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model in order to derive the optimal policy to be used by tharget small cell. For the brst case, the new Bows are admitted
admission control mechanism. Besides, we show the optiniaithe small cell if SINR is higher thaif,. Otherwise, the Bow
policy construction for several trafbc load conbgurations. T directed to the macro network. For the case of Bows origi-
the best knowledge of the authors, this work is the brst thaally connected to the macro network, they are directed to the
considers usersO QOoE as the main metric to steer trafbc 8mall cell network if SINR is higher thaf,. Finally, when the
macro/small cells network. Bows originally connected to the small cell network detects that
The remainder of this paper is structured as followSINR is falling down, they get connected to the macro network
Section Il highlights some research work pertaining to smaflno other small cell is available. However, if there is another
cell communications. The admission control approach, brie@yailable small cell and SINR is higher thédp, they are then
proposed in [5] and dubbed hereunderag BAC, is detailed directed to that small cell. If SINR is less tha@p, the Rows are
in Section 1ll. Section IV models the proposed admissioconnected to the macro network. Similar to [10], the admission
control as a MDP process. The analytical discussion of tlecision mechanisms are based on heuristics. In [12] and [13],
proposed admission control is made in Section V. The paper et. al. formulate the admission control mechanism as a Semi
concludes in Section VI. Markov Decision Process (SMDP). The admission control pro-
cess is distributed and is locally implemented by each access
point (macro and small cells). The SMDP process allows deriv-
Regarding small cell networks, several research works hang an optimal policy to accept or reject a Row at the cell level.
been conducted in the recent literature. Many of them have degdt solve the SMDP process, the authors use linear program-
with mobility management issues, and that is in both the Opering, whereby the objective function is to minimize the sum of
Subscriber Group (OSG) case and the Close Subscriber Grolog overall blocking probability. There is no redirection (i.e.,
(CSG) case [6], [7]. Solutions to this issue were in the form dbrced handover or Bow mobility) between macro and small
predicting the user movement, comparing the small cells thzll networks. Furthermore, the objective function used in the
have been visited to those stored in the local cache, and tf&viDP process considers only the blocking probability and does
selecting the ones that a user should more likely connect to [Bpt consider usersO QoE. In [5], the authors presented a mecha-
Again to support mobility between macro and small cells netism that i) predicts and assesses the variation of QoS metrics in
works, the work in [9] proposes a mobility management schertiee future such as network load/congestion indications, ii) pre-
based on QoS, trafbc type (e.g., real time vs. non-real timd)cts and assesses the impact of QoS variation on usersO QoE,
and UEOs speed considering three velocity ranges, namely liwand based on these two predictions, debnes policies for
medium, and high. admitting UEs into small cell network or macro network, which
As stated earlier, assuring acceptable QoS over IP backhesximize the new RBowOs QoE and minimize the degradation of
is of vital importance for small cell networks, especially fothe overall QoE for admitted Rows in both networks. Similar to
delay-sensitive trafbc. This becomes an issue; mainly whg®] and [11], the decisions are based on simple heuristic. To
the mobile network and the bxed broadband network aaeldress this issue, we propose in this paper the use of a MDP
independently operated. One solution to this problem is loyodel to derive the optimal policies for admission decisions,
implementing admission control mechanisms at small cells. Which complements the framework introduced in [5].
[10], Olariu el. al. propose an admission control and resource
allocation mechanism to avoid resource overloading and VolP I1l. Qo?BAC: PROPOSEDQOS/QOE-BASED
(Voice over IP) quality degradation at DSLAMs to support ADMISSION CONTROL
small cell communications. In this admission control, the VolP .
quality measurements are made at the HeNB GW and the ¢l 0/Q0E Profile Creation
admission decisions are made based on measurements takém this section, we describe the QoS/QoE predictions-based
from actual ongoing VoIP calls considering a modibed varadmission control, proposed in [5], which debnes the basis of
ant of the ITU-TOs E-Model algorithm. Based on jitter arttie MDP model presented in this paper. The interested reader
delays, the E-Model algorithm derives in real time user peis referred to [5] for further details on the proposed QoS/QoE
ceived QoE in terms of Mean Opinion Score (MOS). VolIP callgredictions-based admission control framework. The focus of
are accepted if the average MOS is higher than 3.9, and #ris present paper is on how to derive admission decisions.
rejected if the MOS is less than 3.8. Besides using heuristicA typical small cell network deployment is shown in Fig. 1.
policies to implement admission control, the proposed mechBhe shown network architecture comprises a number of small
nism is dedicated only to VoIP applications. In [11], a handoveells, covering multiple households/small ofbces in a wide
management scheme along with an admission control mecésidential area or forming an enterprise or a hotspot small
anism in high-dense small cell networks is introduced. Treell network (e.g., shopping mall). The multiple small cells
admission/rejection decisions are made by an entity connected provided by the same mobile network operator and con-
with small cells. The authors differentiate three cases of admigected through the same DSLAM (or another node relevant
sion control decisions: (i) for new calls; (ii) for calls originallyto the used Pxed access technology) to the mobile operators
connected with the macro network; (iii) and for calls originallxore network via (optionally) a security gateway and a H(e)NB
connected to the small cell network. To implement this admigateway. Whilst the Pgure shows the case of a single mobile
sion control mechanism, two thresholdg @nd 7, 71 < T2) operator network operating small cells and utilizing the pxed
are debned, which represent SINR (Signal Noise Ratio) of theoadband networks DSLAM, the DSLAM can be also shared

Il. RELATED WORK
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procedures, the QoS/QoE mapper is aware of the QoE expe-
@ rienced by users in each network type. Furthermore, it is able
to assess the impact of adding one new 3ow to each network

type on QOE, by predicting the usersO QoEr at 1) given
o Tl the current time is#). In order to retrieve an optimal policy
Avg Usersatistation for deciding where to admit a UE with a traffa¢c we debne
b a Continuous Time Markov Decision Process (CTMDP) that
| Stends Average Satsaction/Leve pedicion | associates to each state an action, corresponding transition
4 probabilities, and rewards. Let be the process describing the
| Stepd: Prediction Assessment | evolution of the system state asddenote the state space. We
O denote byA = (a1, az, a3) the vector describing the actions
| Sl e o R b | available to the QoS/QoE mapper at each epoch (i.e., arrival or
departure of a new UE). Actiaay is used if the UE is accepted
into the small cell network, while actia®p is used if the UE is
accepted into the macro network. Actian refers to the case
a StatiStica| prOD|e over t|me Of the link bandW|dth Variatior‘Nhen the UE is rejected_ As will be detailed |ater, depending
This statistical proPle is constantly updated over a long perigg} the current state, the set of available actions is different. Let
of time, in the order of days or weeks. This statistical proble @l’; and Ql;, denote the predicted average QOE if a new UE
referred to as link bandwidth proble. The QoS/QoE mapper alggh a trafbc of typek is admitted into the macro network or
keeps track of another statistical prople, called Q0S/QOE pkfiz small cell network, respectively. This information is avail-
Ple hereunder, whereby QoE in terms of the satisfaction levelg|e at the Q0S/QoE mapper, which constantly tracks the users®
users, averaged over a short and predetermined period of tiga@sfaction values. We assume that therekayges of trafpc

T, is mapped to QoS in terms of average link utilization angssociated to a UE. The state space can be written as:
total number of users connected to the small cell network during
the time periodl'. The Q0S/QoE proble is constantly updated g = (no gk 0k b) )
through learning. " mf f

Ir.' the proposgd mechamsm, small ce!l; and macro Ce\II!/ erenk represents the number of UEs with trafbc type
pe”Od'C?‘”V receive admission co_ntrol po"(.:'es frqm the “O% dmitted into the macro network celf. denotes the number of
re§pond|ng QoS/QoE Mapper using a dedicated interface %Jr\‘—_js with trafbc typé admitted into the small cell network, and
using preconbgured logic to interpret and enforce them. Th S|es a binary value. The Q0S/QoE mapper observes the current
policies are determined by the QoS/QoE mapper based '

n ) :
the QoS and QOE predicted for the upcoming time perio%ates of the network and associates a set of possible actigns
Following these policies, for example, the handover of a U

) it, taken upon arrival to it from the previous state. For a given
. : A . .
into the small cell network is admitted if acceptable custom aFtlor.]fl’ an instantaneous rewar(, s "f) Is associated to t_h|s

. ; ) . nsition from state to another state’. The corresponding
satisfaction level/QoE is foreseen. Otherwise, the user wiﬁf'i . . )

: ogmal representation of the CTMDP process is as follows:

be requested to stay connected to the macro network. Fig.
depicts t.h(.a major steps bghlpd our proposgq admission con- (S, A, (A, s € S),q(s”s,a),r(s,s’,a))
trol. Decisions on the admission control policies to be sent to
macro cells and small cells are run periodically. If the satisfagpr particular states, the set of possible actiangduces to a
tion level is predicted to be low, the Q0S/QOE mapper dePngshsetA .
an admission control policy that shall be enforced at the macroa policy P associates an actiom(s|P) to a states. Let
cell network or the small cell network, to ultimately increase thg) pe the transition matrix, witly(s|s’) being the transition

satisfaction level to an acceptable value. Whereas step 2 ang petween statesands’ in S. The transition rates of the
are well detailed in [5], the main objective of this paper is tegntrolled process(s’|s, a) can be derived as follows:
formulate an optimal model for step 4. e The transitions due to the arrival of a new UE.
e The transition due to mobility of a user between different
o ) regions of the cell, served by the macro base station or by
B. Admission Control Policy Model the small cell.
1) MDP: Having described some details of the proposed e The transition due to the departure of a UE, e.g., due to
admission control, we now direct our focus to its modeling as  the end of the application/session.
an MDP process. The notations used in this paper follow thosés worth noting that transitions due to the departure of a UE
described in [18]. The envisioned model is based on the useto the mobility of a user have the same impact on the sys-
case of Fig. 2, whereby a mobile operator has to decide whitgim. Indeed, our aim is to Pnd the optimal policy when a new
network (i.e., small cell network or macro network) the URJE comes to a region (i.e., due to mobility or the launch of a
needs to attach to in order to maximize its QOE and to minew session) covered by both macro and small cells. Indeed, if
mize the degradation of the overall QoE of admitted Rows. VWeUE is connected to a small cell and moves to an area covered
recall that the QoS/QoE mapper, debned above, specibesahly by the macro network, there is no need for admission con-
admission decision policy. Using the QoS and QoE predictid@rol. The UE is automatically admitted in the macro network.

Average BW Prediction Stepl: QoE prediction

Fig. 3. Major steps behind the proposed admission control mechanism.
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Meanwhile, the case of a UE being connected to a macro cellcase of actionas or ap, this reward corresponds to the sum

and moving to a region covered by both macro and small ceti§the average QoE (i.e., MOS) predicted in both cells. That is,

is considered as a new user arrival. The QoS/QoE mapper @aa UE with trafbck is accepted into the small cell, the corre-

thus ask the UE to redirect its IP Bows to the small cell if thisponding reward is the average QoE obtained in the small cell

one offers better QOE or the overall QoE could be improved. (including the arriving UE) and the average QOE in the macro
We assume that the arrival rate of UEs with trafHollows network. In addition, a constant reward is added for each admit-

a Poisson law with intensity; and that the sojourn time in ted Bow, which represents the gain for the network operator

the system is exponentially distributed with a meanThese when accepting a Bow. This reward is obtained as follows:

two assumptions are made due to the facts that i) voice call , . .

durations are usually modeled using an exponential distribu- r(s,s’,a) = @, + Q@ + Cst ®3)

tion and ii) for video streaming applications,is equal toy, Given a discount factor € [0,1) and an initial states

whereby and R denote the ble size, (which is exponentiall . :
distributed [19]) and the download data rate (which is co)o\—'e debne the total discounted reward for a policy=

sidered constant for the sake of simplicity), respectively. By 2* 3" v) as follows:

construction, we debne a policy as a function of the actual N o0

state. The decision of accepting a UE/Bow in a small cellor v = lim E {Z ’—1r,} =E {Z ’—lrt} 4)
in the macro network is thus taken by observing only the actual N=o0 =1 =1

state. Since this process is Markovian (i.e., the arrival rate is h ioning that th E . db
Poisson and the sojourn time is exponential), the controllétdIS worth mentioning that the QOE metric is represented by

process is then also Markovian. In order to resolve this MIZMOS' The MOS, value is b_etween 0 and 10; Wherg 10 and 0
system, we use an equivalent Discrete Time Markov Decisi&‘ﬁpresemt the hlghgst q“,a'”Y and the poores:t quality, respec-
Process (DTMDP) for the mentioned CTMDP to bnd the opt‘i'—veIY' _Due to the unlfqr_mlzanon of CMTG(s, 5", a) d_epends
mal policy. We particularly consider a DTMDP process with xplicitly on the tran§|t|o/ns b/etwgen sta_tes. According to [18],
bnite state spac. For eachs € S, we denote byd, the bnite the new reward function'(s, s’, a) is obtained as follows:
set of allowed actions in that state. This DTMDP process can be L ) + (5,5, a)
found by uniformization and discretization of the initial process s, s a)=rls, s a)———"— (®)
as follows [18]:
e When all the transition rates in matr® are bounded, the where (s, s’, a) is the transition rate between stateands’
sojourn times in all states are exponential with boundedhen using actioru, and is a parameter to bx. With the
parameterg (s|s, a). Therefore, aup(ses,aca,)q(sls,a) new formulation of the reward function and the uniformiza-

exists and there is a constant valusuch as: tion of CMTC, we can use the discounted models as in discrete
models to resolve the system [18]. L&) denotes the maxi-
sup(ses,aca)[L — p(s,a)lq(sls,a) < c < oo mum discounted total reward, given the initial statdhat is,

. o v(s) = max < v (s). From [18], the optimality equations are
wherep(s|s, a) denotes the probabilities of staying in thegiven by

same state after the next event.
We can thus debne an equivalent uniformized process with L, , ,
state-independent exponential sojourn times with paranaeter v(s) =max ¢ (r'(s,s'a) + Z P[s'ls,a]v(s") (6)

and transition probabilities: s'es
(1= p(sIs)]qsls.a)) The solutions of the optimality equations correspond to the
1— # s =g . . -
p(s')s,a) = NP (2) Mmaximum expected discounted total rewa(s]) and the opti
w s # s mal policy *(s). Itis worth mentioning that the optimal policy

_ _ _ ~ *(s) indicates the decision as to which network the UE is to be
In the remainder of this section, we use the DTMDP versiogtached, knowing the stateThere are several algorithms that
Fort € N, lets;, a; andr; denote state, action and reward atan be used to resolve the optimization problem given by the

time ¢ of the DTMDP procedure, respectively. L&Y .y = above optimality equations. Value iteration and policy iteration
p[s¢+1) = 5'ls: = 5,50+1) = 5',a, = a| denotes the transi- are two notable examples.
tion probabilities and R .y = El[r¢iyls: = s, 5¢4+2) =5, In the remainder of this section, we show the different steps

a; = a] denotes the expected reward associated to the trarfsi deriving the optimal policy for admission control between
tions. A policy is mapping between a state and an action armdsmall cell network and macro network. For the sake of sim-
can be denoted as = (s;), wheret € N. Accordingly, a pol- plicity, but without loss of generality, we consider the case of
icy =(1, 2, 3,-.., ~)Iisasequence of decision rules tdJEs using only one trafbc type. This trafbc represents a video
be used at all decision epochs. In this paper, we consider ostyeaming session. We assume that the video sizes are exponen-
deterministic policies as they are easy to implement [18]. Whéally distributed with a parameter. A server is sending each

a new UE arrives at the system, the QoS/QoE mapper decig@teo with a constant bit rat® Kbps. The user arrival rate is
whether to admit the UE in the small cell using actie; to  following a Poisson process with an intensityThe state space
admit the UE in the macro cell using actiap, or to reject the is S = {n1, n2, b}, whereny denotes the number of accepted
UE using actiorus. For each transition, a reward is obtainedJEs in the macro networls, denotes the number of UES in
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p(jls,a)
BN 1-—— j=s,a={aaz
auNA+y 1-— j=s,a=/{a3, a4}
—  J=Gm+11),s=(km1),a=las)

or j=(k+1,m,),s =(k,m,1),a = {az}
a, Wikt or j = (k,m,1),a = {a1},b = {0, 1}
—_ j=(0,m—1,b),
s =(0,m,0),a ={a1},b=1{0,1},m £ 0
or j =(k,0,b),s = (k—1,0,0),a = {a1},

ap N ag NA+y aNML o ey +

@

a, )\/A;u ag, WA+y @ . b= {O, 1}, k # 0
' or j=(k,m,1),s = (k,m,0),a = {az, as},
B M k#0,m#0

2Nk ) Jj=(k,m,0),s =(k—-1,m,0),a ={a1, },
Fig. 4. The MDP scheme for one small cell, one macro network and one trafbc k#0,m#0
class. 0 OtherWwise

: : ©)
the small cell network, and is a binary value, wheré = 0
if there is a UE departure arid= 1 if there is a trafPc arrival.  \ne opserve that when the system is empty, the next deci-
The systemis in state{, 7,0) if there are:; UEs in the macro gjon epoch occurs when the system is in state (0,0,1). If there
network ands2 UEs in the small cell network and no new UE; ;a1 UEs connected to the macro network andJEs con-
arrivals. We observe this state when a transition corresponds$,{Q.tad to the small cell network. and there is no UE arrival
a UE departure. In such state, the only available actien.i®n o 5 UE has been rejected, the next decision epoch is either
state 1, n2,1), thg QoS/QoE mapper has to decide on Whe'FhGJ, m, 1), (k—1,m,0), or (, m—1,0) depending on whether a
to accept the arriving UE into the macro cell through actioey, yE arrived or a service has been completed. On the other
az, 10 accept the arriving UE into the small cell network usingang if there aré UEs connected to the macro network amd
actionag or to reject the UE with action,. Fig. 4 shows the Egg connected to the small cell network, and a UE arrival has
possible transition probabilities, and the transition rate for th.an, admitted. the subsequent states are thenl(m,1) or

case of a UE with one trafpc type. We can clearly deduce tt}(e’ m+1,1) depending on whether the UE has been accepted into

transition rate as follows: the macro network or into the small cell network. The transition
if s=0,5'=0andb=1{0,1) probability due to the arrival of a UE i#(T, <T) = —.
p . , Regarding the departure of a UE, we distinguish two cases:
(.sha)=1 + ifs=0s"=0 (7) (i) there is either no UE being admitted into the macro net-
and b=1ors>0ands" >0 work or no UE being admitted into the small cell network,
thereforeP(7; < T) = ——; (ii) there arek UEs admitted into

Intuitively, when there is no UE in the syster < 0 or the macro network angt UEs admitted into the small cell net-

b =1 and the c'hosen action ig), the next decision epoch work, thereforeP (7, < T) — as there are two possible
occurs upon arrival of a new UE at the system (following an 2(+)

exponential distribution with paramete. In any other state, Next decision epochs with equal probabilitigsk—1, m,0) and

the next decision epoch happens when a UE arrives at the s({fsm—li 0).

tem or leaves the system (i.e., due to service completion or2) Discounted Factor Value: In order to show the meaning
mobility). Denoting by7, the time until the next arrival and of the discounted factor in the proposed model, we assume that
by T, the time until the next service completion, the time of thile QOE/Q0S mapper is executing the MDP admission control
next decision epoch is thefi = min(T,, T,). We deduce the @lgorithm as long as users are coming. As stated before, deci-

distribution of T as follows: sion epochs correspond to the instants when a user comes to
the network. It is obvious that these epochs are related to the

P(T >1t) = P(min(T,,Ty) >1) user trafbc activity. Usually, the user trabc Buctuates along the
=P(T,>t,T, >1) day. High trabc is seen during the day, and low trafbc (even

inexistant) during the night. Therefore, the number of decision
epochs during low trabc period may equal to zero. By consid-
ering this feature, the trafpc arrival process can be modeled as
—e (+ ) (8) an Interrupted Poisson Process (IPP). Fig. 5 depicts the sim-

ple two states Markov chain corresponding to the IPP. In the

Therefore,T is also following an exponential distributionactive state, the user trabc is coming to the network according
with paramete( + ). Accordingly, the transition probabil- to a Poisson distribution. The process stays in the active state

ities are debned as follows: with a probability , and moves to the inactive state with the

=P(T, >t)x P(T; >1)

=e 'xe !
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A TABLE |
u l SIMULATION PARAMETERS
a Parameter value
1-a ADSL link rate 4 Mbps
° 0 1-a Video stream rate | 364 Kbps
o 0.91
Yy 0.91

Fig. 5. The IPP Markov Chain.

obtained for each population of UEs. The obtained results are
probability 1— . In the inactive state there is no trafPc, ands follows:
then the number of decision epoch is zero. The system remains

in this state with the probability + and comes back to the 10 i NByp<11

active state with the probability. Since this chain is aperiodic 788 if NByg =12
with a Pnite number of state, the steady distribution exists. We M O Ssnaiicett(NByg) = {4.71 if NByg =13 (12)
easily obtain the probability distribution as follows: 1.7 if NByg =13

A= 0.71 Otherwise

;1 =1-— (20) 10 if NByg <30

Accordingly, the probability to be in active state ocan also 821 if NByp=31

be interpreted as the discount factor) (of the MDP model. MO Syaera(NBuE) = 6.37 if NByg =32 (12)
Besides bxing the precision of the MDP solution, it will repre- 452 jf NByg =33

sent the probability that QoS/QOoE has to activate the module of 258 if NByp = 34
admission control. 0.71 Otherwise

It can be easily observed that the macro network can accept
more UEs without degrading the usersO QoE. This is intuitive

In order to bPnd the correlation between the overall Qogiven the fact that the macro network does not suffer from the
(i.e., MOS) and the number of UEs attached to a cell, we us®SL bottleneck as in the case of the small cell network. We
the Pseudo-Subjective Quality Assessment (PSQA) tool [20bserve that QoE remains at the maximum wheBy p < 31
PSQA is an automatic QoE evaluation tool for multimedia seand N By < 12 for the macro cell and small cell networks,
vices based on Random Neuronal Network (RNN). It learns thespectively. After that, the QoE drastically degrades for both
non-linear relationship between parameters impacting the seetworks. Regarding the discounted factor, we bxed the period
vice quality and the usersO perceived QoE. Unless othervaéime spent in the active period to 22 hours. Since this value
specibed, the PSQA version used in the simulations is dedepends from the probability to be in this state and the total
cated to video quality evaluation, whilst the RNN used in thgeriod of time (for instance 24 hours), then= = 0.91.
proposed solution concerns all types of services. To estimd@ble | summarizes the parameters used in the simulation.
the usersO QoE in terms of MOS, PSQA takes as input the logdaving derived the relation between the number of UEs
rate and the mean loss burst size observed by the video Rend the average perceived QoE (i.e., MOS), we now build the
It is worth noting that we used PSQA in order to emulate theward function and hence resolve the MDP process in order to
functionality of the QoS/QoE mapper and to predict the oveobtain the optimal policies for different conbgurations. For this
all QoE for varying numbers of UEs. In real-life deploymentgurpose, a Matlab implementation of the value iteration algo-
PSQA-like approach or other similar learning approaches coulthm [21] is used to derive the optimal policy which satisbes
be used to assess and predict userOs QoE as stated in SectitindIQoE constraints.

To derive the relation between the number of UESB(, ) Fig. 6 shows the optimal policy constructions for different
and the overall QoE for each network type, we conduct somenbgurations of the network trafpc. The horizontal ax)s (
preliminary simulation tests. We considered a video streamidgnotes the number of UEs in the small cell network, while
service with a mean Ple size following a YouTube model (i.¢he vertical axis {) shows the number of UEs in the macro net-

= 100 Mbits). We used the NS3 network simulator to simuwvork. The intersection betweenand j represents the action
late UEs attaching to a radio access network of LTE macro cells= R reject UE.a = M accept UE in the macro cell network,
and LTE small cells, and accessing a remote video-streamigda = F accept the UE in the small cell network) to be taken
server. The uplink and downlink physical characteristics of botly the QoS/QoE mapper for an arriving UE, whedEs are in
eNBs and HeNBs are based on the LTE specibcations. In ¢lue small cell network ang UEs are in the macro network. For
envisioned network architecture, we deliberately set the bottiastance, in Fig. 6(c), (5,5) indicates the action (here accept the
neck link at the ADSL down link (i.e., link between DSLAM UE in the macrocell) to use when there are 5 UEs in the macro
and the small cell network gateway) whereby a link of founetwork and 5 UEs in the small cell network. For a better read-
Mbps is used. The video server is sending an H.264 videoadility of the policies, we limited the number of displayed states
a rateR = 364 kbits/s. In the simulations, we vary the numbetio 30 UEs in the macro cell network (i.¢.< 30) and 30 UEs
of UEs in each cell and compute the average QoE (using PSQA}he small cell network (i.€. < 30).

IV. PERFORMANCEEVALUATION
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Fig. 6. Optimal policy construction in case of= 0.25.
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Fig. 7. Number of UEs in the macro network and the small cell network.

To represent the network trafbc, we denote by — the net-
work load. It represents the ratio between the intensity of the
trafpc () and the sojourn duration in the system).(We con-
sidered three values to cover all possible conbgurations: (i) low
load ( = 0.25); (ii) medium load ( = 1); and (iii) high load
(= 4). Regarding the reward model, the constant gain is set
to Cst = 10, which encourages the system to accept UEs and
increase the operatorOs revenue.

From Figs. (b) and 6(c), we observe that the optimal policy
behavior is to reject arriving UEs when the system is reach-
ing states where good QoE can no longer be ensured. We also _
observe that the frequency of these states is higher in casé ‘B> Number of rejected UEs.

= 4thanin case of = 1. Clearly, the number of states where
the system rejects UEs is convex to the trafbc load. Thisti® ensure a stable simulation environment. UEs are arriving
a straightforward observation as the UE arrival rate is highaecording to a Poisson distribution with a mean gier minute.
than the departure rate, a fact that results in overloading tH&s download a video Ple with an average size following an
system and hence reducing the overall QoE (i.e., as apparexponential distribution with a mean of We modify the val-
from the PSQA results). Furthermore, it is also noticeable frores of and in order to obtain the three conbgurations of
Fig. 6(a) that even when the trafbc load is relatively low, in (0.25, 1 and 4), which represent the three scenarios of traf-
some states the system tends to reject UEs. However, the fre-load used in Fig. 6 to derive the optimal policies. We used
guency of these states is negligible compared to the precedisat same network architecture as the one used for deriving the
cases. The probability to reach these states is signibcantly I@lation between the number of UEs and usersO QoE.
as the number of arriving UEs is lower than the number of UEsFig. 7 illustrates the behavior of the optimal policy in
leaving the network. In contrast, the probability to reach thdistributing the arriving Bows between the small cell net-
states where the system is highly loaded is higher for both cagexk and the macro network when using the optimal policy

=4 and = 1. Hereunder, we show the impact of using thé€OptPolicy) as well as the random policy (Rnd) under the three
derived optimal policies on the usersO QoE. For this purpasafPc loads. As stated earlier, the random policy uniformly dis-
we simulated the three cases of trafbc loads using NS3. Agriutes the load on both networks, whereas the optimal policy
comparison term, we use a random policy approach withawdirects UESs to either the macro network or to the small cell
admission control, which admits the arriving UEs uniformiyetwork according to the constraint of QoE. In both cases of
between the macro network and the small cell network. Tiégh and medium trafpc loads (Figs. 7a and 7b), the optimal
simulation duration is set to 30 minutes; a duration long enougblicy maintains the number of UEs admitted at the small cell
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Fig. 10. Average MOS.

less than 12, as higher numbers of UEs may degrade the averagy@ission control mechanism relies on predictions of usersO
QOE. In case of scenarios with low load (Fig. 7c), the optim&oE, deductible from an online neuronal network that learns
policy attaches most of the arriving UEs to the macro networthe relation between user satisfaction and current QoS condi-
only one UE attaches to the small cell. This performance is pdiens of a cell. In this paper, we modeled the admission control
ticularly due to the fact that QoE is not affected when the traffprocess as a Markov Decision Process to derive the optimal
load is low. policy according to the trafpc load and the underlying QoE
Fig. 8 shows the number of UEs rejected when using tleenstraints. The performance of the optimal policies obtained
optimal policy. We plot only the cases of high and mediurhy the MDP process are evaluated and com-pared against the
loads, since no UEs were rejected when the trafpc load is lavase of a random policy. The proposed approach exhibits better
As expected, the number of rejected UEs is higher when therformance regardless the trafbc load, achieving the highest
trafpc load is high. This follows the optimal policy recommendser QoE.
dation, where there are more states rejecting UEs in case of
high trafbc load. Additionally, throughout the simulations, the
QoS/QoE mapper is rejecting UEs in order to maintain good
QoE for admitted UEs. This behavior is conPrmed in Fig. of1l C. ﬁ‘lofz;;brjl?eelthnffojl;lzfl;re ljy‘:” %g’r:’l‘lléé ) CeAl\’/aif‘:g{:f h?t’;F/‘/WVTVrV‘;Cfe thﬂ(
which presents the cumulated MOS for the three trafbc load \jreless.com/2011/06/29/small cell-makes-wi-p-truce-ofZoad.html
scenarios. Clearly, regardless the trafpc loads, the optimal pd#j K. Samdanis, T. Taleb, and S. Schmid, OTrafbc of3oad enhancements for
icy is achieving the highest QoE. Indeed, thanks to its admission ?ﬁ;ﬁgﬂﬁ’gﬁ ZC(”"’"”” Surv. Tuss. J., vol. 14, no. 3, pp. 8840884,
control, the system is able to maintain the highest QOE fop) R, Trestiane: al., OEnergybqualitybcost trade-off in a multimedia-based
adrlni.tted UIT:S.. It shall be noted that the-only case where both helte5rggre]gegus wgilé)aéz 5r17et\3v3r2k zegi/gonmeIEﬁfE Trans. Broadcast.,
'?'ﬂllfIlgsd3)gllc?lttht:?ai??ggtﬂﬁref%rl;nn?ggf;?bnégfniazesm low |0aié \CIBOM l’\Aurite:'clﬁ,p'O_Efbcient’de’li\}ery of' multimedia streams over broad-
ystem does  pand networks using QOASMIEE Trans. Broadcast., vol. 52, no. 2,
not exceed the threshold beyond which QoE degrades (i.e., 11 pp. 2300235, Jun. 2006.

UEs for small cell network and 30 UEs for macro network).[5] T. Taleb and A. Ksentini, OQoS/QoE predictions-based admission control
for femto communications,O Rroc. IEEE Int. Conf. Commun. (ICC’12),

This gain is also noticeable from Fig. 10, which presents the ouawa, canada, Jun. 2012, pp. 5146D5150.
instantaneous average MOS throughout the simulation. [6] H.Kwak, P. Lee, Y. Kim, N. Saxena, and J. Shin, OMobility management
survey for home-e-NB based 3GPP LTE systends/@. Process. Syst.
vol. 4, no. 4, pp. 145152, Dec. 2008. R
[7] M. Z. Chowdury, W. Ryu, E. Rhee, and Y. M. Jang., OHandover between
V. CONCLUSION Macrocell and small cell for UMTS based Networks,OPiwc. 11th

pp. 237D241. )
control meChamsm for handover and BOW mobility deci- [8] H. Y. Lee and Y. B. Lin, OA Cache Scheme for small cell Reselection,0

sion between macro and small cell networks. The proposed IEEE Commun. Lett., vol. 14, no. 1, pp. 27929, Jan. 2010.

REFERENCES



KSENTINI et al: QOE-BASED FLOW ADMISSION CONTROL IN SMALL CELL NETWORKS 2483

[9] H.Zhang, X. Wen, B. Wang, W. Zheng, and Y. Sun, OA novel handovEurope Labs Team working on RD projects on carrier cloud platforms, an
mechanism between small cell and macrocell for LTE based networkiportant vision of 5G systems. He was also a Technical Leader of the
in Proc. 2nd Int. Conf. Commun. Softw. Net2010, pp. 228D231. main work package, Mobile Core Network Cloud, in EU FP7 Mobile Cloud

[10] C. Olariu, J. Fitzpatrick, P. A. Perry, and L. Murphy, OA QoS based calletworking project, coordinating among 9 partners including NEC, France
admission control and resource allocation mechanism for LTE small c@klecom, British Telecom, Telecom lItalia, and Portugal Telecom. Before join-
deployment,O iRroc. IEEE Consum. Commun. Netw. Conf. (CCNCO12)g NEC and until March 2009, he was an Assistant Professor with the
Las Vegas, NV, USA, Jan. 2012, pp. 884D888. GSIS, Tohoku University, in a laboratory fully funded by KDDI, the second

[11] M.-Z. Chowdhury and Y.-M. Jang, OHandover management in high-deriaegest network operator in Japan. From October 2005 to March 2006, he
small cells networks,BURASIP J. Wireless Commun. Netvol. 2013, was a Research Fellow with the Intelligent Cosmos Research Institute, Sendai,
no. 6, Jan. 2013, doi: 10.1186/1687-1499-2013-6. Japan. His research interests include architectural enhancements to mobile

[12] L. B. Le, H. T. Dinh, D. Niyato, E. Hossain, and D. I. Kim, OJoint loadore networks (particularly 3GPPs), mobile cloud networking, network func-
balancing and admission control in OFDMA-based small cell networkstion virtualization, software debned networking, mobile multimedia streaming,
in Proc. IEEE Int. Conf. Commun. (ICCOJ@jtawa, Canada, Jun. 2012, inter-vehicular communications, and social media networking. He has been
pp. 5135D5139. also directly engaged in the development and standardization of the Evolved

[13] L.B. Le, D. Niyato, E. Hossain, D. I. Kim, and D. T. Hoang, OQoS-awareacket System as a member of 3GPPs System Architecture Working Group.
and energy-efbcient resource management in OFDMA small cBIE) He is a member of the IEEE Communications Society Standardization Program
Trans. Wireless Commurvol. 12, no. 1, pp. 180D194, Jan. 2013. Development Board. In an attempt to bridge the gap between academia and

[14] T. Taleb, K. Kashibuchi, N. Kato, and Y. Nemoto, OA dummy segmeirtdustry, he founded the OIEEE Workshop on Telecommunications Standards:
based bandwidth probing technique to enhance the performance of Ti&#m Research to Standards,0 a successful event that was awarded OBest
over heterogeneous networks,(Pioc. IEEE Wireless Commun. Netw. Workshop AwardO by the IEEE Communication Society (ComSoC). Based on
Conf. (WCNCOO03)New Orleans, LA, USA, Mar. 2005. the success of this workshop, he has also founded and has been the Steering

[15] ITU-T SG12, ODebnition of quality of experience,0 COM12BLS 6Z®mmittee Chair of the IEEE Conference on Standards for Communications
E, TD 109rev2 (PLEN/12), Telecommunication Standardization Sectand Networking. He is the General Chair of the 2019 edition of the IEEE
of the International Telecommunications Union (ITU-T), GenevaWwireless Communications and Networking Conference (WCNC19) to be
Switzerland, Jan. 16D25, 2007. held in Marrakech, Morocco. He is on the Editorial Board of the |IEEE

[16] 3GPP, OTechnical specibcation group services and system aspd®&NSACTIONS ON WIRELESS COMMUNICATIONS, the IEEE Wireless
General packet radio service (GPRS) enhancements for evolved unive@ainmunications Magazineghe |IEEE TRANSACTIONS ON VEHICULAR
terrestrial radio access networks (E-UTRAN) access,0 3GPP TS 23.4DACHNOLOGY, the IEEE @MMUNICATIONS SURVEYS AND TUTORIALS,
v10.4.0, Jun. 2011. and a number of Wiley journals. He is serving as the Chair of the Wireless

[17] T. Talebet al, OA cross-layer approach for an efbcient delivery dEommunications Technical Committee, the largest in IEEE ComSoC. He also
TCP/RTP-based multimedia applications in heterogeneous wireless regrved as the Vice Chair of the Satellite and Space Communications Technical
works,OIEEE Trans. Veh. Technol.,Jvol. 57, no. 6, pp. 3801D3814, Committee of IEEE ComSoc (200602010). He has been on the technical pro-

Nov. 2008. gram committee of different IEEE conferences, including Globecom, ICC, and
[18] M. PutermanMarkov Decision Process: Discrete Stochastic Dynami®WCNC, and chaired some of their symposia. He is an IEEE Communications
Programming Hoboken, NJ, USA: Wiley, 1994. Society (ComSoc) Distinguished Lecturer. He was the recipient of the 2009

[19] J.-M. Kelif, E. Altman, and I. Koukoutsidis, OAdmission and GoS conEEE ComSoc Asia-PacibPc Best Young Researcher award (June 2009), the
trol in multiservice WCDMA,ElsevierOs Comput. Netwol. 51, no. 3, 2008 TELECOM System Technology Award from the Telecommunications
pp. 699D671, Feb. 2007. Advancement Foundation (March 2008), the 2007 Funai Foundation Science

[20] PSQA project,INRIA RennegOnline]. Available: www.irisa.fr/armor/ Promotion Award (April 2007), the 2006 IEEE Computer Society Japan
lesmembres/Rubino/myPages/psqga.html, access on Dec. 272015.  Chapter Young Author Award (December 2006), the Niwa Yasujirou Memorial

[21] INRA institute, Matlab MDP ToolboxXOnline]. Available: http://www7 Award (February 2005), and the Young ResearcherOs Encouragement Award
.inra.fr/mia/T/MDPtoolbox/, access on Dec. 272015. from the Japan chapter of the IEEE Vehicular Technology Society (VTS)

(October 2003). Some of his research work have also been awarded best paper
awards at prestigious conferences.

Adlen Ksentini (SMO14) received the M.Sc. degree
in telecommunication and multimedia networking
from the University of Versailles Saint-Quentin-en- Khaled B
Yvelines, Versailles, France, and the Ph.D. degree .
in computer science from the University of Cergy-
Pontoise, Cergy-Pontoise, France, in 2005. He is
currently an Associate Professor at the Department
of Mobile Communications, EURECOM, Sophia-
Antipolis, France. Prior to that, he was an Associate
Professor with the University of Rennesl, Rennes,
France. He is involved in several national and
European projects on QoS and QoE support in future wireless and mobile
networks. He has coauthored over 80 technical journal and international con-
ference papers. His research interests include future Internet networks, mo
networks, QoS, QoE, performance evaluation, and multimedia transmission.
is the TPC Chair of the Wireless and Mobile (WMN) Symposium of the IEEE

Letaief (SO85DMO86DMO0DSMO97D
FO03) received the Ph.D. degree from Purdue
University, West Lafayette, IN, USA. He is the
Chair Professor and Provost of Hamad Bin Khalifa
University (HBKU), Qatar, a newly established
research-intensive university in Qatar. He has
served as the Hong Kong University of Science
and Technology (HKUST) Dean of Engineering
from 2009 to 2015. Under his leadership, HKUST
School of Engineering has not only transformed its

i education and scope and produced very high caliber
ﬁolarship, it has also actively pursued knowledge transfer and societal
%agement in broad contexts. It has also dazzled in international rankings. He

; L . a world-renowned leader in wireless communications and networks. In these
ICC 2016. He was a Guest Editor EEEE Wireless Communication Magazine areas, he has over 500 journal and conference papers and given invited keynote

IEnEtE C_Igm;\nnqnlclalljtlronera;gézE?’?%two ?rﬂms:’fE“é“EAEC:sgers'lgg;gsgeer}alks as well as courses all over the world. He has made 6 major contributions
on the technical Frogram Lommitiee of majo oms0c, ODECOW, |EEE Standards along with 13 patents. He is the founding Editor-in-Chief
ICME, WCNC, and PIMRC conferences. He was the recipient of the Best PaR8lihe IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS and was

Award from the IEEE ICC 2012 and ACM MSWiM 2005. instrumental in organizing many |IEEE [3agship conferences as well as serving
5 5 B IEEE in many leadership positions, including IEEE ComSoc Vice-President for

Tarik Taleb (SO05DMO05DSMO10) received the BrEchnical Activities and IEEE ComSoc Vice-President for Conferences. He is
degree (with distinction) in information engineer-an IS| Highly Cited Researcher and a HKIE Fellow. He was the recipient of the
ing, the M.Sc. and Ph.D. degrees in informations teaching awards and 11 IEEE best paper awards. He was the recipient of the
sciences from the Graduate School of Informatiorp007 IEEE Joseph LoCicero Award, 2009 IEEE Marconi Prize Award, 2010
Sciences (GSIS), Tohoku University, Sendai, JaparRurdue Outstanding Electrical and Computer Engineer Award, 2011 IEEE
in 2001, 2003, and 2005, respectively. He is currentiHarold Sobol Award, and 2011 IEEE Wireless Communications Technical
a Professor with the School of Electrical EngineeringCommittee Recognition Award.
Aalto University, Espoo, Finland. Prior to his cur-
rent academic position, he was a Senior Researcher
and 3GPP Standards Expert with NEC Europe Ltd,
Heidelberg, Germany. He was then leading the NEC



