[t] |RWC[t]} as follows: E{µ`[t] |R`[t]} = R`[t] · Ts

3: Estimate quality of experience φ`[t] based on (15) for every strategy: φW[t], φC[t], φWC[t]
by estimating the number of stalls N`[t] and average length of stalls L`[t] as follows:

• if D[t− 1] + E{µ`[t] |R`[t]} < A[t] then

• Update N`[t] = N [t− 1] + 1

• Estimate stalling length in time slot t as A[t]−(D[t−1]+E{µ`[t] |R`[t]})
A[t] · Ts

• Compute L`[t] =
W [t−1]+A[t]−(D[t−1]+E{µ`[t] |R`[t]})

A[t]
·Ts

N`[t]

• else

• Update N`[t] = N [t− 1]

• Compute L`[t] = W [t−1]
N`[t]

• end if

4: Compute the utility functions UW, UC and UWC as described in (20), (21), and (22)
5: Select the strategy ` providing the higher utility function. No transmission when utility

functions are all negative
6: Send request to download the chunk from the server
7: Compute the actual data downloaded µ[t] and time needed to download the data
8: Update queue backlog Q[t] = Q[t− 1]− µ[t] +A[t]
9: Update data played Y [t] = min(D[t− 1] + µ[t], A[t])

10: Update data downloaded but not played D[t] = max(µ[t]− Y [t], 0)
11: Update QoE φ[t] based on (15), number of stalls N [t], stalls length W [t], instantaneous

throughput I[t], and energy consumption E[t]



Figure 4: Diagram representing the proposed TS-PQ approach for near real-time
optimized traffic selection.

the queue based on the arrival rate and data received. Based on the rate estimation, the
data for the next time slot is estimated, and is considered for data download over each
interface. The quality of experience is estimated over each link using (15) based on the
estimated number of stalls and length over each interface. The utility for each strategy
is then computed using (20), (21), and (22). The strategy providing the maximum over-480

all utility function is selected at every time slot t for data download. The cycle is then
repeated after updating statistics such as transmission time, data rates, queue length,
number and duration of stalls, until video data is downloaded. The steps of the method
are shown in Algorithm 1 along with the needed parameters and computations for the
proposed approach.485

In regards to complexity of our method, the proposed approach is scalable since
the traffic splitting decision is made independently at the user end. The method can
accommodate for multi-users and multi-interfaces. In the case of multi-user scenario,
every user is responsible for her or his own decisions based on its system parameters.
If n interfaces are available for a user, (2n − 1) utility functions are computed. In our490

case study, we consider the coexistence of WiFi and cellular networks. For this case, as
previously described, three utility functions are computed at each user end: UW[t], UC[t]
and UWC[t] corresponding to the following transmission strategies: WiFi only, cellular
only and both interfaces simultaneously, respectively.

7. Results and Discussion495

To validate the proposed QoE-aware traffic splitting approach under realistic con-
ditions, experimental measurements are used to determine WiFi and cellular key link
parameters, such as effective download rate and energy consumed per second during
data reception. The obtained link parameter values are then used to quantify and ana-
lyze the performance of the proposed QoE-aware Lyapunov-based approach for HetNet500

resource management.

7.1. Experimental Energy Measurements
Experimental measurements were conducted to capture the effect of signal strength

and traffic load on the effective download rate and energy consumption. An Android
application was developed on the Samsung Galaxy SIII device to download data of505



different sizes ranging between 100 KB and 1.2 MB from an HTTP server via WiFi
(802.11b) and 3G/4G cellular links. The collection was repeated at different locations
where we could have varying traffic loads and signal strengths, which included home
(low load) and library (high load) network environments, and different signal strengths
such as close and far from the WiFi access point, indoor and outdoor scenarios. In each510

scenario, the data rate was obtained from the application while power consumption was
measured using a data acquisition device (DAQ) from National Instruments monitored
via a LABVIEW application. The results showed that the mobile device consumes more
energy when receiving on the 3G interface than when receiving on the WiFi interface.
The average power consumed was 1.307 Watts for WiFi and 1.859 Watts for 3G.515

7.2. Performance Evaluation
In order to assess the performance effectiveness of the proposed cellular/WiFi traffic

splitting approach, we generated results for the following different strategies including
state-of-the-art related work from the literature:

1. WiFi only (WO): the user downloads data using WiFi link only.520

2. Cellular only (CO): the user downloads data using WiFi link only.
3. Maximum rate network selection (MaxR-NS): the link providing the higher rate

is selected in every time slot.
4. Minimum energy network selection (MinE-NS): the link proving the lower energy

consumption is selected in every time slot.525

5. Stable and adaptive link selection approach (SALSA): the network providing higher
delay-power tradeoff utility function is selected. The authors in [14] presented a
network selection approach for energy-delay tradeoff using the Lyapunov opti-
mization framework for video upload. The weight V [t] of the power metric is
considered to be variable over time to adapt the impact of power based on the530

queue size and delay. We compare our proposed approach to SALSA since it also
uses Lyapunov drift-plus-penalty for HetNet resource management, however, our
approach is different since it considers traffic splitting in addition to quality of
experience.

6. Traffic splitting using both links simultaneously (TS-S): the user always uses both535

links simultaneously to download data.
7. Traffic splitting with delay-power balance (TS-P): the user uses the strategy that

provides higher utility based on our proposed delay-power tradeoff, with fixed
weighing factor V [t] of the power metric and considering traffic splitting option.
Therefore, the cost function in this case only captures power without considering
QoE. The objective function (18) is reduced to:

argmax
`∈L[t]

Q[t] · E{µ`[t] |S`[t], R`[t]} − V [t] · P`[t] (23)



where the queue length Q[t] and V [t] give weights to the transmission rate and
power consumption respectively.

8. Traffic splitting with delay-power-QoE balance (TS-PQ): the user uses the strat-
egy including traffic splitting that provides higher utility based on our proposed540

QoE-aware resource management approach providing delay-cost tradeoff where
cost is a function of both power and QoE with weighing factors V1[t] and V2[t],
respectively.

7.3. Simulations Setup
We first evaluated the performance of our proposed approach using simulations con-545

ducted using MATLAB to stream a video using different strategies. We used MATLAB
for convenience, which allowed us to easily access and modify the physical layer and
provided high flexibility in modifying the data requests.

In our model, a mobile device downloads data for video streaming application,
where the video specifications, such as video size, duration, and frame rate, are ob-550

tained as input from the server before the start of the video download. The chosen video
has a size of 7 MBytes, a duration of 60 seconds, a frame rate of 25 fps, and an arrival
rate of 117 KBytes every second. The cellular and WiFi transmission rates were as-
sumed to have exponential distribution with different mean values as presented in the
results section below.555

As presented in Algorithm 1 and Figure 4, at each time slot of duration 1 second, the
transmission rate, queue size, QoE and power consumption are first estimated. The qual-
ity of experience is estimated over each link using equation (15) based on the estimated
number of stalls and length over each interface. The mobile device makes decision on
the link combination that provides the highest utility function, where the options are: (1)560

WiFi only, (2) cellular only, (3) both links simultaneously, or (4) no transmission. Once
data is downloaded based on the selected strategy, the actual parameters are recorded
such as queue size, transmission rate, QoE and energy consumption. Recordings be-
come part of the inputs for estimating the parameters of the next time slot. The queue
is updated based on the arrival rate and data received. If the transmission rate is lower565

than the video arrival rate, the mobile device is able to download only a fraction of the
requested data. The remaining data that was not downloaded is stored in the queue to
be downloaded in the next time slots. If the transmission rate is higher than the video
arrival rate, the data is downloaded on time without any delay, stalls, or freeze frames.
In this case, the queue is empty with a queue size of zero. The process is then repeated,570

statistics are updated every time slot until video data is completely downloaded.

7.4. Simulations Results and Analysis
To compare the performance of the various strategies mentioned in Section 7.2, we

evaluated the queue size, the average throughput, total energy consumption, delay and
QoE for three case scenarios. In the first two case scenarios, symmetric rate for both575
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WiFi and cellular is considered. In the first case, WiFi and cellular transmission rate
follow exponential distribution with average rate of 110 KBps. In the second case,
WiFi and cellular transmission rate follow exponential distribution with average rate of
450 KBps. In the third scenario, we considered asymmetric rates; we fixed the value of
the average WiFi rate of 200 KBps and varied the average cellular rate from 1 KBps to580

600 KBps. In this section, we present analysis for the selected power and QoE weights
used in our simulations and performance results for the considered scenarios. In addi-
tion, we present a study on the duration of time slot and its effect on the performance of
the considered approaches.

7.4.1. Study on the Power Consumption and QoE Weights585

As presented in (23), when TS-P is used, the queue lengthQ[t] and V [t] give weights
to the transmission rate and power consumption, respectively. Accordingly, when the
queue length of unfinished work is high, the transmission rate will have more impact
than power and the transmission will occur even if the transmission rate is too small.
However, when the queue length is low, the power has more impact; thus, the approach590

can decide to deffer transmission to save energy. To give the power and rate similar
impact, the value V [t] should be estimated based on the observed values for queue
length, transmission rate, and power consumption through simulations. Figures 5 and 6
show the average effective throughput and energy consumption variations with respect
to V [t]. In this considered scenario, the WiFi and cellular transmission rate followed595

an exponential distribution with average of 110 KBps. To obtain a tradeoff between
throughout and energy, we selected the value of V highlighted in red to be 3.128 · 1011.
Similarly, the value of V [t] was selected to be 6.256 · 1011 when the average WiFi and
cellular transmission rate was set to 450 KBps.

Using TS-PQ, V1[t] and V2[t] present the weights for power consumption and QoE,600



Table 1: Simulations results and statistics with RW and RC average of 110 KBps
WO CO MaxR-NS MinE-NS SALSA TS-S TS-P TS-PQ

Total streaming time (seconds) 72.4 68.64 64.64 64.76 64.64 62.04 63.2 63.2
Total delay (seconds) 12.4 8.64 4.64 4.76 4.64 2.04 3.2 3.2
Average throughput (KBps) 98.9 104.3 110.8 110.6 110.8 115.4 113.3 113.3
Average effective throughput (KBps) 114.7 108.4 147.1 142.6 147.1 216.2 155.8 155.9
Total energy consumption (Joules) 88.2 126.3 85.8 83.9 85.8 143.1 88.6 90.4
Average queue size (KB) 532.1 394.6 116.6 132.3 116.6 37.3 80.3 76.82
Maximum queue size (KB) 1430.2 972.2 536.4 547.8 536.4 231.8 367.1 367.1
Number of stalls 23 21 12 12 12 7 8 7
Number of freeze frames 310 216 116 119 116 51 80 80
QoE φ (15) 1.01 1.03 1.57 1.57 1.57 2.77 2.46 2.74

respectively. Using the same analysis, V1[t] was chosen to be 3.128·1011 and 6.256·1011

when the average link transmission rate was set to 110 KBps and 400 KBps, respec-
tively. Similarly, V2[t] is fixed to be 5.52 · 1010 and 11.04 · 1012 when the average link
transmission rate was set to 110 KBps and 450 KBps, respectively.

7.4.2. Results for Scenario 1: WiFi and Cellular Average Rate of 110 KBps605

In the first scenario, we considered a symmetric rate for WiFi and cellular links. The
transmission rates are modeled following an exponential distribution with average rate
of 110 KBps. Table 1 presents the results for scenario 1 and compares the performance
of the various approaches presented in Section 7.2 in terms of (1) total streaming time
which is the time required to stream and play all the video, (2) delay which is the610

total duration of stalls, (3) average throughput which is computed by dividing the total
amount of data received by the total streaming time, (4) average effective throughput
which computed by averaging the throughput achieved in every time slot t, (5) total
energy consumed for downloading the video, (6) average and maximum queue size,
(7) number of stalls which represents to rebuffering events experienced by the user, (8)615

number of freeze frames, and (9) QoE MOS computed based on (15).
The results show low performance for WiFi only, cellular only and network selec-

tion strategies. The user will experience more delay, high queue length, freeze frames
and stalls when one link is selected instead of traffic splitting on both links. The pro-
posed TS-PQ approach provided the best balance in terms of throughput, queue stability,620

energy consumption and user satisfaction.
To show performance in terms of queue stability, Figure 7 shows the queue length

variation over time. The queue size varies based on the service transmission rate and the
arrival data process. The queue size will go very large if the transmission rate is lower
than the arrival data rate. Otherwise, the data will be downloaded on time and the queue625

size will be 0. The results in Figure 7 show that traffic splitting approaches TS-S, TS-P
and TS-PQ provided higher queue stability, lower queue length and lower delay. TS-S
approach showed higher queue stability since the data is always downloaded simultane-
ously over both links.
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Figure 7: Queue size in KB variation over time with RW and RC average of 110 KBps.

To quantify the tradeoff between QoE and energy consumption, Figure 8 presents the630

total energy consumption versus the QoE mean opinion score for each approach. In ad-
dition, Figure 9 presents the tradeoff between total energy consumption in Joules versus
the average effective throughput in KBps. The aim is to minimize the energy expen-
diture while increasing user quality of experience and throughput. The areas with best
performance are highlighted in each figure; these areas lead to high QoE and throughput635

with reduced energy consumption.
The approaches where traffic splitting is considered provided the best performance

in terms of delay, queue length, throughput and user satisfaction while consuming very
high energy. TS-P consumed lower energy consumption with a performance reduc-
tion in throughput, delay and QoE since it aims to provide a tradeoff between energy-640

throughput without considering QoE. Our proposed approach TS-PQ aimed to provide a
balance between QoE, energy consumption and delay. The results for scenario 1 showed
that TS-PQ provided QoE of 2.74 which is higher than the QoE provided by TS-P (2.46)
and close to the QoE provided by the TS-S approach (2.77). However, the proposed ap-
proach TS-PQ provided lower energy cost of 89.1 Joules which is 37.7% less than the645

energy consumed when using both links simultaneously TS-S. The number of freeze
frames and stalls were the lowest with 7 stalls and 80 freeze frames which leads to a
delay of 3.2 seconds.

Considering the same scenario 1 where the WiFi and cellular rates are symmetric
and modeled following an exponential distribution with average rate of 110 KBps, ini-650

tial buffering is considered before starting video playout. We assumed the video playout
starts after downloading specific amount of data corresponding to 2 seconds of video
streaming. Table 2 presents the performance results for scenario 1 with initial buffering
considerations and compares the performance of the various approaches presented in
Section 7.2 in terms of (1) total streaming time which is the time required to stream and655

play all the video, (2) delay which is the total duration of stalls, (3) average throughput
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and QoE MOS for every approach withRW
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Figure 9: Total energy expenditure (Joules)
and average effective throughput (KBps)
for every approach with RW and RC aver-
age of 110 KBps.

which is computed by dividing the total amount of data received by the total stream-
ing time, (4) average effective throughput which computed by averaging the throughput
achieved in every time slot t, (5) total energy consumed for downloading the video, (6)
average and maximum queue size, (7) number of stalls which represents to rebuffering660

events experienced by the user, (8) number of freeze frames, and (9) QoE MOS com-
puted based on equation (15). As presented in Table 2, adding initial buffering enhanced
the quality of experience of all the compared strategies. The number of stalls is reduced
since the initial buffer allowed to download more data before starting the video stream-
ing playout, which enhanced the QoE metric. The network selection strategies were665

able to provide the user with higher QoE of 2.75 when initial buffering is considered
instead of 1.57 without initial buffering. Similarly, the TS-PQ proposed approach was
able to provide higher QoE of 3.37. The initial buffering does not have an effect on
the transmission parameters and performance in terms of download time, throughput
and energy consumption of the algorithms. The mobile is able to download data within670

the same duration, however, the playout is affected. Initial buffering allows the video
playout to start after downloading 2 seconds of video, which results in a reduction in the
number of freeze frames and stalls duration. This, in turn, directly affects the quality
perceived by the end user and enhance the QoE.

7.4.3. Results for Scenario 2: WiFi and Cellular Average Rate of 450 KBps675

In the second scenario, we considered WiFi and cellular links with transmission rates
following an exponential distribution with average rate of 450 KBps. Table 3 presents
the performance results for scenario 2 and compares the performance of the various
approaches and parameters presented in Section 7.2. The results in Table 3 show that
traffic splitting approaches provide higher performance with lower delay, freeze frames680

and stalls. In addition, all the approaches were able to provide better performance when
the transmission rates increased from 110 KBps in scenario 1 (see Table 1) to 450 KBps



Table 2: Simulations results and statistics with RW and RC average of 110 KBps with
initial buffering of 2 seconds of video data

WO CO MaxR-NS MinE-NS SALSA TS-S TS-P TS-PQ
Total streaming time (seconds) 72.4 68.64 64.64 64.76 64.64 62.04 63.2 63.2
Total delay (seconds) 12.4 8.64 4.64 4.76 4.64 2.04 3.2 3.2
Average throughput (KBps) 98.9 104.3 110.8 110.6 110.8 115.4 113.3 113.3
Average effective throughput (KBps) 114.7 108.4 147.1 142.6 147.1 216.2 155.8 156.2
Total energy consumption (Joules) 88.2 126.3 85.8 83.9 85.8 143.1 88.6 89.1
Average queue size (KB) 532.1 394.6 116.6 132.3 116.6 37.3 80.3 75.7
Maximum queue size (KB) 1430.2 972.2 536.4 547.8 536.4 231.8 367.1 367.1
Number of stalls 17 15 7 7 7 4 6 5
Number of freeze frames 260 166 66 69 66 26 55 54
QoE φ (15) 1.1 1.22 2.75 2.75 2.75 3.72 3.06 3.37

Table 3: Simulations results and statistics with RW and RC average of 450 KBps
WO CO MaxR-NS MinE-NS SALSA TS-S TS-P TS-PQ

Total streaming time (seconds) 62.96 61.48 60.32 60.52 60.32 60 61 60
Total delay (seconds) 2.96 1.48 0.32 0.52 0.32 0 1 0
Average throughput (KBps) 111.1 113.7 115.9 115.5 115.9 116.5 114.6 116.5
Average effective throughput (KBps) 469.1 448.1 655.1 638.3 655.1 917.3 634.5 642.5
Total energy consumption (Joules) 42.5 56.3 31.8 30.2 31.8 44.2 26.7 32.4
Average queue size (KB) 20.1 14.3 1.3 1.7 1.3 0 5.6 0
Maximum queue size (KB) 342.1 168.6 32.7 56.7 32.7 0 115.6 0
Number of stalls 6 4 2 2 2 0 1 0
Number of freeze frames 74 37 8 13 8 0 25 0
QoE φ (15) 3.04 3.71 4.40 4.39 4.40 5 4.70 5

in scenario 2 (see Table 3). For instance, when WiFi is only used, the delay was reduced
from 12.4 in scenario 1 where the average rate is 110 KBps to 2.96 seconds where the
average rate is 450 KBps; the number of stalls was reduced from 23 (scenario 1) to 6685

(scenario 2). The proposed approach showed an excellent performance in terms of QoE
without any stalls or buffering events similar to the performance of using both links
simultaneously TS-S while consuming less energy.

Figure 10 shows the queue length variation over time when the WiFi and cellular
average transmission rates are 450 KBps. Same analysis obtained from Figure 7 can be690

drawn, except that when the transmission rate is higher, more data can be downloaded
which makes the queue length smaller. The proposed traffic splitting approach TS-PQ
and using both links simultaneously TS-S showed an empty queue, which indicates
an excellent quality of experience. The provided transmission rate was higher than
the arrival rate. All the data is downloaded on time without any stalls or delay which695

reflects an excellent QoE performance. However, the the traffic splitting with delay-
power balance TS-P approach causes stalls as shown in Figure 10(b).These results can
also be reflected in Table 3.

Figures 11 and 12 show QoE-energy consumption and throughput-energy consump-
tion tradeoffs, respectively. The proposed approach was able to perform perfectly with-700

out any delay, stalls or freeze frames and provide the user with excellent quality of
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Figure 10: Queue size in KB variation over time with RW and RC average of 450 KBps.
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Figure 12: Total energy expenditure
(Joules) and average effective throughput
(KBps) for every approach with RW and
RC average of 450 KBps.

experience MOS of 5. Similar performance analysis can be remarked when evaluating
QoE by metrics presented in [47] and [48]. Using both links simultaneously always (TS-
S) approach was able to provide similar performance in terms of quality of experience,
however, the proposed approach consumes 26.6% less energy.705

Adding initial buffering enhanced the quality of experience of all the compared
strategies. Table 4 presents the results for scenario 2 with initial buffering consider-
ations and compares the performance of the various approaches presented in Section
7.2. We assumed the video playout will start after downloading specific amount of data
corresponding to 2 seconds of video streaming. The compared strategies showed higher710

user quality of experience. The network selection and traffic splitting strategies were
able to provide QoE of 5 without any stalls or buffering events.



Table 4: Simulations results and statistics with RW and RC average of 450 KBps with
initial buffering of 2 seconds of video data

WO CO MaxR-NS MinE-NS SALSA TS-S TS-P TS-PQ
Total streaming time (seconds) 62.96 61.48 61 61 61 61 62 61
Total delay (seconds) 2.96 1.48 1 1 1 1 2 1
Average throughput (KBps) 111.1 113.7 114.6 114.6 114.6 114.6 112.8 114.6
Average effective throughput (KBps) 469.1 448.1 655.1 638.3 655.1 917.3 634.5 642.5
Total energy consumption (Joules) 42.5 56.3 31.8 30.2 31.8 44.2 26.7 32.4
Average queue size (KB) 20.1 14.3 1.3 1.7 1.3 0 5.6 0
Maximum queue size (KB) 342.1 168.6 32.78 56.7 32.7 0 115.6 0
Number of stalls 3 2 0 0 0 0 0 0
Number of freeze frames 49 12 0 0 0 0 0 0
QoE φ (15) 4.01 4.39 5 5 5 5 5 5

7.4.4. Results for Scenario 3: WiFi Average Rate of 200 KBps with Different Cellular
Average Rates

In the previous scenarios, we used symmetrical rate for both WiFi and cellular links.715

To show the performance of more realistic scenarios, we compared the performance
of asymmetrical WiFi and cellular transmission rates considering video streaming for
17 hours duration which corresponds to 1020 runs of 60 seconds videos. The perfor-
mance metrics such as QoE and energy consumption are measured every 60 seconds
and the overall metrics represent the average over the 1020 runs. In our simulations, the720

WiFi transmission rate follows an exponential distribution with average of 200 KBps.
The cellular rate followed the exponential distribution with average transmission rate
varying from 100 KBps to 600 KBps. The performance of the proposed QoE-aware
Lyapunov based approach (TS-PQ) was compared to the maximum rate network selec-
tion approach (MaxR-NS), WiFi only (WO) and cellular only (CO) approaches. Fig-725

ures 13 and 14 show the performance of the mentioned approaches in terms of QoE
and total energy consumption, respectively. Figure 13 shows the QoE MOS for the dif-
ferent approaches with respect to the variation of average RC rate. The ITU-T P.1201
(2013) QoE metric is trained and validated for sequences having duration between 30
and 60 seconds, where the user does not interact with the player such as stop, play,730

rewind and fast forward. Accordingly, the QoE for 17 hours duration is measured ev-
ery 60 seconds and the overall QoE metric represents the average QoE over the whole
duration.

The proposed approach was able to provide a MOS of 4.5 when the average cellular
rate was higher than 550 KBps, and a MOS of 3.9 when the cellular rate was 100 KBps.735

CO performance was enhanced with the increase of average transmission rate to achieve
MOS of 2.8, similar to WO, when the WiFi and cellular rates have equal average rates,
and a maximum MOS of 3.9 when the average rate is 600 KBps. The QoE performance
of TS-PQ and MaxR-NS approaches also increased with the increase of the average RC

rate since the mobile device will take advantage of the better channel quality to make740

better decisions reducing energy while achieving high quality end-user experience.
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Figure 14: Total energy consumption in
Joules with respect to cellular average rate
RC.

Figure 14 shows that MaxR-NS provided lower energy consumption since the ap-
proach decides on the link providing higher rate every time slot. When the average RC

is low, MaxR-NS tends to select the WiFi link more often; MaxR-NS and WO have
similar energy consumption. When RW and RC average rates are equal, WO and CO745

presents similar QoE, however, energy consumption is higher since mobile device con-
sumes more power while receiving over cellular link.

TS-PQ consumed more energy than MaxR-NS and WO when the cellular average
rate was small since the proposed approach will tend to use of both links simultane-
ously to download more data, reduce delay and maximize QoE. When the average RC750

increases, TS-PQ consumes less energy since it took advantage of the intelligence of the
proposed approach; the data in the queue is lower when the transmission rate is higher,
thus, the impact of delay is reduced and the power has more impact on the decision.

In addition to the average values for QoE and energy consumption, the variations
in each of the measures over 1020 runs (17 hours) are captured to show the accuracy755

of the proposed approach. As presented in Figure 13, the standard deviation for QoE
metric ranged between 0.2 and 0.5 which corresponds to a range of 4.44% to 14%.
The standard deviation for energy consumption ranged between 5.6 and 11.2 Joules
(Figure 14), which corresponds to a range of 10.85% to 14%. This indicates a relatively
acceptable variation level in the performance of each run and validates the reliability760

and accuracy of our TS-PQ proposed approach.

7.4.5. Study on the Time Slot Duration
In our work, we used the notion of time slot to allow the feasibility of making de-

cisions periodically. To evaluate the effect of the duration of the time slot on the per-
formance of the compared approaches, simulations were conducted for different time765
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Figure 15: Average effective throughput in
KBps variation with respect to time slot
duration Ts.
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Figure 16: Total energy consumption in
Joules variation with respect to time slot
duration Ts.

slot durations varying from 1 second to 16 seconds. WiFi and cellular transmission
rates follow the exponential distribution with average rate of 110 KBps. The results
in Figures 15, 16 and 17 show the average effective throughput, energy consumption
and QoE, respectively, for maximum rate network selection (MaxR-NS), SALSA and
the proposed TS-PQ approach. The duration of the time slot will decide how often the770

transmission decision is made. In general, very small time slot duration (less than 1 sec-
ond) will not be practical due to the overhead of establishing connection between the
server and the mobile device, sending the data request and receiving the data. When
the time slot has longer duration, the system will not be able to adapt with fast chan-
nel variations, and take advantage of better strategies and transmission decisions, which775

affects the quality perceived at the user end. Therefore, a large time slot duration may
lead to only one decision if the video size is small. As shown in Figures 15, 16 and 17,
the performance decreased with the increase of the time slot duration. Our proposed
approach TS-PQ decides every time slot duration on the transmission strategy based on
the WiFi and cellular rates estimation. The accuracy of the rates estimation decreases780

when the time slot duration is longer. This results in inaccurate and inefficient trans-
mission decisions affecting the overall performance of the approach. Accordingly, the
solution needs to be real-time, adapt to the fast variation of the channel conditions to
provide accurate rate estimation; for these reasons, we chose to use 1 second time slot
duration in our work.785

8. Test Bed Implementation for Cellular/WiFi Traffic Splitting under Realistic Op-
erational Conditions

In the previous section, the proposed real-time QoE-aware resource management
approach for video streaming applications was evaluated using simulations. In this sec-
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Figure 17: QoE MOS variation with respect to time slot duration Ts.

tion, the approach is tested under realistic operational conditions for accurate evaluation790

and validation using our own test bed implementation.

8.1. Test Bed Setup
In our test bed implementation, we considered the different components of the Het-

Net architecture; they can be represented by the following three levels: (i) the applica-
tion service provider layer, (ii) the network wireless interfaces and operator level, and795

(iii) the user end as shown in Figure 18. The test bed is implemented using a modular
approach which facilitated enhancements and extensions to implement and test various
protocols, design alternatives, or intelligence options.

• The application service provider layer: Video streaming applications are de-
ployed on an HTTP server acting as application service provider, and the source800

for the video files. The server receives data requests from the mobile device over
WiFi and cellular networks, with specific data size and offset to be downloaded.

• The network wireless interfaces and operator level: In our conducted experi-
ments, we used two wireless interfaces WiFi (802.11b) and 3G cellular networks.

• The user end: The client application is implemented using Java programming805

language on an Android mobile device. The decision on the amount of data to
be downloaded over each interface every time slot is made, as decribed in sec-
tion 7.2, based on the one of the following selected transmission strategy: (1)
WiFi only, (2) cellular only, (3) both links simultaneously, or (4) no transmission.
Accordingly, a specific amount of data is then requested at time slot t from the810

server using cellular and WiFi links, respectively. The requests are sent to the
HTTP server indicating the offset and the size of the requested data. The data
downloaded is reassembled as frames and played on the device.



Figure 18: Test bed implementation composed of three components:(1) mobile device
application, (2) network interfaces, and (3) HTTP application server.

The main challenge in the test bed implementation is to allow the use of multiple inter-
faces simultaneously, in addition to implementing the proposed algorithms and test them815

under real-time conditions. In the current mobile devices, the traffic is offloaded directly
to WiFi when WLAN is available. Some new smartphones such as iOS 9 Iphones, Sam-
sung Galaxy S5 and Sony Experia Z3 introduced auto-switching between WiFi and
cellular data networks to avoid poor WiFi connections. However, traffic splitting and
the use of multiple networks simultaneously is not yet supported. Our test bed design820

addresses this issue by supporting both techniques and giving the opportunity to the
device to be connected to the best network for data download or using both links si-
multaneously to achieve performance gains. This can be achieved by allowing parallel
transmission using the concept of multi-threading on a rooted Android device.

The user downloads a video with specific size, duration and frame rate. For real-825

time decision making, at each time slot of duration 1 second, the client application
makes decision on the links to use for downloading data based on the selected strategy.
If the transmission rate is lower than the video arrival rate, the mobile device downloads
only a fraction of the requested video data. The remaining data that was not downloaded
is stored in the queue to be downloaded in the next time slots. The video data is not lost,830

the frames are not skipped, they are only delayed when stalls exist. If the transmission
rate is higher than the video arrival rate, the data is downloaded on time without any
delay, stalls or freeze frames. In this case, the queue is empty with a queue size of zero.
To compare the performance of the various strategies mentioned above, we based our
evaluation on performance metrics such as the queue size, the average throughput, total835

energy consumption, delay and QoE.
Since the rates are varying and dependent on the channel conditions, the comparison

of the algorithms may not be accurate. For these reasons, we developed an emulator for
transmission rate control. The emulator controls the transmission rate and provides the
same rate distribution every time for fair comparison between algorithms. To represent840



Table 5: Test bed results and statistics with RW and RC average of 42 KBps and
46 KBps, respectively

WO CO MaxR-NS MinE-NS SALSA TS-S TS-P TS-PQ
Total streaming time (seconds) 169.72 154.96 144.31 169.11 170.11 72.76 117.33 73.26
Total delay (seconds) 109.72 94.92 84.31 109.11 110.11 12.76 57.33 13.26
Average throughput (KBps) 42.21 46.24 49.65 42.37 42.22 100.73 61.06 98.45
Total energy consumption (Joules) 221.82 287.29 214.14 211.02 222.32 224.83 218.51 219.24
Average queue size (KB) 2374.21 2444.66 2367.91 2294.07 2317.01 858.06 1212.97 1106.96
Maximum queue size (KB) 4626.59 4554.67 4569.81 4567.51 4588.73 1524.61 2270.57 7165.45
Number of stalls 173 175 165 174 175 52 99 50
QoE φ (15) 1 1 1 1 1 1 1 1

Table 6: Test bed results and statistics with RW and RC average of 130 KBps
WO CO MaxR-NS MinE-NS SALSA TS-S TS-P TS-PQ

Total streaming time (seconds) 62.02 61.87 61.81 61.81 61.97 60 60.58 60
Total delay (seconds) 2.02 1.87 1.81 1.81 1.97 0 0.58 0
Average throughput (KBps) 115.53 115.82 115.92 115.92 115.62 119.42 118.27 119.42
Total energy consumption (Joules) 79.72 112.63 112.03 79.27 80.31 95.92 81.08 84.51
Average queue size (KB) 152.14 137.60 132.00 125.37 147.84 0 12.96 0
Maximum queue size (KB) 241.66 223.08 216.58 215.68 235.84 0 69.82 0
Number of stalls 11 9 8 10 11 0 4 0
QoE φ (15) 1.80 2.25 2.51 2.01 1.80 5 3.74 5

realistic scenarios, the WiFi and cellular networks were monitored, the values for WiFi
and cellular transmission rates were recorded as traces. These traces were fed into the
emulator; which restricts the downloading rates to the values in the traces. Accord-
ingly, the performance of the algorithms was tested under same conditions for accurate
evaluation and comparison.845

8.2. Test Bed Experimental Results
In our considered scenario, the video has a size of 7 MBytes, duration of 60 seconds,

and frame rate of 25 fps. The arrival rate will be 117 Kbytes every second. The WiFi and
cellular transmission rates traces collected in Beirut Lebanon, RW and RC, presented an
average of 42 KBps and 46 KBps, respectively. Using the same analysis presented in850

Section 7.4, V1[t] and V2[t] were chosen to be 1.25 · 1011 and 3 · 1010, respectively. The
results for the different approaches are presented in Table 5. In addition, we considered
different scenario with RW and RC average rates of 130 KBps. V1[t] and V2[t] chosen to
be 2.5 · 1010 and 9 · 1012, respectively. The results are shown in Table 6.

Similar to the simulations analysis, the results showed that our proposed approach855

was able to provide the best balance between QoE, delay and energy consumption.
It provided high user satisfaction with an acceptable increase in energy consumption.
Note that the number of stalls is high in Table 5 since the WiFi and cellular rates were
relatively low in the traces, which led to a poor QoE for all the compared algorithms.

The test bed results presented in Table 6 are highly correlated to the simulations re-860

sults presented in Tables 1 and 3. Similar analysis presented in Sections 7.4.2 and 7.4.3
can be obtained when comparing the implemented approaches. The results show low



Table 7: Test bed results and statistics with RW and RC average of 110 KBps and
450 KBps

RW and RC average 110 KBps RW and RC average 450 KBps
WO CO MaxR-NS TS-PQ WO CO MaxR-NS TS-PQ

Total streaming time (seconds) 72.57 68.60 66.92 62.85 62.49 61.89 60.71 60
Total delay (seconds) 12.57 8.60 6.92 2.85 2.49 1.89 0.71 0
Average throughput (KBps) 98.7 104.4 107.1 114.0 114.66 115.78 118.03 119.42
Total energy consumption (Joules) 94.85 125.35 101.55 92.61 75.48 114.03 109.56 72.65
Average queue size (KB) 197.41 241.15 148.78 23.39 86.62 8.24 2.84 0
Maximum queue size (KB) 817.61 851.00 515.83 300.04 297.44 145.79 68.49 0
Number of stalls 22 22 15 6 6 3 2 0
QoE φ (15) 1.02 1.02 1.22 3.05 3.06 4.02 4.39 5.00

performance for WiFi only, cellular only and network selection strategies. The user ex-
perienced more delay, freeze frames and stalls when one link is selected. Comparing the
approaches considering traffic splitting, TS-P provided the lower energy consumption865

with a tradeoff cost in terms of QoE. The proposed TS-PQ approach provided a very
high quality of experience similar to TS-S when both links are used simultaneously
with 11.8% lower energy consumption. This proves the effectiveness of the proposed
approach and demonstrates the feasibility of achieving performance gains in practice
using standard mobile devices.870

8.3. Validation: Test Bed versus Simulation Results
To validate our simulation results, we conducted scenarios where data rates are sim-

ilar to those used in the simulation results (Sections 7.4.2 and 7.4.3). Table 7 presents
test bed results for WiFi and cellular average rates of 110 KBps and 450 Kbps using
the following approaches: (1) WiFi only (WO), (2) Cellular only (CO), (3) Maximum875

rate network selection (MaxR-NS), and (4) our proposed traffic splitting approach with
delay-power-QoE balance (TS-PQ).

The obtained test bed results are similar to the simulation results presented in Table 1
and Table 3. For instance, the simulated results for TS-PQ approach showed a total
streaming time of 63.2 seconds with 7 stalls and a QoE of 2.74 when the average rate880

is 110 KBps (see Table 1). The test bed results for the same scenario showed a total
streaming time of 62.85 seconds with 6 stalls and a QoE of 3.04 (see Table 7). TS-PQ
led to high performance gains in both simulations and test bed results for average rates
of 450 KBps. The total streaming time is 60 seconds without any stalls providing an
excellent QoE (see Tables 1 and 7). The results presented in Table 7 are also coherent885

with the test bed results presented in Tables 5 and 6. Our proposed approach is shown to
achieve enhanced performance and a balance between delay, energy consumption and
QoE.



9. Conclusions and Future Works

This paper provided a solution for real-time traffic splitting across cellular and WiFi890

heterogeneous networks that provides improved QoE while reducing energy consump-
tion and delay. The solution is based on a Lyapunov drift-plus-penalty formulation.
The performance of the proposed approach was evaluated using both simulations and
our own test bed implementation under realistic operational conditions using video on
demand streaming applications. Results for various scenarios demonstrated favorable895

performance for the proposed traffic splitting approach.
The proposed solution can be extended to handle other types of applications that

may exhibit different experience for the user such as live video or large file downloads.
In these cases, the QoE metrics need to be adjusted for the specific experience such as
data loss or total delays. Additionally, it can be extended towards a more optimized900

solution by predicting downstream performance in future time slots, capturing the need
and cost associated with data re-transmission to recover from losses, or accounting for
video multicasting in multiuser scenarios taking into account resource limitations.
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