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Abstract—Dominated by delay-sensitive and massive data appli-
cations, radio resource management in 5G access networks
is expected to satisfy very stringent delay and packet loss
requirements. In this context, the packet scheduler plays a
central role by allocating user data packets in the frequency
domain at each predefined time interval. Standard scheduling
rules are known limited in satisfying higher Quality of Service
(QoS) demands when facing unpredictable network conditions
and dynamic traffic circumstances. This paper proposes an inno-
vative scheduling framework able to select different scheduling
rules according to instantaneous scheduler states in order to
minimize the packet delays and packet drop rates for strict QoS
requirements applications. To deal with real-time scheduling, the
Reinforcement Learning (RL) principles are used to map the
scheduling rules to each state and to learn when to apply each.
Additionally, neural networks are used as function approximation
to cope with the RL complexity and very large representations
of the scheduler state space. Simulation results demonstrate that
the proposed framework outperforms the conventional scheduling
strategies in terms of delay and packet drop rate requirements.

Index Terms—S5G, Packet Scheduling, Optimization, Radio Re-
source Management, Reinforcement Learning, Neural Networks.

I. INTRODUCTION

The envisioned applications in the Fifth Generation (5G)
of Mobile Technologies (e.g. traffic safety, control of critical
infrastructure and industry processes, 50+ Mbps everywhere
[1]) impose more stringent QoS requirements like very low
end-to-end latency, ultra high data rates, and consequently,
very low packet loss rates [2]. To cope with these challenges,
access networks should be able to support advanced waveform
technologies, mass-scale antennas and flexible Radio Resource
Management (RRM) [3]. Alongside standard RRM functions
(i.e. power control, interference management, mobility con-
trol, resource allocation, packet scheduling [4]), a flexible
RRM involves more dynamic functionalities able to adapt to
unpredictable network conditions. Some studies have shown
an increased interest of integrating Machine Learning (ML)
methodologies to learn the optimal RRM strategies based on
some centralized user-centric (i.e. channel conditions, QoS
parameters) and network-centric (traffic routing) data [5].

In the context of RRM, the packet scheduler is responsible
for sharing the disposable spectrum of radio resources at
each Transmission Time Interval (TTI) between active users
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with heterogeneous applications and QoS requirements [6].
The prioritized set of active users to be served at each TTI
depends on the type of scheduling rule that is implemented.
Different rules may perform differently in terms of packet
delay and Packet Drop Rate (PDR) requirements according
to various scheduling conditions. For example, the scheduling
strategy in [7] minimizes the drop rates at the cost of system
throughput degradation. The scheduling rules proposed in [8]
improve the packet delays with no guarantees on the PDR
performance. Another rule in [9] minimizes packet drops at
the expense of higher packet delays when compared with other
scheduling strategies. However, most of the proposed rules
provide unsatisfactory performance when both delay and PDR
objectives are considered concomitantly.

Being motivated by this fundamental drawback of conven-
tional scheduling strategies and considering the requirements
of 5G networks that need to cater for applications with strict
QoS constraints, we propose a flexible RRM packet scheduler
able to adapt based on dynamic scheduling conditions. Instead
of using a single scheduling rule across the entire transmission,
the proposed framework combines multiple scheduling rules
TTI-by-TTI in order to improve the satisfaction of stringent
QoS requirements in terms of both packet delay and PDR
objectives. To make this solution tractable in real time sche-
duling, our approach must decide the strategy to be applied at
each TTI based on momentary conditions, such as: dynamic
traffic load, QoS parameters, and application requirements.

One solution is to use the Reinforcement Learning principle
as part of the ML domain to learn the scheduling rule selection
in each instantaneous scheduler state in order to improve the
users’ performance measure for delay and PDR objectives
when compared to other state-of-the-art scheduling strategies.
The RL framework aims to learn the best action to be applied
at each state of an unknown environment by keeping track
of some state-action values that are updated accordingly at
every state-to-state iteration [10]. If these state-action values
cannot be enumerated exhaustively, then the optimality of such
decisions is not guaranteed [11]. In this paper, we aim to select
at each state a scheduling rule from the finite and discrete
space of actions. Even so, the selection of the best rule is
not guaranteed since the scheduler state space (i.e., channel
conditions, QoS parameters) is infinite, continuous, multidi-
mensional and stochastic, and the scheduling problems cannot
be enumerated exhaustively. Thus, we can only approximate
the most convenient rule to be applied at each scheduler state.

RL decisions can be approximated by using parameterized
functions [12]. In our approach, each scheduling rule is
represented by an individual function and the RL algorithm



is used to update these functions TTI-by-TTI until learning
criteria are fulfilled. Parameterized functions are used to rank
the scheduling rule to be applied in each instantaneous state.
The scheduler state space needs to be pre-processed in order
to reduce the complexity of the proposed RL framework.

A. Paper Contributions

The 5G networks bring the promise of very high data rates
and extremely low latencies to enable the support for advanced
applications with stringent QoS requirements. However, this is
not possible to achieve through the classical methods of RRM,
and the integration of ML is seen as a promising solution. In
this context, we propose a RL-based optimization mechanism
for RRM to enable efficient resource allocation and strict QoS
provisioning, bringing us a step closer to 5G. The approach
makes use of dynamic scheduling rule selection at each TTI
for OFDMA-based downlink access systems. The choice of
OFDMA is due to its simplicity and efficiency as well as
its wide deployment placing it among the candidate multiple
access schemes to be considered in 5G networks [13].

The contributions of this paper are divided in four parts:
1) Flexible RRM Packet Scheduler: We propose a dynamic
RRM scheduler able to select, at each TTI, appropriate sche-
duling rules according to the momentary network conditions
and QoS requirements. The obtained results show significant
gains in terms of both delay and PDR satisfaction.

2) RL-based Framework: Here, a RL algorithm is used to
learn non-linear functions that approximate the scheduling rule
decision at each TTI based on the instantaneous scheduler
state. To evaluate the performance of different RL algorithms,
five RL algorithms were selected and implemented. Their
performance was tested in terms of variable window size,
traffic type, objective and dynamic network conditions.

3) Neural Networks (NNs) based Rule Selection: NNs are non-
linear functions that take as input the instantaneous scheduler
state and output the preference values of selecting each sche-
duling rule on that state. Neural networks are used to deal with
the continuous and multidimensional scheduler state space.
4) Scheduler State Space Compression Technique: This techni-
que aims to reduce the scheduler state space and speed-up the
learning procedure when refining the NNs’ weights. In this
paper, the focus of the compression procedure is on packet
delay and PDR as Key Performance Indicators (KPIs).

The objective of the proposed RL framework is to improve
the satisfaction of heterogeneous delay and PDR requirements
when scheduling Constant Bit Rate (CBR) and Variable Bit
Rate (VBR) traffic types. The CBR and VBR traffic cha-
racteristics were chosen in such a way as to cover a wide
range of applications (e.g., video, VoIP, FTP, web browsing)
and create a more realistic environment with dynamic channel
conditions and traffic loads. By building this dynamic and
realistic environment, we can evaluate the stability of the
learned policies with different RL algorithms.

B. Paper Organization

The remainder of this paper is organized as follows: Section
IT introduces the system model. Section III highlights the
preliminaries for the RL framework. Section IV details the im-
plemented RL algorithms and the NN function representation.
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Fig. 1 Proposed System Model

The performance of the obtained RL framework is evaluated
in Section V, and Section VI presents the related work. Finally,
Section VII concludes the paper.

II. SYSTEM MODEL

In the proposed system model presented in Fig. 1, an inte-
lligent controller decides the rule to be applied by the packet
scheduler at each TTI. We consider an OFDMA downlink
transmission, where the available bandwidth is divided in
Resource Blocks (RBs). Let us consider the set of RBs for
a given bandwidth as B = {1,2, ..., B}, where B is the total
number of RBs. Additionally, we consider an User Equipment
(UE) being characterized by VBR and CBR traffic types with
heterogeneous delay and PDR requirements. Also, at each
predefined number of TTIs, an UE is able to change its status
(idle/active), data rates and QoS requirements. Let us decide
that U; = {1,2,...,U;} is the set of active users at TTI ¢,
where U; is the number of active users.

The packet scheduler (Fig. 1) aims to allocate a set of
RBs b € B to user u € U; in such a way that delay
and PDR satisfaction is maximized. We consider the set of
objectives O = {01, 02} to be satisfied at each TTI ¢, where
01 = DELAY and oo, = PDR. For each user u € U;, we
define the on-line KPI k, ,, [t] corresponding to objective 0 € O
and its corresponding requirement as l?:o}u[t}. For user u € U;
the objective o € O is satisfied at TTI ¢ if and only if the KPI
ko . [t] respects its requirement k, ,[t]. Both, delay and PDR
objectives are satisfied when ky[t] = [ko, u, Koy,u] TESpECtS
the requirement vector k,[t] = [Ko, u;Ko,.u). Globally, the
proposed solution aims to increase the percentages of TTIs for
all active users when the KPI vector k[t] = [ki, ks, ..., ky,]
respects the requirement vector k[t] = [ky, ko, ..., ky,], and
consequently, both network objectives are satisfied.

Let us consider the discrete set of scheduling rules as D =
{1,2,..., D}, where each rule d € D has a particular impact
in satisfying objectives {01, 02} € O for certain network and
traffic conditions. We define for each rule d € D its associated
concave and monotone utility function I'y, (k) : R2 - R
[14]. The selected utility function I'g,, takes as input the KPI
vector k,, for user u € U; and claims its priority to be served
at TTI ¢. Globally, if the same utility I'; is used for all active
users at each TTI ¢, the KPI vector k satisfies its requirements



k in a certain measure. The proposed flexible RRM scheduler
is able to properly choose the utility function I'; at each state
in order to increase the number of TTIs when k satisfies k.

At the packet scheduler level, B x U; ranking values are
calculated at each TTI in the metrics calculation block, as in-
dicated in Fig. 1. The allocation of RBs involves the selection
for each RB b € B3, the user with the highest priority calculated
according to the selected utility function I'g ,,. Then, a proper
Modulation and Coding Scheme (MCS) is assigned for the set
of allocated RBs of each selected user at each TTI.

A. Problem Formulation

The aim of the proposed solution is to apply at each TTI,
the best scheduling rule d € D so that as many as possible KPI
parameters k[t] will respect their requirements k[t]. Alongside
the simple resource allocation problem, the proposed optimi-
zation problem to be solved is more challenging since the rule
assignment is required at each TTI, such as:

Tr;%{L‘ Z Z Zxd,u[t] . yu,b[t} : Fd,u(ku [t]) "yu,b[t]’

deD ueld, beB (1)
s.t.

S el <1, b=1,..,B, (1.2)
Zd Taultl =1, w=1,..,U, (1.b)
3 zanll=1, d" €D, (1)
D wge,lt] =0, Vd® e D\d, (1.d)
za[t] € {0,1}, Vd e D,Yue U, (1.e)
yublt] € {0,1}, Vu €U, Vb e B, (1.9)

where, v,,[t] is the achievable rate of user u € U; for RB
b € B at TTI ¢, being calculated as: 7, ,[t] = NY/{*[t]/0.001
[15], where, N%5[t] is the maximum number of bits that could
be sent if RB b € B would be allocated to user u € U;.
According to [15], Ngfis[t] is determined as follows: a) at
each TTI, the Channel Quality Indicator (CQI) is received for
each RB b € B and user u € U;; b) a MCS scheme for each
RB b € B and UE u € U, is associated based on CQI; ¢)
using a mapping table ijfgs [t] is determined based on MCS.

In the maximization problem, x4 ,[t] is the scheduling rule
assignation variable (i.e. zq,[t] = 1 when the scheduling
rule d € D is assigned to user u € Uy, and xq,[t] = 0,
otherwise). The RB allocation variable is v, ,[t] = 1 when
the RB b € B is allocated to user u € B, and y, [t] = 0,
otherwise. When y,, 5[t] = 1, user u € U, is selected such
that w = argmaz([Tq;(k;[t]) - vip[t]], where ¢ € U,. The
same procedure is repeated for all RBs from B, until the RBs
allocation is finished at TTI ¢. The constraints in (1.a) indicate
that at most one user is allocated to resource RB b € B (if the
data queue is empty and the scheduling rule does not consider
this aspect). One RB cannot be allocated to more than one user,
but one user can get more than one allocated RB. Constraints
in (1.b) associate for each user a single scheduling rule, and
the constraints in (1.c) and (1.d) indicate that the same rule
d* € D is selected for the entire set of active users at TTI ¢.

The solution to the optimization problem in (1) aims to
find at each TTI the best scheduling decision x4,[t] and

resource variable y,, [t] for all users u € U, and RBs b € B
such that the utilization of resources 5 is fully exploited and
the satisfaction of objectives O is maximized. Although the
PDR objective is correlated with the packet delay, we propose
a novel strategy in such a way that: (a) Delay-based Non-
congested Case: the delay requirements can be satisfied for
most of the active users if proper rules are applied at each TTI;
thus, delay minimization represents the primary objective; (b)
Delay-based Congested Case: may appear when the KPI vec-
tor ko, [t] = {ko, 1[t], ko, 2[t]; ---, Koy v, [t]} 1S nOt able to reach
the delay requirements anymore and then, we aim to minimize
the PDR KPI vector ko, [t] = {ko,.1[t], Koy 2[t], ---s Koy, [t]}5
in this case, PDR minimization is the primary objective.

The proposed solution is able to detect both cases by
considering the multi-objective performance measure or the
reward value which is reported at each TTI by the RRM entity.

B. Problem Solution

The constraints in (1.e) and (1.f) make the optimization pro-
blem combinatorial. The rule assignment and RBs allocation
must be jointly performed in order to keep the linearity of the
problem. Moreover, the scheduler has to disseminate which
objective to follow according to the delay-based congested
and non-congested cases. To solve such a complex aggregate
problem, we propose the use of RL framework that is able
to interact with the RRM scheduler as indicated in Fig. 1.
The RL controller learns to take proper scheduling decisions
based on momentary network conditions. This stage is entitled
learning. Then, the exploitation stage evaluates what the
controller has learned. Both learning and exploitation stages
are managed by a central controller. In order to deal with
the optimization problem complexity and large input state, the
RL controller engine requires the use of neural networks. In
the learning stage, the neural networks are adapted to output
better scheduling decisions. The RL algorithms indicate here
different ways of updating the NN weights. In Section III,
the preliminary elements of RL framework are presented and
Section IV elaborates the insights of the RL controller.

III. PRELIMINARIES ON RL FRAMEWORK

The RL framework is used to solve the stochastic and multi-
objective optimization problem by learning the approximation
of policy of rules that can be applied in real time scheduling
to improve the multi-objective satisfaction measure. At TTI
t, the RL controller observes the current state and takes an
action. At TTI t+1, a new scheduler state is observed and the
reward value is calculated to evaluate the performance of the
action performed in the previous state. The reward function
together with the scheduler state enhance the decision of the
RL controller on the delay-based congestion or non-congestion
phases. The previous state, previous action, reward, current
state, current action are stored in the Markov Decision Process
(MDP) module at the level of RL controller, as shown in Fig.
1. The RL controller explores many state-to-state iterations to
optimize the approximation of the best scheduling decisions.

We use neural networks to approximate the scheduling rule
selection at every momentary state. With each scheduling rule,
we associate a neural network for its approximation. Instead of



using a single neural network to represent all scheduling rules
at once, we propose a distributed architecture of NNs in order
to reduce the framework complexity. At each state, the set of
NNs provides D output values. In the learning stage, the action
selection block may choose to improve or to evaluate the NNs
outputs according to some probabilities. If the evaluation step
is chosen, then the scheduling rule with the highest NN output
is selected. Otherwise, the improvement step selects a random
rule. The NN weights are updated at each TTI based on the
tuple stored in MDP and the type of RL algorithm. During the
exploitation, only the evaluation steps are applied.

A. Scheduler State Space

Let us define the finite and measurable set for the scheduler
state space as S = SU U 8%, where SY and SC are the
uncontrollable and controllable sub-spaces, respectively. The
uncontrollable sub-space SU cannot be predicted whereas S
evolves according to the selected rules at every TTI. Let us
further define the instantaneous scheduler state at TTI ¢ as
a vector: s[t] = [c[t],z[t]], where s[t] € S, c[t] € S¢ and
z[t] € SY. The uncontrollable elements at TTI ¢, z € SY
are: CQI reports, number of active users at TTI ¢, the arrival
rates in data queues and the vector of KPI requirements kl[t].
The controllable sub-state at TTI ¢, ¢ € S° is denoted by
c = [k, \ k., q], where A[t] = [A1, A2, ..., A\p,] is the vector
of user data rates being scheduled, k[t] = [k, ko, ..., k]
comprises the differences between the momentary KPI values
ko and their requirements &, ,, and q[t] = [q1, g2, .-, qu7,]
is the vector of queue lengths. For each user u € U, the
controllable elements k,[t] = [kou — ko], enable the RL
controller to notify when objectives {01, 02} € O are satisfied.

B. Action Space

We define the finite action set as A = {aj,as,...,ap},
where D is the number of scheduling rules. When the RL
controller selects action a[t] = d at TTI ¢, the RBs allocation
is performed and the system moves into the next state s’ =
s[t + 1] € S according to the following transition function:

C/(d) = f(sa d)v (2)
where c’(d) = [k’(d),)\’(d),il(d),q’(d)} € SC is the e.xpected
controllable set at TTI ¢+1 when applying the scheduling rule
aft] = d in state s[t] € S. The new state s’ € S is obtained
based on the uncontrollable elements z’ = z[t + 1] € SU.

C. Reward Function

As per the original definition [10], the reward represents the
expected goodness of applying action a[t] = d in state s € S:

r(s,d) ‘0 E[Rosr|s[t] = s, a[t] = d}, 3)
where R4 is the reward value calculated at TTI ¢ + 1.

Theorem 1: For any action a[t] = d applied in state s[t] = s,
the reward function will depend on controllable elements from
the current and next states, such as: r(s,d) = r(c’(d), c,d).

Proof 1: The proof is provided in Appendix A.

The role of Theorem 1 within the RL framework aims
to simplify the reward function calculation and to eliminate
the dependency on uncontrollable CQIs. In the absence of
Theorem 1, additional pre-processing steps are necessary to

compress the CQI sub-space, which in fact, increases the
complexity of the entire RL framework.

The reward function can be further simplified if we consider
that, at TTI ¢+1, the future controllable elements are already
known, and consequently, we can say that, ¢’ = c{, . Then,
the proposed reward function is calculated as follows:

/ 2 /
= . 4
r(c’,c) E el o, " Top, (Con7con)’ 4)

where d,,, € Rjg 1) represents the reward weights, where 6, +
0o, = 1, ¢o, = [Ko,, Nk, ,q] and k, = [ko, u — ko, ul-
The weights §,, must stay constant during the entire learning
stage to ensure the convergence of the learned policies [10].
Each sub-reward function in (4) is calculated based on:

r (C/ c ) _ 1, {7‘;’; (an),r;’;(con)} =1
o on on ri(c, ) —rf(co,), otherwise.

On On

(&)

The reward expressed above shows the temporal difference in
performance for delay and PDR objectives. The proposed sub-
reward functions r; : R*Y* — R are determined according

to: 7} (co,) = 1029 e (€o,, u)» where the controllable

u=1"o0n
vector for user u € Uy is o, .u = (Ko, us Aus Ko, s> Qu] and,

k
1 — o k > Uy )‘u )
s ko w2 0, {qus Aul # 0 ©)

Ty (Copu) =
on( On,U 1, otherwise.

Basically, when both QoS requirements of all users are
satisfied, the reward is 1. Otherwise, the rewards are moderate
(r > 0) or punishments (r < 0). We set the delay requirements
ko, at lower values than initially proposed by 3GPP [16]. In
this way, the scheduler is able to provide much lower packet

delays than the conventional scheduling approaches.
D. Value and Action-Value Functions

Let us define 7 : S x A — [0, 1] the policy function that
maps states to distributions over the action space [17]. In the
context of our scheduling problem, we denote the stochastic
policy 7(d | s) as the probability of action a[t] = d being
selected by  in state s[t] = s [17], that is defined as follows:

n(d|s) = Plaft] = dls[t] = s]. )

Additionally, we define the value function V™ : S — R that
measures the value of state s underlying 7 and defined as [17]:

B[ Y A Realslo] =5, ®

t

VT ( S) (dif)
where, (1) the process (Y'R;y1;t > 0) is the accumulated
reward value being averaged from state to state by the discount
factor v € [0,1]; (2) s[0] is considered as random such that
P(s[0] = s) > 0 holds for every s € S. The second condition
makes the expectation in (8) defined for all states in S. If we
also assume that the first action a[0] of the whole process is
randomly chosen such that P(a[0] = d) > 0 holds for all rules
d € D while the following action decisions follow 7, then the
action-value function Q™ : S x A — R is defined as [17]:

QO (s,d) " &, [ZZO VR 1|s[0] = s, al0] = d] )

Both value and action-value functions defined in (8) and (9),
respectively, consider as argument the general state represen-
tation as defined in Sub-Section III.A. These functions need



to be redefined and adapted to our scope since the reward in

(4) takes as input the consecutive controllable sub-states.
Theorem 2: For any policy 7 that optimizes (1), we have

the new value function K7 : S¢ x S¢ — R determined as:

o0
K™(c',c) =E, [thl Y IR e[1] = ¢/, c[0] = c], (10)
and J™ : S€ x 8¢ x A — R is the new action-value function:
T e, d) =B | 307 ARy el1] = 0] = c,

all] = d} , (11)
where the new policy 7[d | (¢/,c)] states the probability of
selecting rule d € D when the current state is (c¢/, c).

Proof 2: The proof can be found in Appendix B. |

According to Theorem 2, the proposed RL framework learns
based on the consecutive controllable states, while eliminating
the dependency on other un-controllable elements. This is in
fully congruence with Theorem 1 with no need for additional
steps to compress the CQI uncontrollable states.

By considering the relations in (8), (10) and (9), (11),
respectively, the value and action-value functions can be
decomposed according to the temporal difference principle:

K™(c',c)=r(c,c,d)+~-K"(c",c), (12.2)
J™(c',c,d) =r(c,c,d)+v- K™ (", ), (12.b)

where ¢”” = c[t+2] and the reasonings behind above equations
are given in Appendix C.

The optimal value K*(c/,c) of state (c/,c) € S¢ x 8¢
is the highest expectable return when the entire scheduling
process is started from state (c’,c). Then, function K* :
S¢ x 8¢ — R is the optimal value function determined
as: K*(c’,¢) = max,K™(c,c) [17]. Similarly, the optimal
action-value J*(c’, ¢, d) of pair (¢/, ¢, d) represents the highest
expected return when the scheduling process starts from state
(c/,c) and the first selected action is a[1] = d. Consequently,
J*(c',e,d) : 8¢ x 8¢ x A — R is the optimal action-
value function. If we consider that the RL controller acts as
optimal at each state, the selection of the best scheduling rule
is achieved according to the following equation:

d* = argmazx|r(d | (¢, c)]. (13)

eD

In this case, both value and action-value functions are optimal,
and relations (12.a) and (12.b), respectively, become:

K*(clv C) = T(clv Cvd) +- K*(Cﬂv C/)7
J*(c,e,d) =r(c,c,d) +v- K*(c",c).

(14)
5)

From Appendix B, it can be easily seen that K*(c”,c’) =
mazgyepJ*(c”,c’,d"). Then, both optimal value and action-
value functions can be derived as follows:

K(¢) = r(c e.d) + 7 - mag (<", ', d),  (16)
o=
J (¢ c,d) =r(c,c,d) + - maxJ*(c",c,d). (17)

d'eD
According to the target values calculated based on (14)-(17)

that we would like to achieve at each TTI, the RL framework
parameterizes the non-linear functions. Each of these functions

defines the type of RL algorithm. We consider the evaluation
of each RL algorithm in order to find the best policy for each
parameterization schemes used to compute the on-line PDRs.

For our stochastic optimization problem, the optimality of
value and action-value functions is not guaranteed. Then, we
aim to find the approximations of these functions, such that:
K*(c',c) =~ K*(c',c) and J*(c',c,d) =~ J*(c/,c,d) for all
d € D. Also, the instantaneous state (c’,c) € SY x S¢ needs
to be pre-processed to reduce the RL framework complexity.

IV. PROPOSED RL FRAMEWORK
A. State Compression

We aim to solve the dimensionality and variability problems
of controllable states by eliminating the dependence on the
number of active users U;. This is fundamental for our RL
framework, since the input state needs to have a fixed dimen-
sion in order to update the same set of non-linear functions.

Theorem 3: At each TTI, the controllable states ¢ € S€ can
be modeled as normally distributed variables.

Proof 3: We group the controllable elements as follows: ¢ =
{ko,  koy, Mk, K, q}, where ¢ = {c,}, n = {1,...,6}.
Each component depends on the number of users, such as:
cn = {cnu}, where u = {1,2,...,U;}. When n is fixed, each
element ¢, , can be normalized at each TTI ¢ as follows:

t

U
n = e (LU Y ).

By expanding (18) and fractioning between the pairs, we get
the following recurrence relation:

(18)

én,u = (Cmu . cn7u+1/én,u+l)- (19)

The normalized set ¢,, = {&,.1,é,.2, .-, €n,u, }» V7 is normally
distributed, if and only if, each element ¢, , is a product of
random variables. Equation (19) proves the theorem. ]

We use the means and standard deviations to represent
the distributions of the normalized controllable and semi-
controllable elements based on maximum likelihood estima-
tors [18]. Let us define the mean function u(é,) : RVt —
[~1,1] and the standard deviation function o(é,) : RVt —
[—1, 1]. Based on maximum likelihood estimators [18], these
functions are defined as follows:

U

en) =100 300 Infen)

u=

o(n) = \/1/Ut : Z:;l [In(énu) — N(én)]2-

The same principle for calculating the normalized values and
the mean and standard deviations is used for next-state contro-
llable elements ¢’ = {¢,}. To simplify the controllable state
representation, we define the 24-dimensional vector as v € S s
where v = [u(€}), o(€),), 1(€n),0(€y)], and n = {1, .., 6}.

n n

(20.a)

(20.b)

B. Approximations of Value and Action-Value Functions

Figure 2 shows the insights of the proposed RL framework.
Alongside a number of D neural networks used to approxi-
mate the action-value functions, we need an additional neural
network to represent the value function. We approximate
the optimal action-value functions by defining the function
J*: 8 x A— R. Also, we define K* : S — R as a function
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approximator for the optimal value function. Then, the non-
linear representations of these functions are defined as follows:

K*(v) = h(0:,¢(v)),
J*(v,d) = h* (05, ¢ (v)),

where, {h,h' k% ... hP} are the neural networks used to
approximate the value and action-value functions, respectively;
(V) is the feature vector, and {6,0',602 ..., 0P} is the set of
weights that has to be tuned.

The NN structure is based on two off-line parameterizations:
the number of layers and the number of nodes for each layer.
Let us define L the number of NN layers and /N; the number
of nodes for each layer | € {1,2,...,L}. If the number of
nodes for the input and output layers are known in advance
(i.e. Ny = 24, and N = 1), the number of hidden layers
L — 2 and the number of nodes for each hidden layer must be
determined in advance based on a priori testing.

The weights {6,6',62,...,6P} are used to interconnect the
nodes from layer to layer. Let us consider W; = {wp,,b =
1,y Npym = 1,..., Nj41} the matrix of weights between
layers [ and l+1. The total number of weights that has to
be tuned in the learning stage between layers [ and [+1 is
(N; + 1) X Ni41. The compressed controllable states v are
passed from layer to layer and they go through a set of non-
linear transformations. The output of layer [, becomes [19]:

vt = ?/11+1(Wz X Vﬁ))

2y

(22)

where, vﬁ) is the biased input state and ;4 is the activation

function of layer [ + 1. On the largest scale, the compressed
state is propagated through the entire NN according to [19]:

K*(v) =% (WL_y o thp1 (W] o (W V). (23)

Similarly, the controllable state v € S is forwarded through
all state-action NNs {h!, h2 ... hP}. The activation function
v = (Yi1,%2,...,Y1N,) is element-wise and the same
function is considered for all nodes. The main idea is to learn
D+1 vectors of weights, but at each TTI ¢, only two NNs are
updated (0;,0¢*), and a[t] = d* is the rule applied in state v.

For NN learning purposes, we consider the current state
1

as v/ = [u(€)), (@), me,),o(E)) € Sand v € S as a
previous state. We aim to update the set of weights {6;, 03"}

by reinforcing the error values that are able to evaluate the
performance of selecting the output of NN d* € D in state
v € S when the current state is v/ € S. Let us define the value
error function e : Ri_; 1; — R|_; 1 and the action-value error
function of NN d € D as e : Rj_1,1] = R(_1,1]. These errors
are calculated at each TTI based on the following equations:

= KT(v',v) - K*(v), (24.2)
JE v, d) — J*(v,d), (24.b)

et(et—la V/a V)

eg(af—la Vla V) =

where, K7 : S x & — R is the target value function defined
based on (14) or (16) and J7 : Sx8xA—Ris the target
action-value function calculated according to (15) or (17).

Both errors {e;, e/} are back-propagated through the neural
networks from layer to layer. Let us define the vector of
value errors E() = [e] o ez), . eg\,),l being back-propagated
to the output of layer l € {1,2,...,L}. These errors are back-
propagated based on the following equation [19]:

EVD =W{ x AT(¥),,EUD), (25)

where, W) , = W}l+1,17wl+1,27"'7wl/+1,NH_1] is the deri-

vative set and A[W], ,, JEUD] = l¢l’+1,1 . e§l+1),¢l+1,2 :
RS o)
2

v"'v¢1/+1,Nl+1 . Nz+1l By using (25), the errors are
back-propagated from layer to layer and the weights are
updated each time based on the gradient descent principle.
Then, the weight w}  that interconnects node b = 1,..., N
of layer [ to node m= 1,...,N;41 of layer [ + 1 at TTI ¢ is
updated according to the following formula [19]:

(l+1)

“Yl1m € (26)

wbm_wbm‘l"?t Ub

where 7, is the learning rate, vé)

Y1, 1.m is the derivative function on m € {1,
C. RL Algorithms

A set of RL algorithms is used to update the approximations
of optimal value and action-value functions. Among all RL
algorithms, only five are investigated and used to reinforce the
corresponding errors and optimize the NNs {h, h', h?, ..., AP}
based on dynamic network and traffic conditions.

QV-learning [20] combines the value and action-value func-
tions to build its policy by considering a two-step updating
process based on (14) and (15), respectively:

is the state element and
2. Nl+1}~

KTV v)=r(v,d") +v-K*(v), (27.a)
JEW v, d*) =r(v,d*) +v- K*(V), (27.b)
where, a[t] = d* is the action applied in the previous state

v e S and r(v,d*) is the reward function calculated based on
(4). The errors are calculated according to (24.a) and (24.b).

QV2-learning [21] keeps the same form of target functions
as exposed in (27) with the only difference that, the value
function error is back-propagated as follows:

ei(0;_1,v',v) = KT (v, v) — J*(v,d"). (28)

QVMAX-learning [21] sets the error calculations and the
target function J7'(v/,v,d*) similar to the QV-learning. The
only difference is the target value function, such as:

KTV v)=r(v,d)+~- Z@ggj* (v',d). (29)



QVMAX2-learning [21] is a combination of QV, QV2
and QVMAX algorithms. The target action-value function
JT(v',v,d") is defined similar to QV-learning as in (27.b),
the target value function K7 (v’ v) is determined according
to the QVMAX rule as in (29), the value error e;(6;,v',v)
is similar to QV2 and the action-value error € (A% ,v',v) is
determined similar to QV-learning.

For the Actor Critic Learning Automata (ACLA) [22], at
each TTI, the value function K* is updated according to (27.a)
and its error is determined based on (24.a). If the value error
e;(0;,v',v) is positive, the action d* € D in state v € S was
a good choice and the probability of selecting that action in the
future for the same approximated state should be increased.
Otherwise, the probability of selecting that action is decreased.
The target action-value function is determined as follows:

17 ife(et—lav/av) 2 07

30
—1, ife(f;_1,v,v)<O. 30)

J'W v, d*) = {

The action selection function from Fig. 2 plays a central role

in the learning stage. The trade-off for improvement/evaluation

steps is decided by e—greedy or Boltzmann distributions. If

the e—greedy is decided to be used, the action a[t+ 1] in state
v’ is selected based on the following policy [19]:

(d)

maiv)= {hd(ef,wv'n
(d)

where ¢; 7 is a random variable and ¢, is time-based parameter
that decides when the improvement or the evaluation step is
applied. If ¢; is very low, then we have more improvements
steps. When ¢; gets higher values, the RL controller aims to
exploit the output of NNs more. However, the e— exploration
is not able to differentiate between the potentially good and
worthless actions for given momentary states. The Boltzmann
exploration takes into account the values of NNs at each
TTI, in which, the actions with higher NNs values should
have higher probabilities to be selected and the others will
be neglected. The potentially good actions for the momentary
state v/ € S are detected by using the following formula [19]:

exp[h (07, ¥ (v'))/7]
Sy caplh? (0 b(v")) /7]
where 7 is the temperature factor that sets how greedy the
policy is. For instance, when 7 — 0, the exploration is
more greedy, and thus, the NNs with the highest outputs are
selected. When 7 — oo, the action selection becomes more
random, and thus, all actions have nearly the same selection
probabilities. Regardless of the type of exploration that is used,
the action is selected at each TTI according to (13). Algorithm
1 summarizes the introduced concepts and reasonings.

>
€ 2~ €, (31)
€ < €,

m(d|v') = (32)

V. SIMULATION RESULTS

The proposed framework was implemented in a RRM-
Scheduler C/C++ object oriented tool that inherits the LTE-
Sim simulator [15]. For the performance evaluation, an infras-
tructure of 10 Intel(R) 4-Core(TM) machines with i7-2600
CPU at 3.40GHz, 64 bits, 8GB RAM and 120 GB HDD
Western Digital storage was used. The entire framework was
simulated using the same network conditions for both learning

Algorithm 1: RRM Scheduler based on RL Algorithms

1: for each TTI ¢

2. observe state (c”,c’) € S x S, apply the compression R
3 functions based on (18), (19), (20.a), and (20.b), get v/ € S.
4:  recall the previous state and action (v, d), d € D and store
5:  the actual state v/ € S at the controller MDP level

6: calculate reward r(v,d") based on (4), (5) and (6).

7 forward propagate states (v',v) on K*(-) = h(6:—1,%(-))
8: according to (22) and (23)

9:  forward propagate state v on J*(v,d) = h*(0f_,,(v)),
10: d € D based on (22) and (23)

11: if QV algorithm

12: calculate value error e;(6;—1,v’,v) - (27.a) and (24.2)
13: calculate error ef (8¢ _,,v’,v) - (27.b) and (24.b)

14: if QV2 algorithm

15: calculate value error e;(6;—1,v’,v) - (27.a) and (28)
16: calculate error e (6¢_1,v',v) - (27.b) and (24.b)

17: if QVMAX algorithm

18: calculate value error e;(6:—1,v’,v) - (29) and (24.a)
19: calculate error ef (8¢_,,v’,v) - (27.b) and (24.b)

20: if QVMAX?2 algorithm

21: calculate value error e;(0;—1,v’,v) - (29) and (28)
22: calculate error e (6¢_1,v’,v) - (27.b) and (24.b)

23: if ACLA algorithm

24: calculate value error e;(6;—1,v’,v) - (27.a) and (24.2)
25 calculate error ef (8¢ _,,v’,v) - (30) and (24.b)

26: back propagate error e;(0;—1,Vv’,v) based on (25)

27: update weights 6,1 based on (26)

28: back propagate error ef (¢, v',v) based on (25)

29: update weights 62 | based on (26)

30: /I act based on the learned policy

31: apply d* = argmazy ep[m(d’ | v')] based on (31) or (32).
32: end for

and exploitation stages. The obtained results are averaged over
10 simulation runs and the STandard Deviations (STDs) are
analyzed in order to prove the veracity of proposed policies.
In order to study the impact of the online PDR in the learned
policies, different averaging settings are considered.

The aim of the simulations is two-fold: (a) to study the
learning performance of five different RL algorithms (QV,
QV2, QVMAX, QVMAX2, ACLA) under different traffic
types, varying window size, objectives, and dynamic traffic
conditions; (b) to study the performance of the proposed RL-
based framework and learned policies vs. classical scheduling
rules under different objectives, traffic types and network
conditions. For the purpose of the performance evaluation, the
proposed RL-based framework considers the set of state-of-
the-art scheduling rules consisting of EXPonential 1 (EXP1)
rule [7], EXPonential 2 (EXP2) and LOGarthmic (LOG)
strategies [8] and Earliest Deadline First (EDF) rule [9].

A. Parameter Settings

For the purpose of the simulations, our system model
considers the bandwidth of 20 MHz (100 RBs) and the ARQ
scheme with maximum 5 retransmissions. Packets failing to
be transmitted within this interval are declared lost. Since the
packet loss rate is related more to the network conditions,
we focus only on the ratio of dropped packets which is
related more to scheduler performance. The online PDR KPI
ko, w[t] for each user v € U, is calculated as follows:

Foult] = (C1_, Nulz — ) /(X 1_, Nulz — t]), where N, is



Table II Packet Scheduler Parameters

Parameter Value
System Bandwidth/Cell Radius 20 MHz (100 RBs)/1000m
User Speed/Mobility Model 120 Kmph/Random Direction

Channel Model Jakes Model
Path Loss/Penetration Loss Macro Cell Model/10dB
Interfered Cells/Shadowing STD 6/8dB
Carrier Frequency/DL Power 2GHz/43dBm
Frame Structure FDD
CQI Reporting Mode Full-band, periodic at each TTI
PUCCH Model Errorless

Scheduler Type EXP1 [7], EXP2 [8], LOG [8],
EDF [9], RL Policies
CBR, VBR

10 each TTI

Traffic Type
No. of schedulable users N7

RLC ARQ Acknowledged Mode
(5 retransmissions)
AMC Levels QPSK, 16-QAM, 64-QAM

Target BLER
Number of Users (|U])
RL Algorithms

10%
Variable: 15-120
QV [20], QV2 [21], QVMAX [21],
QVMAX?2 [21], ACLA [22]
500s/95s
{5.5, 100, 200, 400}

Exploration/Exploitation Duration
Windowing Factor (p)

the number of total transmitted packets and N,, is the number
of dropped packets being caused by higher packet delays than
those ones imposed by 3GPP. Parameter T is the time window
that is calculated as the ratio between the total number of
active users U; and the maximum number of users /N." that
can be scheduled within one TTL Then, T = p - [U;/N!"],
where [] is the integer part and p is the windowing factor.
The role of p is to ensure the PDR satisfaction when U; is
variable. For instance, we have noticed that, when U; > N,

low windowing factors p = [5.5,200] provides satisfactory
performance for the PDR objective. When U; <= N*, the
windowing factor can be increased such as p = [200,400]

in order to have larger horizons of time when dropping the
packets, while the PDR objective is still satisfied. When p >
400, the PDR performance is seriously degraded. However,
based on more general traffic settings (U, is variable during
learning and exploitation stages), we would like to find the
most convenient range of p such that both packet delay and
PDR objectives can be maximized. In this sense, we vary the
windowing factor in p = {5.5, 100, 200,400} in order to cover
a wider range for both aforementioned cases.

In the learning stage, the packet delay and PDR con-
straints are updated at each 1000 TTIs in the range of
ko, w[t] = {50,100, 150,200, 250,300}ms and k,,.[t] =
{1073,107%,107°,1075}, respectively. When the delay ex-
ceeds any of these requirements from k,, ,[t], the packets
are dropped and declared lost. To obtain better results for the
satisfaction of delay, we aim to impose stricter requirements,
such that: ko, u[t] = v - ko, u[t] and v = 0.9. Packets
exceeding these limits are not discarded, and the proposed
policies are able to apply the best rule so that the PDR can
be much improved. In order to increase the probability of
reaching the terminal states (r(c’,c) = 1) for very high traffic
load and low latency requirements, the delay sub-rewards

{ri(c,,),rd (co,)} in (5) are modified as follows:

vl oq

+ (Coy) L, [1/Ut ) 25;1 Ton (Con,U)} B
ri(co) =

s /U -2V 5 (Co, ), otherwise,

u=1"o0n

(33)

where, k € [0, 1] indicates the acceptable limit such that, for

ters

RL Learning Learning Discount Exploration
Algs. Rate (o) Rate(ny)  Factor(vy) (e,7)
Qv 10-3 10-° 0.99 =10
QVv2 10-3 10-° 0.95 =10
QVMAX 10-3 10-° 0.99 =10
QVMAX2 10-3 10-° 0.95 =10
ACLA 104 104 0.99 e=5-10"%

(1 — k)% of users that are in outage of delay requirements,
the delay reward is still maximized. For our simulations, we
impose k = 0.9. When the global reward value is calculated,
the same level of importance is given for both delay and PDR
objectives, and consequently: d,, = d,, = 0.5.

In both learning and exploitation stages, the number of
active users is changed every 1000 TTIs in the domain of
U; = [15,120] in order to better illustrate the superiority of
the proposed policies. The user speed is 30 kmph and the
mobility model is considered to be random direction for both
learning and exploitation stages. For the interference model,
we consider a cluster with 7 cells, and the simulation model
runs only on the central cell, with others being used to provide
the interference levels. The training stage runs for 500s by
using the same user-network-application conditions for all five
RL algorithms. The exploitation stages are launched in 10
different simulations of 95s each, and the results are averaged.

CBR and VBR traffic types are considered to model a wide
range of applications (e.g., video, VoIP, FTP, web browsing)
with different traffic characteristics. Thus, the CBR traffic is
generated based on the following set of arrival rates \;[t] =
{32,64,128,256,512,1024} randomly generated at each 1000
TTIs (for all active users). The VBR traffic is generated
following a Pareto distribution for packet size and geometric
distributions for the arrival rates [18]. The obtained policies
can provide very high degrees of generalizations, and thus they
can be applied to realistic environments. The remaining set of
parameters for the RRM packet scheduler is listed in Table II.

B. Optimization of RL Controller

When optimizing the controller, our aim is to find the best
parameterization scheme (learning rates, discount factors and
exploration parameters) that minimizes the NNs output errors
(et,er,e?,...,eP) for a given duration of the learning stage.
Different configurations are simulated and Table III illustrates
the most suited parameters for each considered RL algorithm.

The parameterization of neural networks (L, N;), | €
{1,2,.., L} constitutes another important aspect that has to be
considered before launching the learning stage. When the ne-
ural network is too flexible (high number of layers and hidden
nodes), the complexity is higher, the learning speed slower, and
there is a risk to overfit the input state in the sense that, the
function approximator will represent not only the interest data,
but also the noise in the scheduler state [19]. When the neural
network is inflexible (insufficient number of layers and hidden
nodes), the system complexity is lower, the RL framework can
learn faster, and parts of the scheduler state space may not be
represented by the approximator. As a consequence, we get
poor generalizations and the function approximator is said to
underfit the input state [19]. In both under-fitting and over-
fitting cases, the state error starts to increase inexplicably at a
certain point in the learning stage. We carefully tested different
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NN configurations, such as L = {3,5,7}, where the number
of neurons for each hidden layer was varied in the interval
of {50,100,150,200}. Considering under-fitting, over-fitting
and system complexity trade-off, and based on preliminary
simulations we found out that L = 3 and Ny = 100 are enough
to represent the state space for delay and PDR objectives. For
each simulation setting, we considered the same topology of
neural networks (i.e. the same numbers of layers, nodes and
activation functions). The activation functions for the input and
output layers are linear, whilst for hidden nodes, the activation
function is tangent hyperbolic [18].

C. Learning Performance

This subsection presents the learning performance of the five
considered RL algorithms in terms of the mean percentage of
TTIs under punishments and moderate rewards and for varying
windowing factor, different objectives (e.g., delay only, PDR
only, and both delay and PDR) and different traffic classes
(e.g., CBR and VBR). By punishment we understand that the
reward is negative at TTI ¢, such that —1 < r < 0 while in case
of moderate reward we have 0 < r < 1. Thus, for this case, we
consider the mean percentage of TTIs under punishments and
moderate rewards, such as p(—1 < r < 0;0 < r < 1). Then,
P1(—1 <1y, < 0;0 < r, < 1) is the mean percentage of
TTIs under punishments and moderate rewards for the delay
objective; similarly py(—1 < 1o, < 0;0 < 1,, < 1) is the
mean percentage of TTIs corresponding to PDR objective;
and, pjo(—1 < 7 < 0;0 < r < 1) is the mean percentage
of TTIs for both delay and PDR objectives. Figures 3 (a)-
(f) illustrate the performance of considered RL algorithms in
the exploitation stage when considering the mean percentage
of TTIs under moderate rewards and punishments for each
traffic class, objective and varying windowing factor.

Figures 3 (a)-(c) show the performance of the RL algorithms
in terms of mean percentage of TTIs under punishments and

moderate rewards for varying windowing factor and objectives,
for the CBR traffic only. We notice that in the case of delay
objective, the percentages D;(—1 < r,, < 0;0 < 7, < 1)
remain relatively constant for each of the RL algorithms
when varying the windowing factor. However, it can be
observed that ACLA performs better than other choices for
p = {5.5,100} while QVMAX and QVMAX2 perform better
for p = {200,400}. When considering the PDR objective only
(Fig. 3 (b)), the QV policy accumulates the least amount of
punishments and moderate rewards for p = {5.5} and the QV-
MAX2 algorithm learns the best when p € {100,200, 400}.
However, when both delay and PDR objectives are considered
(Fig. 3 (c¢)), ACLA and QVMAX?2 achieve the lowest mean
percentage Pio(—1 < r < 0;0 < r < 1) when p €
{5.5,100,200} and QVMAX2 is the best choice for p = 400.
We observe that the STD of py(—1 < 14, < 0;0 < 715, < 1)
becomes higher as p increases. This shows that if very large
windows are used in the PDR computations, the policies show
their limitations in applying appropriate scheduling rules that
can maximize the satisfaction of PDR requirements.

The learning performance when scheduling VBR traffic
is highlighted in Figs. 3 (d)-(f). QV, QVMAX2 and ACLA
perform best for the delay objective (Fig. 3 (d)) for p = 5.5.
For p = {100,200}, QVMAX, QVMAX2 and ACLA provide
a good performance, while QVMAX minimizes p,(—1 <
To, < 0;0 < 1, < 1) when p = 400. The PDR objective
(Fig. 3 (e)) satisfaction is achieved for larger periods of time
when p = 5.5 by the QV policy. However, when increasing
the windowing factor, p = {200,400}, the best candidates are
ACLA, QVMAX2 and QV2. When combining both delay and
PDR objectives (Fig. 3 (f)), the following policies perform the
best: QV, QVMAX2, ACLA for p = 5.5, ACLA, QVMAX,
QVMAX?2 for p = 100, and QVMAX for p = {200, 400}.

Looking at the impact of different traffic classes, by com-
paring Figs. 3(c) and 3(f), we notice that the RL policies can



Table IV Policies Performance for CBR and VBR Traffic Types

CBR Traffic VBR Traffic
Mean Percentage of Feasible TTIs [%] Mean Percentage of Feasible TTIs [%]
Objectives Met. p=55 p=100 p=200 p=400 p=55 p=100 p=200 p=400
Qv 9.367 15.108 27.812 20.808 38.906  38.532 32.942 18.515
QVv2 51.19 60.336 43.71 46.599 1.138 35.296 32.417 36.347
Delay QVMAX 40.684 58.943 26.662 64.502 0.703 18.528 39.82 41.216
QVMAX2 66.13 52.252 59.146 65.713 15.545 37.817 18.837 14.03
ACLA 65.195 62.937 58.538 50.711 32.951 42.338 18.944 31.718
Qv 86.786 60.483 46.576 30.338 76.793 44.996 29.657 12.037
QVv2 86.117 62.438 43.788 29.126 69.149 48.176 33.549 13.045
PDR QVMAX 84.427 65.768 45.25 28.977 67.237 45.577 31.054 12.845
QVMAX2 85.997 67.166 48.862 30.54 71.194 52.169 33.528 11.402
ACLA 83.56 66.233 44.048 26.516 67.337 52.569 29.198 12.416
Qv 9.051 8.379 15.902 10.071 38.322  32.296 21.859 0.323
QVv2 50.474 48.815 39.205 25.784 0.971 33.967 18.03 11.771
Delay + PDR  QVMAX 39.894 51.355 15.229 25.761 0.54 12.208 26.919 11.7
QVMAX2 = 65.455 49.121 36.304 27.642 15.169 31.298 18.837 10.394
ACLA 64.369 55.376 39.19 17.501 32.395 36.269 11.791 11.556

learn better under VBR traffic, since the STDs are considerably
reduced when compared with the CBR traffic. Moreover, as
indicated by (33), we aim to maximize the reward when 90%
of active users achieve their delay requirements. In this sense,
the RL policy that shows the best performance in terms of
learning performance, may not be the best option when we
measure the network performance for 100% satisfied users.

D. Policies’ Performance

The objective of this subsection is to analyze if the con-
sidered RL policies are able to ensure the best performance
when measuring the objective satisfaction for all active users.
In this sense, we measure the mean percentage of TTIs when
100% of active users satisfy: a) the delay requirements only
(P1(100%)); b) the PDR requirements only (p,(100%)); and
¢) both, delay and PDR requirements (p;5(100%)).

The results are listed in Table IV for each considered RL
algorithm under a varying windowing factor, different objec-
tives and traffic classes. The top scheduling policies under
each objective and for each windowing factor are highlighted.
When the results obtained in Table IV are compared with Fig.
3, a discrepancy between {p; (100%), p5(100%), p15(100%)}
and 1 — {p;(—1 < 7o, < 0;0 <1, < 1),P5(—1 < 10, <
0;0 < 1, < 1),710(-1 < 7 < 0;0 < r < 1)} can
be observed in the sense that even if some RL approaches
are able to provide good performance when minimizing the
percentage of TTIs with punishment and moderate rewards, the
mean percentage of TTIs when all active users are satisfied is
seriously degraded. For example, in Fig. 3(d), for p = 5.5,
ACLA aims to minimize the number of punishments and
implicitly to maximize the number of maximum rewards when
90% of users are satisfied, whereas, in Table IV, QV policy is
the best option when measuring P, (100%). Similarly, in Fig.
3(f), for p = 5.5, ACLA and QVMAX?2 policies are the best
options to minimize the amount of punishment and moderate
rewards. However, in Table IV, the QV policy is the one
that maximizes p;5,(100%). Moreover, in Fig. 3(f), QVMAX
achieves similar performance as ACLA and QVMAX2 when
p = 100. In Table 1V, its performance is seriously degraded
since P;5(100%) = 12.2, which is three times less than ACLA.

These discrepancies are obtained since some policies prefer
to select those scheduling rules that aim to keep some users

in outage in terms of packet delay for longer periods. In Table
1V, the results show that more than 10% of feasible TTIs for
the entire set of RL algorithms and windowing factors are lost
when scheduling VBR traffic.

Other discrepancies refer to the performance differences
between windowing factors and traffic types. For example,
for CBR traffic in the case of the PDR objective when the
value of the windowing factor is increased (e.g., 200, 400),
QVMAX?2 achieves the best performance. Whereas, in the
case of VBR traffic, QV2 performs the best under the same
settings. Even if the same network and traffic conditions are
used when training the NNs under different RL algorithms,
the sequence of these conditions differs from one setting
of p to another. This explains the performance variability
of the obtained RL policies under p € {5.5,100,200,400}
when scheduling CBR and VBR traffic. However, it can be
concluded that ACLA is a better option for shorter time
windows in PDR computations, whereas the QVMAX and
QVMAX?2 algorithms can learn better for much longer time
windows used in PDR computations.

E. Comparison with State-of-the-Art Strategies

The aim of this subsection is to analyze the performance
of the proposed RL-based framework and compare it against
the conventional scheduling rules, such as EDF, LOG, EXPI,
and EXP2. Through this performance evaluation we want
to show that by using only one scheduling rule it cannot
fully satisfy the objectives under dynamic network conditions
and traffic types. Thus, the proposed RL-based framework
will select the most suitable scheduling rule to be applied
at each TTI based on the current network conditions. The
performance of the proposed RL-based framework and the
best policies from Table IV are compared against other state-
of-the-art scheduling solutions in terms of mean percentage
of TTIs when the active users are satisfied in percentage of
q% = {90,92,94,96, 98,100} for different objective targets,
such as P;(q), Py(q), D12(q). The results are collected for
CBR and VBR traffic under the three objectives and varying
windowing factor and listed in Fig. 4.

Looking at the delay objective only, it can be easily ob-
served that the proposed framework is able to outperform the
classic scheduling rules in terms of 7, (100%) for both cases of
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CBR (Fig. 4(a)) and VBR traffic (Fig. 4(d)). When scheduling
the CBR traffic, more than 10% of feasible TTIs are gained by
the proposed framework under all windowing factor settings.
Calling the appropriate scheduling rule at each TTI enables all
active users to respect the lower delay bound. A degradation
of p;(q) can be observed when scheduling the VBR traffic
with p = 5.5 for ¢[%] = {90,92,94}. This is because the
main purpose of the obtained policy is to minimize the mean
delay for all users with the minimum STD delay values. Some
scheduling rules aim to keep some users in outage for longer
periods by increasing the STD of packet delays.

The PDR objective for both traffic types under an increasing
windowing factor p, Dy(q) decreases and the results’ variation
becomes larger (Figs. 4(b) and 4(e)). However, the proposed
framework works best when ¢[%] = {90, 92, 94, 96, 98, 100}.

When maximizing the percentages of feasible TTIs when
all active users are satisfied in terms of both packet delay and
PDR requirements, the proposed framework performs the best
as seen in Figs 4(c) and 4(f). By selecting appropriate sche-
duling rules for different traffic loads, network conditions and
QoS requirements, the proposed framework gains more than
15% of P15(100%) when compared with classical scheduling
rules for the CBR traffic type and the windowing factor of
p = {5.5,100,200,400}. For the VBR traffic, the proposed
framework indicates a gain of about 10%. This is because
some packets have larger sizes when compared with CBR.

F. General Remarks

The performance of the RL controller depends on the
following factors: the type of RL algorithm, the input data
set being used in the training stage, data processing, controller
parameterization and the learning termination condition. If the
sequence of provided input data is not similar, the performance
of the RL algorithms can differ as we observed in Table
IV. The training data has to be carefully chosen in order to

(&) PDR Objective for VBR Traffic

p=400

p=100.
(D) Delay and PDR Objectives for VBR Traffic

Fig. 4 Exploitation Performance: Percentages of TTIs when Delay, PDR, and both Delay and PDR Objectives are Satisfied

p=200. p=400. p=200.

permit the controller to explore as many states as possible and
to avoid the local minima problems. The input observations
must be pre-processed before applying to the RL controller
in order to avoid the dependency for some parameters that
may change over time, such as the number of active users.
The controller setting has to be determined a priori by using
extensive simulation results. The NN configuration for our
scheduling model makes use of L = 3 layers, where: N1 = 24,
Ny =100, N3 = 1. Finally, the learning termination condition
indicates when the training stage should be stopped. For our
simulations, the termination condition is performed after 500s,
the moment of time when the errors for all five RL algorithms
are nearly the same and the weights of NNs are saved.

VI. RELATED WORK

One key aspect in obtaining optimal performance within
the radio access network is the dynamically scheduling of
the limited radio resources. Different radio resource allocation
strategies and scheduling rules have been proposed in the
literature to optimize the distribution of radio resources among
different users by considering the dynamic channel conditions
as well as QoS requirements. For example, the EXP1 rule
proposed in [7] is able to enhance the PDR at the cost
of throughput degradation when scheduling video streaming
services. Two rules EXP2 and LOG proposed in [8] are able
to minimize the overflow of data queues when compared to
Modified Largest Weighted Delay First (MLWDF). However,
the MLWDF rule provides poor PDR performance when CBR
traffic is scheduled [23]. The EDF strategy in [9] outperforms
MLWDF, LOG, EXP1, and EXP2 in terms of PDR with delay
degradation when higher real-time traffic load is scheduled.

RL has been widely used in RRM decision-making pro-
blems, such as: inter-cell interference coordination [24], self-
organizing networks [25], energy savings [26], Adaptive Mo-
dulation and Coding selection [27], radio resource allocation



and packet scheduling [28]-[30]. In many RRM optimization
problems, the states (network conditions) and actions (RRM
decisions) are continuous and multidimensional variables that
increase the complexity of RL algorithms. Different approa-
ches are proposed to avoid these drawbacks.

Clustering methods are used in [31] to convert the conti-
nuous state space into its discrete representation. In [26], the
discrete state space is achieved through fuzzy logic mechanism
by using linguistic variables. Another solution is to integrate
RL algorithms with artificial Neural Networks, which are able
to approximate non-linear functions that map the continuous
state into desired scheduling decisions for the proportional-
fair rule parameterization [29], [30]. However, some pre-
processing tools are needed to compress the NN input state
dimension, and consequently, to speed-up the learning process.

A form of compression is considered in [28], where the
modulation and coding scheme is adapted based on average
CQI reports received from all users. This method can be
used only in wide-band CQI reporting scenarios, becoming
automatically unfeasible when the sub-band reporting is requ-
ired. For the self-organizing mechanism proposed in [25], the
state compression considers only the conflicting parameters
with neighboring cells. Some approaches consider the division
of the multidimensional state into smaller sub-states to be
approximated as indicated in [32].

VII. CONCLUSIONS

This paper proposes a flexible RRM packet scheduler which
is able to adapt based on dynamic scheduling conditions
and to enable QoS provisioning. The proposed approach
makes use of Reinforcement Learning to determine, for each
instantaneous scheduler state, a better scheduling rule to be
applied. Additionally, an innovative technique that compresses
the controllable momentary state such that the dependency
on the number of users is eliminated is also introduced.
Through extensive simulation results we have demonstrated
that different RL approaches behave differently under varying
network conditions and system settings. However, we show
that by using the proposed framework together with the best
RL policies in the exploitation stage, the proposed RRM
scheduler outperforms the classical scheduling rules in terms
of both packet delay and PDR objectives.

As part of future work, we plan to investigate the proposed
RL framework as a possible solution for the optimization pro-
blems that consider non-orthogonal multiple access schemes
as well as heterogeneous traffic conditions with strict QoS.
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APPENDIX A: PROOF OF THEOREM 1

The reward function is decomposed as indicated in (34)
when starting with the definition in (3), where, the (*) property
indicates that, the uncontrollable state z[t] = z € SUY can

r(s,d) 2 E[Rt+1|s[t] —s,aft] = d}

© E[Rt+1|c[t +1] = f(s,d),s[t] = s, alt] = d}

= E[Rt+1|c[t +1] = cly). clt] = ¢, z[t] = z,alt] = d}

© E[Rt+1|c[t +1] = gy, clt] = c,alt] = d]

= r(c(g), ¢, d). (34)
be reproduced if the controllable elements {c,c,} € S¢
from the actual and future scheduler states are known. For
instance, by having the tuple {J, /\’( d)}, the effective SINR
can be reproduced, and consequently, the CQI reports for each
user can be approximated. The KPI requirements at TTI ¢ k
are determined based on the controllable elements {c,c(,}.
The arrival bit rates in data queues at TTI ¢ are obtained based
on the differences between consecutive sizes of queues q’' and
q. The queue sizes denote here the number of bits from each
users queue being impacted only by the scheduling decision.
The arriving bits in data queues depend on the traffic type
and are included in the uncontrollable state space. Also, the
number of active users U, at TTI ¢ can be easily determined
by simply setting A, = 0 for those users in the IDLE state.

APPENDIX B: PROOF OF THEOREM 2

We develop the initial value function as shown in (35). By
starting with the definition from (8), the sum of expectations
keeps the same value when considering the transition function
of controllable elements from (2). The (%) property has the
same meaning as in Equation (34). At TTI {+1 when ¢/ Q= c,
we obtain the value function representation as shown in (10).
The action-value function is decomposed as shown below:
Q™(5.d) P B [ 3" 4"Resalsl0] = 5,al0) = d]

Dp_ [Z’thH_ﬂc[l] = f(s,d),s[0] = s, af0] = d}
t=0

=E, [th’RHﬂc[l] = c(g), c[0] = ¢, 2[0] = z,a[0] = d}
=0

Yg, [tho V' Regale[l] = ¢(g), €[0] = ¢, a[0] = d}

= J™(c(y), ¢, d). (36)

The action-value is developed in (36). At TTI ¢+1 when cz 4 =
c’, the new action-value function is defined as follows:

J*(c,e,d) = EW{Z:;
all] = d',af0] = d]
R[S T Rielt] = € elo] = e.alt] = ],

where, (xx) stands with the MDP property.

YR e[l] = ¢, c[0] = c,

(37

APPENDIX C: FUNCTION TRANSITIONS

We want to find a relationship for value and action-value
functions in between two consecutive controller states such as
(c/,c) and (c”,c’). The state function in (35) is reloaded and
developed in reverse way as shown in (38). The property (x, 2)
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) =2 (e, d) +v- K™(c", ). (38)

indicates the MDP property in which the current state depends
only on the previous one but not on all the previous versions.
Also, the transition of controllable elements at TTI ¢ = 2
is determined according to (2). The property (xx) indicates
in fact that we are in state (c¢’,c¢’) and we would like to
update J™(c¢’,c,d) and K™ (c’,c), so the uncontrollable state
z[2] € SU is known. The relation (34x) reveals the property
elaborated in Appendix A and the uncontrollable elements
z[2] = z"” € SY can be reconstituted if the set of elements
cl2] = ¢” € 89 and c[l] = ¢’ € S are known by the
RL controller. The transition for action-value function can be
developed similarly to the value function K7 (c’,c) with the
only difference being that, when updating function J™(c¢’, ¢, d)
at TTI t = 2, a different function J™(c”, c’,d”) may be used
in this computation since d’ = argmazqep[J™(c”,c,q)].
This is revealed in fact by the dynamic programming property
that permits the action-value function to be updated at each
TTT according to the best scheduling rule in that state.
REFERENCES

Next Generation Mobile Networks (NGMN) Alliance, “5G White Pa-
per,”February 2015.

Ericsson, “5G Radio Access White Paper,’2016. [Online]. Available:
http://www.ericsson.com/res/docs/whitepapers/wp-5g.pdf

J. G. Andrews, B. S., W. Choi, S. V. Hanly, A. Lozano, A. C. K. Soong,
and J. C. Zhang, “What Will 5G Be?”in IEEE Journal on Selected Areas
in Communications, vol. 3, no. 6, pp. 1065 — 1082, 2014.

T. O. Olwal, K. Djouani, and A. M. Kurien, “A Survey of Resource
Management Toward 5G Radio Access Networks,”in IEEE Communi-
cations Surveys and Tutorials, vol. 18, no. 3, pp. 1656 — 1686, 2016.
P. Agyapong, M. Iwamura, D. Staehle, W. Kiess, and A. Benjebbour,
“Design Considerations For a 5G Network Architecture,’in IEEE Com-
munications Magazine, vol. 52, no. 11, pp. 65 — 75, 2014.

A. Ghosh, J. Zhang, J. G. Andrews, and R. Muhamed, Fundamentals of
LTE, 1st ed. Upper Saddle River, NJ: Prentice Hall, Sep. 2010.

J. Rhee, J. Holtzman, and D.-K. Kim, “Scheduling of Real/Non-
Real Time Services: Adaptive EXP/PF Algorithm,”in IEEE Vehicular
Technology Conference, vol. 1, April 2003, pp. 462 — 466.

B. Sadiq, R. Madan, and A. Sampath, “Downlink Scheduling for Multi-
class Traffic in LTE,”in EURASIP Journal on Wireless Communications
and Networking, vol. 2009, no. 14, pp. 1-18, 2009.

[1]
[2]
[3]

[4]

[5]

[6]
[7]

[8]

[9] B. Liu, H. Tian, and L. Xu, “An Efficient Downlink Packet Scheduling
Algorithm for Real Time Traffics in LTE Systems,”in IEEE Consumer
Communications and Networking Conference (CCNC), vol. 1, pp. 364
— 369, January 2013.

R. S. Sutton and A. G. Barto, Reinforcement Learning: An Introduction.
IMT Press Cambridge, 2012.

M. Bkassiny, Y. Li, and S. K. Jayaweera, “A Survey on Machine-
Learning Techniques in Cognitive Radios,”in IEEE Communications
Surveys Tutorials, vol. 15, no. 3, pp. 1136 — 1159, 2013.

O. C. Jacoboaiea, B. Sayrac, S. B. Jemaa, and P. Bianchi, “SON
Coordination in Heterogeneous Networks: A Reinforcement Learning
Framework,”’in IEEE Transactions on Wireless Communications, vol. 15,
no. 9, pp. 5835 — 5847, 2016.

N. Pratas and N. H. Mahmood, “D4.1: Technical Results for Service
Specific Multi-Node/MultiAntenna Solutions,”Flexible Air iNTerfAce
for Scalable service delivery wiThin wlreless Communication networks
of the 5th Generation (FANTASTIC-5G), 2016. [Online]. Avai-
lable: http://fantastic5g.com/wp-content/uploads/2016/06/FANTASTIC-
5G’'D4.1 Final.pdf

G. Song and Y. Li, “Utility-based Resource Allocation and Scheduling in
OFDM-based Wireless Broadband Networks,’in IEEE Communications
Magazine, vol. 43, no. 12, pp. 127 — 134, 2005.

G. Piro, L. A. Grieco, G. Boggia, F. Capozzi, and P. Camarda, “Si-
mulating LTE Cellular Systems: An Open-Source Framework,’in IEEE
Transactions on Vehicular Networks, vol. 60, no. 2, pp. 498 — 513, 2011.
3GPP, Technical Specification Group Services and System Aspects;
Policy and Charging Control Architecture Release 12, v.12.2.0, 2013.
C. Szepesvri, Algorithms for Reinforcement Learning: Synthesis Lectures
on Artificial Intelligence and Machine Learning. Morgan and Claypool
Publishers, 2010.

L.-S. Comsa, Sustainable Scheduling Policies for Radio Access Networks
Based on LTE Technology. University of Bedfordshire, Luton, U.K.,
2014.

H. P. van Hasselt, Insights in Reinforcement Learning Formal Analysis
and Empirical Evaluation of Temporal-Difference Learning Algorithms.
University of Utrecht, 2011.

M. Wiering, “QV(lambda)-learning: A New On-policy Reinforcement
Learning Algorithm,”in Proceedings of the 7th European Workshop on
Reinforcement Learning, 2005, pp. 17 — 18.

M. Wiering and H. van Hasselt, “The QV Family Compared to Other
Reinforcement Learning Algorithms,”in IEEE International Symposium
on Approximate Dynamic Programming and Reinforcement Learning
(ADPRL), 2009, pp. 101 — 108.

H. Van Hasselt and M. Wiering, “Using Continuous Action Spaces to
Solve Discrete Problems,”in International Joint Conference on Neural
Networks, 2009, pp. 1149 — 1156.

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

(21]

[22]



[23] R. Basukala, H. Mohd Ramli, and K. Sandrasegaran, “Performance
Analysis of EXP/PF and M-LWDF in Downlink 3GPP LTE System,’in
First Asian Himalayas International Conference on Internet, vol. 1,
November 2009, pp. 1 - 5.

M. Simsek, M. Bennis, and I. Guvenc, “Learning Based Frequency- and
Time-Domain Inter-Cell Interference Coordination in HetNets,”in IEEE
Transactions on Vehicular Technology, vol. 64, no. 10, pp. 4589 — 4602,
2015.

0. Tacoboaiea, B. Sayrac, S. Ben Jemaa, and P. Bianchi, “Coordinating
SON Instances: Reinforcement Learning with Distributed Value Func-
tion,”in [EEE 25th Annual International Symposium on Personal, Indoor,
and Mobile Radio Communications (PIMRC), vol. 1, September 2014,
pp. 1642 — 1646.

A. De Domenico, V. Savin, D. Ktenas, and A. Maeder, “Backhaul-Aware
Small Cell DTX based on Fuzzy Q-Learning in Heterogeneous Cellular
Networks,’in IEEE International Conference on Communications (ICC),
2016, pp. 1 — 6.

R. Bruno, A. Masaracchia, and A. Passarella, “Robust Adaptive Modula-
tion and Coding (AMC) Selection in LTE Systems Using Reinforcement
Learning,”in IEEE Vehicular Technology Conference, VIC-2014 Fall,
September 2014, pp. 1 — 6.

A. Chiumento, C. Desset, S. Pollin, L. Van der Perre, and R. Lauwereins,
“Impact of CSI Feedback Strategies on LTE Downlink and Reinforce-
ment Learning Solutions for Optimal Allocation,’in IEEE Transactions
on Vehicular Technology, vol. PP, no. 99, pp. 1 — 13, 2016.

I.-S. Comsa, M. Aydin, S. Zhang, P. Kuonen, J.-F. Wagen, and Y. Lu,
“Scheduling Policies Based on Dynamic Throughput and Fairness Tra-
deoff Control in LTE-A Networks,”in IEEE Local Computer Networks
Conference (LCN), September 2014, pp. 418-421.

I.-S. Comsa, S. Zhang, M. Aydin, J. Chen, P. Kuonen, and J.-F. Wagen,
“AdaptiveProportional Fair Parameterization Based LTE Scheduling
Using Continuous Actor-Critic Reinforcement Learning,”’in /EEE Global
Communications Conference (GLOBECOM), December 2014, pp. 4387—
4393.

D. Zhao and Y. Zhu, “MECA Near-Optimal Online Reinforcement
Learning Algorithm for Continuous Deterministic Systems,’in [EEE
Transactions on Neural Networks and Learning Systems, vol. 26, no. 2,
pp. 346 — 356, 2015.

T. Mori and S. Ishii, “Incremental State Aggregation for Value Function
Estimation in Reinforcement Learning,”in IEEE Transactions on Sys-
tems, Man, and Cybernetics, Part B (Cybernetics), vol. 41, no. 5, pp.
1407 - 1416, 2011.

[24]

[25]

[26]

(271

[28]

[29]

[30]

(311

[32]

Ioan-Sorin Comgsa is a Research Scientist in 5G
radio resource scheduling at Brunel University, Lon-
’ don, UK. He was awarded the B.Sc. and M.Sc.
e degrees in Telecommunications from the Technical
University of Cluj-Napoca, Romania in 2008 and
2010, respectively. He received his Ph.D. degree
from the Institute for Research in Applicable Com-
puting, University of Bedfordshire, UK in June
§ 2015. He was also a PhD Researcher with the
Institute of Complex Systems, University of Applied
Sciences of Western Switzerland, Switzerland. Since
2015, he worked as a Research Engineer at CEA-LETI in Grenoble, France.
His research interests include intelligent radio resource and QoS management,
reinforcement learning, data mining, distributed and parallel computing,
adaptive multimedia/mulsemedia delivery.

Sijing Zhang obtained his B.Sc. and M.Sc. degrees,
both in Computer Science, from Jilin University,
Changchun, China in 1982 and 1988, respectively.
He earned a PhD degree in Computer Science from
the University of York, UK in 1996. He then joined
the Network Technology Research Centre (NTRC)
of Nanyang Technological University, Singapore as
a post-doctoral fellow. In 1998, he returned to the
UK to work as a research fellow with the Centre for
Communications Systems Research (CCSR) of the
University of Cambridge. He joined the School of
Computing and Technology, University of Derby, UK, as a senior lecturer in
2000. Since October 2004, he has been working as a senior lecturer in the
Department of Computer Science and Technology, University of Bedfordshire,
UK. His research interests include wireless networking, schedulability tests
for hard real-time traffic, performance analysis and evaluation of real-time
communication protocols, QoS provision, vehicular ad-hoc networks, and
wireless networks for real-time industrial applications.

Mehmet Emin Aydin is Senior Lecturer in the
Department of Computer Science and Creative Te-
chnology of the University of the West of England.
He has received BSc, MA and PhD degrees from
Istanbul Technical University, Istanbul University
and Sakarya University, respectively. His research
interests include parallel and distributed metaheuris-
tics, resource planning, scheduling and optimization,
combinatorial optimization, evolutionary computa-
tion and intelligent agents and multi agent systems.
He has conducted guest editorial for a number of
special issues of peer-reviewed international journals. In addition to being
the member of advisory committees of many international conferences, he is
editorial board member of various peer-reviewed international journals. He is
currently a fellow of Higher Education Academy, UK, a member of EPSRC
College, member of The OR Society UK, ACM and IEEE.

Pierre Kuonen obtained the Master degree in elec-
trical engineering from the Ecole Polytechnique
Federale de Lausanne (EPFL) in 1982. After six
years of experience in the industry (oil exploration
in Africa, then development of computer-assisted
manufacturing tools in Geneva), he joined laboratory
of computer science theory at EPFL in 1988 and
began working in the field of parallel and distri-
buted systems for high-performance computing. He
obtained the PhD in computer science in 1993. Since

N ) then he has been working in this field. First at EPFL,
where he founded and led the GRIP (Parallel Computing Research Group),
then at the University of Applied Sciences of Western Switzerland (HES-
SO) he joined in 2000. Since 2003, he has been a full professor at the
University of Applied Sciences and Architecture in Fribourg, where he leads
the GRID and Cloud Computing Group and co-leads the Institute of Complex
Systems (iCoSys). In 2014, in collaboration with Prof. Jean Hennebert (HES-
SO, Fribourg) and Prof. Philippe Cudre-Mauroux (University of Fribourg)
he founded the DAPLAB (Data Analysis and Processing Lab) that aims at
facilitating the access for enterprises and universities to emerging technologies
in the area of big data and intelligent data analysis.

Yao Lu is a Ph.D. candidate in the department of in-
formatics at the University of Fribourg, Switzerland.
He obtained the master degree of computer system
and architecture from Chongging University, China
in 2012. Yao Lu has also worked for the GRID and
Cloud Computing Group in University of Applied
Sciences of Western Switzerland. His research inte-
rests focuses on wireless sensor networks, routing
protocol, data aggregation, and swarm intelligence.
He also actively participated in international confe-
rences and published papers in academic journals.

Ramona Trestian (S’08-M’12) is a Senior Lectu-
rer with the Design Engineering and Mathematics
Dept., Middlesex Univ., London, UK. She received
her Ph.D. degree from Dublin City Univ., Ireland
in 2012. She was with Dublin City University as
an IBM/IRCSET Exascale Postdoctoral Researcher.
She published in prestigious international confe-
rences and journals and has three edited books.
Her research interests include mobile and wireless
communications, user perceived quality of expe-
rience, multimedia streaming, handover and network
selection strategies. She is a member of IEEE Young Professionals, IEEE
Communications Society and IEEE Broadcast Technology Society.

Gheorghita Ghinea is a Professor in the Computer
Science Department at Brunel University, United
Kingdom. He received the B.Sc. and B.Sc. (Hons)
degrees in Computer Science and Mathematics, in
1993 and 1994, respectively, and the M.Sc. degree
in Computer Science, in 1996, from the University of
the Witwatersrand, Johannesburg, South Africa; he
then received the Ph.D. degree in Computer Science
from the University of Reading, United Kingdom, in
2000. His work focuses on building adaptable cross-
layer end-to-end communication systems incorpora-
ting user perceptual requirements. He is a member of the IEEE and the British
Computer Society.



https://www.researchgate.net/publication/326804033

