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Abstract—This paper proposes a methodology to analyze neous wireless access netwolk?order to give an reasonable
connectivity over highly heterogeneous wireless networksWe —answer we pose a series of optimization problems, in paaticu
consider a scenario comprising a large number of access elemts belonging to the binary linear programming group. We define
and end users, who move and initiate different services acoding ; . . . . .
to some pattemns. The framework that has been implemented a flexible utility function, able to mtegrate various crigefor
takes periodic snapshots, each of them used to pose a diffate bOth the network operators (for instance, load) or endsuser
optimization problem. We take into account the intention of (for example, price), and which provides a certain benefit to
end-users to have a connection (those with an active servjce each of the access alternatives.
disregarding idle users, as well as the outcome of the prewis  ng of the most relevant aspects of this proposal is that,
problems (for instance, the base station a particular user &ws . lish th bl to b ved take int
connected to). The feasibility of the methodology proposeth this In or_der to_ establis . t € problem 1o be solved, we take |n_ 0
work is assessed with a scenario over which we Study differén COHSIdeI‘atIOH the WI||IngneSS Of the users to have an active
access selection strategies, including the following cetia: price  connection, depending on whether the service is activeler id
of resources, service affinity towards particular technolgies as (j.e. not all users want to balways connected), as well as

well as the willingness to reduce the number of handovers. Téh how that service was previously handled (for example, the
results validate the proposed methodology, and highlight e b tation th ted t '

impact that an appropriate design of the access selectionrstegy aStha stauon the user was connecte _0); _
may have. The paper is structured as follows; first, Section Il out-

lines some of the work sharing the background of this one.
Section Il discusses the formulation of the problem, pgyin
|. INTRODUCTION special attention to service modelling. Section IV briefly
It is estimated that mobile traffic will grow to 10 timesdescribes some of the most relevant aspects of the implemen-
between 2013 and 2019 [1], and approximately 90% of ttiation which has been done. Section V presents the particula
world population would be able to use a WCDMA/HSPAaccess selection strategies which will be challenged in the
connection, while the penetration of LTE is continuouslgcope of this work, while Section VI assesses the feasibilit
increasing as well; in this sense, the aforementioned tepof the procedure, by showing a number of results obtained
estimates that more than 65% of the world population will baith the developed framework for a particular scenario,rove
covered by LTE in 2019. On top of this, it is worth highlighgin which we study a price-based load balancing scheme. Fjnally
the remarkable increase on the number of advanced deviGestion VII concludes the paper, advocating some items that
(smartphones and tablets) with a cellular connection. @heare left for future work and outlining some of the potential
usually incorporate other Radio Access Technologies (RAPpssibilities that might appear with the exploitation of th
and thus the relevance of the so-called multi-RAT netwosks tleveloped framework.
likely to increase.
With the above scenario in mind, the relevance of an Il. RELATED WORK
optimum management of the available resources within theAs said earlier, theAlways Best Connectechotto was
wireless access networks has taken roots again, gathéengdriginally proposed by Gustafsson and Johnson in 2003 [2].
interest of the scientific community. Despite the large réfo This research line took roots in the last decade and several
which were made last decade, just after the appearance of pheposals were made so as to optimally manage the resources
Always Best Connectauotto [2], there are still a lot of new in wireless access networks, providing the best posSial-
challenges and aspects to be looked at. ity of Serviceto the end-users. The reader might refer to [3]
In this sense, there exists a large number of works whigmd the references therein for a thorough review of some of
are looking at different techniques, algorithms and prolto the approaches which were made at that time.
better manage the resources within wireless access network Afterwards, many new possibilities have been brought about
by inspecting the new possibilities which are brought altiyut by the novel techniques which have loomed. A clear example
avant-garde elements which have recently loomed. Someabfthese is the capability to virtualize resources at theessc
them base their conclusions on the comparison with difteremetwork [4] as a means to offer tailored quality of experenc
alternatives and approaches, but in some cases it wouldbe &b the end-users. Another technique with a potential impact
interesting to know the gap with the best possible solution.on the performance of wireless access networks is multi-
This work aims at answering the following questiddhat is path (possibility to split a flow between different paths, so
the best performance that might be expected over a heterogs-to increase performance or reliability) in multi-homed



enabled devices [5]. In addition we have also seen that the users amongst the available access alternatives. Th
new requirements have also gained relevance, such as ghenario comprisedl available access networks, which can
need to optimize energy consumption [6]. Considering thease various technologies, thus having different charesties,
aspects and analyzing their influence over the performamte an terms of coverage and capacity. We also assume that
behavior ofmulti-RAT networks is still an open research issughere areU users, who carsimultaneouslystart S different
All in all, the proposals which were made around 5 yeaffows/services, equipped with a terminal able to establish a
ago, although conceived so as to have a certain degreecofinection with any of the involved technologies.
flexibility, might not be able to solve all the new challenges We clarify herewith that in the scope of this work we assume
and requirements which are continuously appearing. RBtenthat both services and base stations use a generic andtéiscre
a framework to promote Open Connectivity Services has beespacity unit (the so calledraffic Unit, TU), no matter it
proposed [7] as a new paradigm to manage connectivity rieéfers to time slots (TDMA), codes (CDMA), sub-carriers
forthcoming communication scenarios. (OFDMA), etc. Any service would require a number of TUs
A common aspect from most of the works which aréo be properly handled by the network (if they cannot be
within the previously described research line, i.e. anatyz assigned, then the service is rejected/dropped) and each of
algorithms, protocols, etc. to foster a better operation tiie deployed base stations would have a limit on the number
heterogeneous wireless access networks, is that they ecempd resources (TU) it can assign to the usér®Other works,
their performance with that shown by legacy alternativesuch as [11], [13] also use this abstraction.
but they do not assess how close they are to an optimalWe formulate the problem as a binary integer program, in
behavior [5], [8]. The main goal of this paper is to proposwhich there ardJ x N x S basic variablesxjk) , which can
a way to find this optimum solution, considering differenbe defined as follows.
parameters of merit over highly heterogeneous networks, in

which end-users are able to use different types of services. _ _ . .
« {1 if useri uses networly for servicek
il =

0 otherwise

This work is an evolution from the framework which we
originally presented in [9]. We have added support for an

appropriate modeling of services (as opposed toatneays- We will ic utility f . ' i
want-to-be-connectedpproach used in [9]), with a clear e will use a generic utllity functionujc) so as to quality

.~ the goodness of a particular connection, according to reiffe
influence on how the problem needs to be posed,andwhlchcg? g 5s particu ! g

1)

o the int i f dule 1o k track of the hist eria. It is important to remark that this utility, althgh it
0 the integration of a module 1o keep track of the nistory epends on the particular circumstances and the values the

priwous conngcggrr;_sérThlz IS fgrgi;:jls?ns;:rd I'Dr;osfgg]oghdiﬁerent criteria can take for each of the available access
S was sal e, We use bihary Ll 9 ' aﬂternatives, can be considered constant for a problemrinet

to find the optimum solution. To our best knowledge ther, : : : .
are not many works that have fostered this approach. Ftrg)us ensuring the linearity of the proposed model @*ﬁ%'dqes

that uses a utility functio_n tq prioritize access altewedi and _are binary: (3b) forces that a single flow can be only conmecte
they strengthen the application and an energy aware bejraw?o one Base Station (BS); while (3c) limits the number of TUs

They employ an Integer Linear Programming based teChmq\k'/ﬁich can be assigned IBS; (with capacityC;), according to

to seek a solution that maximizes the aforementioned)utilitthe capacity required by each of the serviogg. (With all of

On the other hand the whole procedure is only initiated UPOHG above, we can pose the maximization problem as follows.
handover event, leaving aside situations in which therenmig '

be better access alternatives available, even if a handwmer
not strictly required.

Other works that use optimization techniques are [11],,[12]
but they propose utility functions that are quite tight t@ th
scenario they consider, leaving aside relevant parametech st. Vi jk Xk <€{0,1} (3a)
as the handover. In particular, [11] focuses on load batanci
and efficient radio resource management mechanisms, and Vi, k Zj Xijk <1 (3b)
[12] provides greater relevance to the physical parameters
of wireless technologies, and is therefore more limited nvhe Vj Zi’k Xijk Gk < Cj (3¢)
it comes to including other figures of merit. All in all, the
methodology we present in this paper has a broader view orNote that not all of the basic variables are part of the
its scope; in this sense, by using some more abstractions, pyeblem, since for instance we need to discard those whieh ar
gain some additional flexibility in terms of the criteria wanc not possible due to the lack of physical connectivity betwee
integrate within the access selection strategy. Besides bb useri and base statiof, Xjx =0 Vk. In addition, when a
the aforementioned works model services as we do herewitarticular service (sak) at end-usei is not active, we can

Max. Zi,j,k Uiji - Xijk 2

Ill. PROBLEM FORMULATION 1In this work we abstract the differences between technetogind we do
h lecti bl . blishi h not consider the impact that the particular physical caokt of the links
The access selection problem aims at establishing the prpg'ht have over the capacity provided by each of the resoumis assigned

timum association of the current active flows (services) fay the base stations.



also add some additional constraints to the aforementioned
problem:xjjx =0 Vj.

As mentioned earlier, one of the most relevant contribigtion
of this work, compared to our previous paper [9] is that we do
not consider all users for every instance of the optimizatio
problem, but only those who are willing to have a connection.

\ S

In [9], we looked at the overall connectivity and therefore N
every user wanted to have a connection, no matter whether ot~ N Rejected Dropped” ~ %, 1/0
~ - ‘ -

he/she had an ongoing service or not. In this sense, the way th
problem is formulated herewith is more elaborated. In order
to appropriately include service modelling we considet tha Fig. 1. State machine for a specific user/service pair

particular application flow, once it is rejected or droppid,

not considered in the following optimization problems {unt

the service is restarted again). For that we need to maititain equals zero, since it the corresponding basic variable does
history of the previous optimization outcomes, and we defiRgyt pelong to the optimization problem. On the other hand,
a state machine for all possibleser/servicecombinations. As the continuous lines show the transition of thser/service

a result, we establish four different circumstances foheafc pairs towards the final state, depending on the outcome of the

them, as shown below. current optimization problem.
« Idle. The user is not currently having servick active
and therefore he/she does not require any connectivity for IV. | MPLEMENTATION

It . ) . . . A solution of a single optimization problem refers to the
« Active. The useri has an ongoing connection for service__.. - . o S
O%tlmum connectivity of a particular situation, which ivemn

k and this has.been accepted by some of the avalla%Iy the current position of the end-users, their willingness
access alternatives. ; . )
; L . .. have a connection for a particular service, as well as thentr
« Rejected.The useii initiated a flow for servicek, but it . ; .
status of the network (remaining capacity). Those pawicul
was not accepted by the network. o L
) . . situations can therefore be seensagspshot®f a scenario, in
« Dropped. The useri had an ongoing flow for servicle . . .
. - ; hich users move and generate flows for their corresponding
which was originally accepted, but it eventually stoppe\g : . . ; )
. S " services within a certain period of time. Those patterraffitr
before its correct finalization, due to user mobility of :
and movement) are provided by means of traces. In order to
other events. : )
solve a particular scenario, a tool has been developed from
With the aforementioned states and considering that the @gratch. It has two well defined modules: the first one solves
timization, for a single analysis run, consists of the reBoh each of the optimization problems which are posed by the
of a series of consecutivanapshotswe can establish the evo-series of snapshots; a process is created per problem and,
lution of the state for a particularser-servicepair as shown in thus, there is not a ‘real’ connection between the current
Fig. 1. The arrows represent state transitions, which dépgsroblem and the previous solutions. As was discussed hefore
on two aspects: the intention of such user for a particulay properly pose the optimization problem, it is importanbe
service and the outcome of the current optimization problesible to take into account the history of the scenario (sesvic
These are the two numbers on top of each of the arrows (statsich were rejected or dropped, load at the base station$, et
transitions):intention/optimization_resultt is straightforward in order to keep track of this historical evolution and toide
to see that, depending on the previous state and the curngit information to the current snapshot, another moduke, th
intention, there are some cases in which the correspondif@nitor, has been added to the tool (this was not needed for
variables do not enter the optimization problem, represintthe previous stateless approach [9]). It analyzes the mgco
in the figure by dashed arrows. No matter the previous stajthe optimization problem and keeps it so as to be used by
is, when user does not have the intention of having service the next snapshot; in addition, it is in charge of maintainin
connected, then the corresponding basic variables do met emhe overall statistics of the scenario in order to processith
the optimization problem as was discussed earkgf €0Vj) when all the snapshots have been solved.
and such pair goes to thielle state. In addition, whenever As said earlier the tool is fed with a set of traces that must
a service has been rejected or dropped, the correspondigfiect: (1) the position of the end-users, according to some
variables are left aside the optimization problem even & ttpredefined mobility pattern, and (2) the intention of all the
intention is to have a connection. Furthermore, a connectigsers to have a connection for each of their services. Figure
that has been lost cannot be recovered and thus the statehigws an illustrative example of three users and their cesvi
kept, until it goes back to th&lle state. This assumption isand how these are mapped onto the corresponding snapshots. |
required so as to make the traces (and therefore the traf§avorth mentioning that the time in which a service remains
demand) independent from the outcome of the analysis; 40 the idle or active states shall be always higher than the
this sense we could study various access selection seateghapshot period, so as to keep track of the new incoming
with the same conditions. flows, as it is the case oBervice Ofor useri on Fig. 2.
In most of the cases discussed aboveghiemization_result For a particular user/servic@ ) pair, we can thus define the



price that shall be offered to a particular user/servicg. (3
| | Once the utility function is established, the problem isvedl

| | by using a solver (in this work, we have used the GLPK
library [14]) and the result is processed to update the state
of all the user/service pairs and the corresponding dtist

User i-1

|
J |_J | V. ACCESSSELECTION STRATEGIES
|

|__,' As mentioned earlier, the main idea is to be able to model
various criteria with theutility function, to assess the goodness
of a particular connection. There exist a broad range of

88 2 B8 A& B B T different possibilities and, within the scope of this papee

Q% ,=1[0,1,1,0,0,0,1,1 Q! ,=[0,0,0,1,1,0,0,0] will focus on two particular aspects: pricing and RAT affynit

Q° =[0,1,1,0,1,0,0,00 Q' =10,0,0,0,0,0,0,0] (which can be described as the preference to connect garticu

Q°,=10,0,0,0,0,0,0,00 Q;=[0,111110,1] services to specific technologies), as well as their contioina

In addition, we will also study their interaction with thesto

Fig. 2. lllustrative example of service snapshots of changing the base station, i.e. the preference an end-use
would have towards maintaining the current access. We will
see that different combinations of these criteria may lead t

i i ) ) rather distinct performances, so an appropriate seleofitime
vectorQ; = [, wr, . .., wN|, in which w is the status of such trateqy i

) h . gy is of utmost relevance.
service at thek" snapshot. As can be seen, the format whlc?w

has been selected for the traces processed by the applicao common criteria
is rather generic and, therefore, its use can be easily ésten
(for comparison purposes) to other studies.

The procedure that is being followed, for each of th
shapshots, is shown in Procedure 1. We divide it into thr
different phases: (1) first we establish the scenario, b§inéa 1) connectivity: As mentioned earlier we will give some
the overall configuration parameters, the position andamhar iy 15 the connectivityper se prioritizing ongoing services
ter|st|cs. of access elements (l:_)ase station, access poidt) g o ey calls, since it is sensible to assume that dropping a
the particular position and service status for the endsysdy already established call is worse (from the perspectivénef t

this infprmation is gathered from_ external fiIe_s. (2) Once _ﬂhuality of experience) than rejecting a new one. This driter
scenario is deployed, we establish the physical connéctiv ag{() is defined as follows:

between end-users and access elements, and the current st

Serv0Servl Serv0Servl Serv0Servl

User i+1 User i

Two criteria are used for the various strategies that will
be analysed: the willingness to have a connection as well as

e intention to reduce the number of handovers. These are
Hfscussed below.

of each user/service pair; we also build the utility funitio 1. —% if user/servicei /k

by considering, depending on the particular configuratibe - Mk

y co 9, dep 9 P : '9 ’ Vi aijk = was connected (4)
previous access element (if the user/service pair wasd®lrea

'S i
connected), the current load of the access elements and the A max Ci otherwise

wherecy is the capacity required for servideandA (design
parameter) is selected so as to ensure that an ongoingeservic

Procedure 1Snapshot optimization is always given a higher priority than a new call (for all the
Global configuration considered capacities): < %.

Scenario establishment As can be seen the definition of this criterion considers the
configuration parameters: from-file capacity required by each of the services; otherwise, those
end-users: from-file needing less capacity would be given (on an indirect way)
access elements: from-file a higher priority. In this sense, a connection of a service

requiring 2 TUs has the same utility as a connection of a
1 TU service, while it consumes twice the resources; themn, th
optimization engine will favor two connections of the latte
service over one belonging to the former one.

2) Handover - HO: We will consider the influence that
the cost of change (handover) might have on the assessed
performance. In this sense, we model the willingness to keep
the current access (so as to include the cost of change). For
that, we use thg;j criterion, defined as follows:

Initial processing
Optimization variables
Connectivity establishment
Service intention and previous state
Utility functions
Previous access element
Current loads
Current price
Optimization
Problem resolution: GLPK 1
Process result: update state
Update statistics

if user/servicd /k was previously
Bijk = connected to BY (5)
1—u otherwise




where < 1 is a design parameter which would be selected
depending on the particular configuration, as will be diseds

=
|

later. Phax 1
< ©

B. Price criterion = o
)

The idea is to favor the monetary preference of the end-
users, who would opt for more economical connections. The pBS 1
utility a user would perceive for certain service connetio ‘ ‘ L
would increase as far as the base stations offer a lower;price o o o N " ‘1
we are thus looking for a decreasing function. Since we Pmin Pmax Liow Lup
want to enable relative comparisons (i.e. based on discount Offered price Available Capacity
percentages) between offered prices, we propose using a
logarithm function as follows (see Fig. 3(a)), wheggis the

price offered by base statiop given as monetary units per
time and capacity unit. Fig. 3. Price-related utility functions

(a) Price utility (b) Base station price as a
function of current load

- {—Iog(pj) i € [P Pha ©) _ _ _
1 otherwise where v < 1 is a design parameter, which modulates the

relevance which is given to this particular aspect of thétyti

where pBS and pB3, correspond to the highest and lowesfynction.

price offered by BSj to use its resources, respectively. As

can be seen, the first one is the fee below which end-usgys Utility Function

would not perceive any utility gain. We also assume thatehos

base stations that offer a price higher than the maximum

end-user would be willing to pay (user preferences) wou

be discarded. Relative price units are used, and therdfere

maximum price offered by any of the base stations would be

1.0. As will be seen later, we will also assume tipgf = 0.1 Uijke = A~ Qlijk+ B Biji +C- ik D A (8)

monetary units per time and capacity unit. There are two possibilities to favor one of the criteria over
Moreover, we will also consider that base stations are usifige others: (1) changing the corresponding factér8(C, D);

their offered price so as to encourage or deter users to connsr (2) use only a binary version of them (i.e. they are actigat

to them; this is reflected in Fig. 3(b), which represents th® not) and use the corresponding design parameieys, (/);

fee offered by a base station as a function of the currenilythe scope of this work we will use the second alternatige. |

relativeavailable load. As can be seen, when the base statiompigticular, we will fix thatA = 0.4,v = 0.8, while we discuss

highly loaded (available capacity lower thla}f;‘w), the offered the value foru below.

price is the maximum allowable one (operator policies and For that, we do not consider RAT affinity (i.B. = 0). We

rules); on the other hand, if the base station load is low, thigen compare the utilities for two different access alttvea

offered price decreases to a minimum configured level. Figr an ongoing service (note that the value @fx is not

the sake of simplicity, a linear decreasing trend has beed uselevant, since it will be alike for the two accesses). Thé-en

between these two points; in the analysis that will be diseds user would have two choices, the one to which she is currently

in Section VI we have used 0.2 and 0.8 for the lower and upp&sinnected to (1) and another one (2), which is offering a

nBy linearly combining all the introduced criteria, we can
fine an overall utility function, which establishes theree
§p0nding access selection strategy.

thresholds, respectively. cheaper fee than (1). In particular, we assume thatis
100- &% lower thanpy, i.e. po = (1— &) py, with £ < 1. Hence,

C. RAT Affinity criterion we can write:

This criterion is conceived to favor that particular seegc

are handled by preferred technologies, so as to bring about a1y (2 _ 1 _

better quality of experience. For instance, we could useiwiF ©  — % 7 1-log(py) = (1) —log(pr(1-&)

accesses for data transfer services, since they benefit from —  H=—log(p1(1-¢))+log(p1) —

higher bandwidths, but do not require a strict delay, while — p=-log(1-&) (9)

we would establish a preference of voice services toward
cellular base stations, better suited for that. The comesging
component of the utility functiongjx) is therefore defined as

S‘Therefore, if we consider that a discount of 20% should be
enough for an end-user to change her current access, thes valu
of u to be used is= 0.1.

follows: With all the above in mind, we can define the six different
strategies that will be used during the analysis presented
1 if servicek has affinity towards in the next Section, as defined in Table I. Each of them
Vi Gk = technology of BSj (7) corresponds to a different instance of the utility functtbat

v otherwise was introduced earlier.



TABLE | TABLE Il

ACCESS SELECTION STRATEGIES ANALYSIS PARAMETERS
Price |RAT affinity| Combined Base stations
HO No-HO/HO No-HO|HO No-HO Cellular
Connectivity @) | 1 1 1 1 1 1 Coverage (m) 150
Handover B) 1 0 1 0 1 0 Capacity (TU) 16
Price C) 1 1 0 0 1 1 Pricing policy P €10.1,1.0],
RAT Affinity (D)| O 0 1 1 1 1 Thresholds= {0.2,0.8}
WiFi
Coverage (m) 50
1 Capacity (TU) 8
- e Pricing policy P [0.1,1.0],
R=150m - N Thresholds= {0.2,0.8}
/ R=50mA Mobility model
! Random Waypoint
LT T T 1 - . Speed (m/s) uU(1,3)
- ol WIFi capacity: 8 Movement time (s)  U(800,1000
, R=50m SRR ) Pause time (s) U(80,100
ISl SR 7 Service model
Sl wiFi aciy: 8 Em Service0: Voice
N paclly-© v . . Model On-Off
N S R=50m Idle (off) time (s) 420
N R ' Service 6n) time (s) 180
Seao--7 . Capacity (TU) 1
v WiFi capacity: 8 | Affinity Cellular
‘\ ) Servicel: Data transfer
T N 4 Model On-Off
Cell capacity: 16 . . .
paclty Sel e Idle (off) time (s) 480
Service 6n) time (s) 120
— _—
200m Capacity (TU) 2
Affinity WiFi

Fig. 4. Network deployment General parameters

Simulation time (s) 3600
# of snapshots 360
# of runs 10

VI. RESULTS

This section presents some results obtained by applying the
method that has been previously_ presented over a particular fully finished (i.e. it is neither rejected nor dropped).
network deployment. The goal is twofold: first, to assess, yandovers (HO). Average number of handovers which
its feasibility and, furthermore, to discuss the impact of a 46 carried out during a service lifetime.

appropriate selection of the utility function. _ « Price per service (PS).Average service price paid per
In particular, we will consider a 20Q 200n¥ scenario, time and traffic unit.
in which we deploy two different types of base stations , graT affinity (RA). We study the percentage of the time

(see Fig. 4). The first one corresponds to a traditional keellu that the service was using the technology towards which
technology, with a coverage of 15 effectively covering it has some preference.

the whole scenario, and a capacity of 16 TUs, while the

second one mimics a WiFi access router, with a range cmh50t iEe;orEi d|?cusss?gv\;[h?hpetrrfofrf:na:jncne] r:gttr;]cs; \t/cat wer:erotb— d
and a capacity of 8 TUs. Over such scenario we deploy% €d, Figure 5 shows the traftic dema at was generate

number of users which we increase from 20 to 200; they moq%( all the USErs, relative to the overall network capacityteN
according to aRandom Waypoinimodel, whose parameterst at the tra_fflc demand does not_ exac_tly corresp_ond to the
are given in Table Il. Each user generates flows belongingq ered trafflc_ (that would show a I|near_|ncrease with a slop
two different service types, followin@N-OFF models, having or0.7 -_trafflc offered per user according t_o the parameters
some preference towards a particular technology. All treeb shown in Tablg 1, b.ut.to_the one that is used to pose
stations use the pricing policy which was depicted befo Qe _correspondlng opt|m|.zat|.on problem. As was me.ntlloned
(Fig. 3(b)), and thus they offer a higher fee when the curreﬁ?r“er’ Whe_never a service 1s rejected or dr_opp_ed, It Is not
carried load is higher. We run 10 independent simulatioms nger considered in the future problems untl it is restt

scenario (each of them comprises 360 different optiminatiQ his would_effectlvely reduce_ the traffic d‘?maf‘d* explagnin
problems, corresponding to a simulation time of one hone saturation behavior that is observed in Figure 5(a). We

and taking snapshots every 10 seconds) and we represen'[""lll’?ig.represent (Figure 5(b)) the relative cqrned load p&T R
corresponding average results. We consider the six sieate ype; we can see that the cellular base station gets almibst fu

which were introduced in Table |, and we analyze the figur %aded (for the three strateg?essmce it covers the whole

of merit which are enumerated below, for the two types &cenario. The load of the WiFi access points increases as lon

service which are being used (0, 1). S , ,
o . ) In this case we have used the strategies that consideredatdover
« Success Rate (SRProbability that a service is successeriterion, since the results obtained for the others aieali



Traffic demand
Probability

o Pricex RAT-Affinity ¢ Both £
0 | | | | | | | |

0 | | | | | | | |
20 40 60 80 100 120 140 160 180 200 20 40 60 80 100 120 140 160 180 200
# of users # of users
(a) Traffic demand (a) Without handover criterion
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Fig. 5. Traffic demand and carried load per RAT type. Contirsubines are Fig. 6. Average success rate per service Vs. the number of.uSentinuous
lines are forService Oand dashed lines fdBervice 1

for Cellular and dashed lines foNiFi

Ice

as the number of users gets higher. Despite the traffic deman
surpasses the network capacity, there are still some blaila
resources in these access points, since they do not fullgrcov
the area under analysis.

First, Figure. 6 shows the probability for a service to be
successful. As can be seen when there is enough availabl%
capacity (i.e. # of users 20 or 40), the utility function défom
(in particular thea parameter) leads to having similar results
for the two types of services (if we had not considered the
capacity in the corresponding definition, the success @te f
Service lwould have been lower). Afterwards, the probability
for a service to be successful is higher 8ervice 0 since
it requires fewer resources. There is an exception, for the

of HO per sev

Aver

er service

(b) With handover criterion
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o Pricen RAT-Affinity ¢ Both

|
100 120
# of users

140 160 180 200
(a) Without handover criterion

6 T

T T T T
o Pricen RAT-Affinity ¢ Both

Price w/o HO strategy, in whichService 1has a better
performance thaservice 0In this case, cheaper connections
will be favored (without looking at the possible handovelesi

Average # of HO p

effects) and therefor&ervice Ocalls would try to use WiFi ~o -

accesses as soon as they become avaflabjgposed to the \:;@:::@===@-=:$=:,g__ &
other strategies, where the RAT affinity criterion wouldtérs O 40 80 80 100 120 140 160 180 200
that Service Ocalls are handled by the cellular base station. # of users

Afterwards, due to user mobility, that connection might not
be longer available, and the call would probably need to be
dropped, since the cellular base station might be fully éshdFig. 7. Average number of handovers per service Vs. the numbasers.
(see Figure 5). In addition, there is as well an increase en ti:]ontlnuous lines are foBervice Oand dashed lines foBervice 1

number of rejected services, since it is rather unlikelyt tha

new call from Service Owould cause a call fronService 1

to be dropped (the additional utility of the price criterizn new call fromService Owould quite likely cause an ongoing
low, since the load/offered price is high); on the other han&ervice 1call to be dropped (if it is using the cellular base

in those strategies strengthening the RAT-affinity criteria Station), due to the stronger weight given to this particula
criterion. This, together with the fact that tiservice Ocalls

are longer than those correspondingService 1 explain the
aforementioned exception.

(b) With handover criterion

3Those accesses are likely to be cheaper since the corrésgoaccess
points are less loaded, as can be seen on Figure 5.
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On the other hand, Figure 7 yields a clear impact dafistinguishing between service types; the prices for bdth o
considering the handover criterion. We can see a decreasaheim tend to be alike. In this case it is also worth highligti
the number of handovers (in particular ®ervice ) when the that there is not a clear dependency on the handover criterio
handover criterion is considered in the utility functid=€ 1). since the results do not change between the utility funstion
The impact is less relevant fdBervice 1 especially when that did not take it into account and those which did so.
the number of users is large, since the networks get highBgsides, the figure also yields that the higher the carriad,lo
loaded (which is more relevant for the cellular base stasee the higher the price per service. It is also interesting tteno
Figure 5) and there might be not many connection alternstivéhat, for Service Q the RAT Affinity strategy always leads to
On the other hand, whela = 0 (i.e. the cost of change is nota higher price, since it aims at handling all the correspogdi
considered) we can also see (again3ervice ] that the RAT calls by the cellular base station, which gets fully loadaan
Affinity strategy leads to a lower number of handovers, whilwhen the number of users is still small (see Figure 5(b)).
the behaviour forService Ois different. This is in part due Figure 9 shows the probability for a service to be connected
to the ping-pongeffect which might loom in this particular to the technology it has certain affinity to. We shall see that
strategy (a double change of access will not have any impd#ue use of the appropriate strategy does really have a releva
over the overall utility function), which is more relevarirf effect regarding this figure of merit, since the results igtd
Service Oflows, since they are longer. for the RAT Affinity strategy are much higher than the ones

Regarding the price that a user needs to pay (per traffic antich were observed for the Price one. We can also observe
time unit) per service, Figure 8 yields an interesting riesuthe little influence of the handover criterion. Last, but lsatst,
For Service Owe get the expected behaviour, and the Pridbe obtained results also yield thagrvice 1gets better results
strategy leads to lower prices (as compared to the RAT affinthan Service Oregarding the RAT affinity criterion for all the
one). However, foService lwe can see that the RAT affinity considered strategies. This is due to the fact thatvice 1
strategy leads to prices which are slightly lower than thoggefers using WiFi access points and as we have already
obtained for the price-based one. The reason is that the Wil$cussed, these access alternatives are less loadedh#han t
access points (due to their coverage) are less loaded teana@llular base station; in addition, it is also worth bearing
cellular base station and thus the price they offer (follapthe mind that those services are shorter and it is therefore less
previously presented pricing policy) is lower. Since seesi likely that they would need to connect to the cellular base
belonging to type 0 would stick to the cellular base statiom ( Station due to user mobility after being connected to a WiFi
matter the price is), according to the RAT affinity criteritine access router.
prices offered by WiFi access points are lower and thereforeln order to get a global view on the overall performance
the price paid per service (type 1) is consequently lower. @ the various strategies, Figure 10 uses a spider graph in
the other hand, this result also reflects the fact that theePriwhich we represent the four figures of merit (for the two
based strategy just seeks a global price reduction, withdypes of service). The edges of the different axes represent
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Fig. 10. Performance for the different utility functionsoffusers was fixed to 100.

the best potential performance for the four of them, whilehange (handover) within the utility function brings about
the center of the spider can be considered as the worst reselévant benefits, since it leads to a significant improvemen
(for the handover parameter we used the empirically obdgenia terms of the average number of handovers, while it does
values to establish the performance bounds). The resutes weot jeopardize the rest of figures of merit (in fact there were
obtained for the scenario with 100 users. As was alreadlso some slight enhancements for certain cases).
discussed, we can see the improvement brought about by th®egarding future work, the main objective is to exploit
integration of the handover criterion on the utility furstj the potential of the developed framework so as to assess the
since the rest of criteria do not get clearly affected, whilgoodness of different distributed algorithms and proces fwr
there is an enhancement in the number of handovers that aceess selection in highly heterogeneous networks, imgud
required per service. In the case of the Price strategy, we d¢he use of virtualized resources and flow management tech-
also see that the use of the handover criterion brings alvoutraques. The idea would be to analyze how far their behaviour
improvement on the success rate 8ervice Q although it is is from the optimum performance. Besides, in the analysit th
compensated by the decrease on the corresponding valuehfas been discussed in Section VI, we have seen that there is an
Service 1 impact when considering different combinations of theitytil
In general, all figures yield that the strategies considgririunction criteria; we have provided a discussion about thet ¢
the two goals (i.e. price and RAT affinity) lead to perforof change (handover) and its relationship with the pricd, bu
mances that are rather similar to those obtained for the aihere are still other interrelations that require furthealgisis;
strengthenindust RAT affinity (without jeopardizing the price this will be also considered in our future research. On theot
per service too much), while for the Price-based strategy thand, the design of the tool is rather generic and it is nad rig
performance in terms of RAT affinity are remarkably worsetorn to the solver; it can be therefore used so as to mimic
any potential scenario, as soon as the input traces follew th
VIl. CONCLUSIONS appropriate format. In this sense, we will also study theadntp
, . . of considering other types of traffic, having more compkcht
In this paper we have proposed the use of binary IIne%rodels (for instance, elastic traffic), which might prolyabl

rogramming techniques to assess the best performanch whic . N
brog g 9 P lead to non-linear optimization problems. Furthermore we

might be expected on highly heterogeneous access envirof)- .
ments. The developed framework, which considers the tim\grfTI also enhance the abstractions that have been performed

evolution of services, is generic enough so as to extend i ard_mg the capacity; in this sense, we will modulate .the
qﬁlpacny that a user gets from a resource based on the particu

gf/ar%wee;cr)]sdlg?r:n;:r?iiu?;irsessgezvaerig?\gev:rsf/t/aﬁiiehdv:/tz fseiﬁzli%(?nditions of the link with the corresponding base station.
strategies considering price, RAT affinity and cost of cleang

(handover). The results show that an appropriate selecfion ACKNOWLEDGEMENTS
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