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Abstract - In the future, different technologies, such as \W
Fi, UMTS, HSDPA and Wimax, will converge in a
complementary manner forming a heterogeneous infra-
structure. Moreover, the evolution of mobile termirals will
allow them to connect simultaneously to several aess
networks and make use of multihoming capabilitiesThus,
the concept of “always best connected” (ABC), corging in
using the devices and access technologies that bestit
communications needs, users and networks, can noweb
implemented.

In this paper we present a performance study of aontext-
aware and personalized network selection algorithnthat
enables the support of any criteria, quantitative ad
qualitative, including context and preferences, netork and
terminal characteristics, to determine the best a@ss
connection for each terminal and service. The perfanance
results show the benefits of using such an algorith in the
network performance, and address the influence ofpecific
criteria and constraints considered in the decisioprocess.

[. INTRODUCTION

Over the last few years, various access techndpgie
such as WiFi, GPRS, UMTS, HSDPA and WiIMAX, have
been deployed and are available to mobile devighigh
are increasingly equipped with more interfacesifiéent
technologies (multihomed).

several aspects that may be subjective or objective
Characteristics like personal preferences, device
capabilities, application requirements, network erage
and resources are strictly related withst connectivity
This paper focus on the access selection procesasg u
any-constraint algorithm based on parameters ckltde
context, preferences, and terminal and network
characteristics, combining this knowledge to enahke
optimization of both terminal and network pointvidw.

[3].

In order to evaluate the efficiency of the implenegh
algorithm, different scenarios were simulated simgwthe
benefits of the selection scheme. The simulationsd on
the evaluation of the impact of one or more paransein
the decision process, in order to highlight thetecia
flexibility, functionality and efficiency of the seme.

The rest of the paper has the following structseztion
Il briefly discusses other proposals of networkestbn
algorithms. Section 1l conceptually describes
algorithm implemented and its main features, aruice
IV presents the results of the network selectioocess.
Finally, section V concludes the paper and intreguc
topics for further research.

the

Il. RELATED WORK

In this section, we review related work, settingr ou
requirements and briefly compare selected relatat.w

Due to these improvements, the next generation of Some work has already been done which explores the

mobile communications will be based on a heterogese
infrastructure where the different technologies boma in

a common platform to complement each other for considerations (e.g.,

different service requirements. This multiple tealogies
environment will also lead to high mobility scermeri
increasing the expectations of the users and Queality-
of-Experience. Thus, each mobile terminal will lixeato
connect simultaneously to different technologiesiciv
vary in bandwidth, delay, communication range, powe
consumption, security, reliability, end-user costda
several other aspects. Therefore, since the prhjextive
for the next generation of mobile systems is tegnate

described optimization problem. The most common
approach is to center the selection process oo ignal
10). As discussed, despite it
importance, we consider that it is only one betwaamy
criteria to be accounted for network selectionisltalso
common to consider link quality metrics (such amger
bandwidth) — e.g., [11].

Song et al. [14] also use Grey analysis in a mix
WLAN/UMTS environment, being the main metrics for
decision the QoS desired of the user or applicaimhthe
current conditions of each technology (WLAN or UMTS
As we said, we depart from this model of selectorce,

the different access technologies in a complemgntar as discussed, we adopt a model of discrete services

manner, the concept of being always connected esatog
the concept oflways best connectd@dBC) 1, enabling

Hence, we're closer to Gazis et al. [7] and Xinglet8]
that model the problem of flow allocation as a lssgk

the choice of the best point of attachment to eachproblem: a user has applications to distribute s&ro

user/services.
However, the definition of best may have different
perspectives depending of the ABC actor 2. It ddpemm

available PoAs. However, their work views mobility
mainly as a resource problem, whereas we consider i
be only a part in a complete scheme for networicsiein.
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Combined criteria not related only to signal stténgr
link quality have also emerged recently such aa &tral.
5], McNair et al. [12] and Chen et al. [13] Thesghars

access points.
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This schemes addresses the several
requirements listed in A.
The events are the triggers of the architecturesed by

propose schemes that are based on cost functi@ts thterminal requests, terminal movement, and any other

contribute to an overall cost function which wilh the
end, determine the best (under the selected eltBoA to
handover to.

possible change in the network that is relevantht
performance of its service provided. To suppors,tihe

scheme proposed must be able to deal with any ¢§pe

trigger, being it classified as periodic, schedubedased

A. Key Requirements and Global Perspective of
Related Work

We state now the requirements that have guidedesign:
(i) strict service admission
clear separation between runtime admission coatrdl
quality information.
(i) easy plug-in of arbitrary criteria
Any type of information should be possible to uss,
long itis in a suitable format.
@iy flow granularity.
A flow should be the basic element.
(v) separation of powers
Terminal and network should exchange informatiod an
not attempt unilateral decisions.
(v) fast environments
Support to queues of events.
(vi) user optimizations
For scalability reasons, a scheme should suppod lo
optimizations (single user) and global optimization
(vii) clear separation of entities based on self-conthine
properties
We have identified the following three entities who

in context changes.

The ranked lists should be produced associatedltes
directly linked with QoE. However, due to the suibjety
of this metric and the difficult of associate ittiwihe flow
maps rank, it is necessary to model the main elésrian
the network according to their properties.

Regarding Points of Access (PoAs), there are two
obvious properties: static priorities and resources
available. Static priorities of a PoA could be abliity,
monetary cost and mobility prediction. The resosireka
PoA cannot be only related with bandwidth, but aisth
the capacity to provide different services to tiseruthat
wants to connect to it.

User properties can also be divided in static aswal-r
time. The static properties of a user are relatitd &l the
context information that can be relevant in the duaver
process.

An important guideline, besides triggers and rarlistd,
is that the resource management is totally indegpendf
the ranked lists process. This means that only Ruiffs
resources available are allowed to enter in the fieaps
calculation, making all feasible and reducing pesdeg

properties should not be dependent on each other’seffort.

network infrastructure (e.g., reliability of a PoAhe
user/terminal (e.g., preference for low monetat)cand
resource constraints (available resources or roFioA).

The review of the literature shows that, to thet loéour
knowledge, no scheme copes with all requirements.

I1l. ANY-CONSTRAINT ALGORITHM DESCRIPTION

The network selection architecture implemented is
based in the solution proposed in [3]. This sectidgh
briefly describe this scheme, presenting the main
guidelines considered in the development of thetwnd,
and the modeling of the several properties of edement
in the network, providing an easier manipulationtioé
information. Finally, a description of the selectiprocess
will be given concerning triggers, the algorithmdathe
final handover decision made by the terminal.

A. Design Guidelines

The main objective of the network selection scheme
proposed is to produce a ranked list of possiblelbaers
that the terminal is allowed to perform after anyergt
which triggers the selection process. The ranked i$
composed by flow maps [9], each containing a ptssib
distribution of the user’s flows through the avhl&a

B. Entities Modeling

In order to be able to model any criteria to bedusethe
algorithm, we decided to format it in a matrix pretation
form. This is a friendly and legible way of orgamithe
different types of information of each entity.

We start by the following definitions:

» kis the index of a terminal belonging to the set of
the K terminals able to perform a handover,
kOKand#k =K;

> Mo is the set of all possible PoAd,® the set of
all detected PoAs by theterminal;

> MWis the set of PoAs that are allowed to the
terminal, M®=M,;

» Wi s the number of the properties of a PoA that
will enter in the ranking process;

> FY s the set of all running flows of terminka|
being #F® = N, the number of running flows;

»  Flow mapallows mapping each of thg, flows
of a terminal to one PoA out of thé, possible FM®:
E® — m®.

In order to model the three basic and independsatittes
in the architecture scheme (PoAs, users and flopsina
specific matrix was define for each. The PoA pedil
cover all the properties and context informatiorowh
each PoA specifically. User profile relies on usgninal
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preferences and on non real-time activity of therus

being totally independent of the PoAs propertieewr
maps are related with user’s flows and with th@ueses
available, being a kind of bridge between the imfation
of the PoA and the user personal preferences ahasst
1. PoA Profiles

Regarding PoA profiles, they are defined

different criteria or preferences relevant in thebifity

management decision. To keep the scheme archéectur

independent, we did not specify a method to setriigping

between numerical values and properties. However,

solution addressed by A. lera et al. 5 is used. dt simple
analysis of each property setting an empirical migake
value to the criteria or being this value the restila cost
function.

The AP matrix is built based on all the specific propertie

of each PoA: taking this into account, its struetonay be
presented in three types of properties:

AP = (Ap(user) | AP(static)I AP(real—time))MXW

The first substructure is set by information pratieg
from the user, such as its preference for the Po#e
static part refers to the properties of the PoA thatt fofs
all, are static and independent of context, usargime.
The third part is built regarding the informatiohat
comes from the network, like the current resouredus
of the PoA.

UMTS
100 5 50
70 80 100 40 50

User Monetary | Handover P Bandwidth
Preferences Cost Effort Allocation
user, static static’ real-time
80 50 75 90 50
AX 80

Table 1: Possible PoA properties.

An example of PoA properties and their empiricdlea
is presented in Table 1 (these values are the ohédwe
AP matrix). In this matrix, the values closer tdldre the
best ones in that specific criterion. Bandwidthoedition
can be a good example of a real-time property BbA,
since it is dynamic and a result of a simple cascfion,

where the more occupied is a PoA, lower will bes thi

value.
2. Flow Maps
The flow maps map the distribution of the differfiotvs

that belong to the same user through the availahk
allowed PoAs. Its mathematical model definition is:

in this
formAP = (APduxw_ This matrix keeps the PoAs
properties and can be easily changed according to
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FMUD = (FM;) (o, FMU™ € {0,1},V i, j

The | index defines a specific flow map for a given
terminal k. Since we defined flow as the minimum
indivisible unit of resources

kD _q ;=
LFMY =1,i=1,.,N.
3. User Profile
The user profile is based on properties and inftiona
independent of the context and real-time activifythe

network. In order to have the proper interactiobneen
the PoAs and the users, the user profile matrixtrbes

4modeled concerning the PoA properties:

k P
up® = (UPi;)I(A,lW,(UPU)(k) =0ifi#j.

The UP is thus a diagonal matrix whose elements are
weights that measure the importance given by theku®

the respective PoA criterion. It is now possiblest@pe
qualitatively and quantitatively users using vasou
combinations of different weights for each of the
properties of the PoAs. Making a simple example by
following this logic, different user profiles mayist such
asbusiness mgrgamerandgroupie As is understandable
and common sense, different users have differeatis)e
and these requirements may be quantitatively wetjby
the values in the UP matrix. Given this, a weight
distribution like the present in Table 2 is adequéd
model the type of users and their requirements.

User Profile

Business mal

User Monetary Handover Mobility | Bandwidth
Preferences Cost Effort Prediction | Allocation
0.5 1.0 15 15 1.0
15 05 15 15 1.0

05 15 05 05 05
Table 2: Possible weight distribution for differerger profiles.

As is readily apparent all these properties andesbre
easily configured and modified according to theecia
followed by the architecture designer, as planmedhe
design guidelines and requirements for the network
selection scheme.

C. Network Selection Scheme

This section will briefly present The network seiec
scheme. It consists in four main phases performed
sequentially: trigger management and processing,
classification and prioritization, calculation dfet ranked
list of flow maps and, finally, handover initiation
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1. Trigger Management APNypy | | URuaw

In the developed architecture, three types of &iggvere QPNU o = APN XUPWD
taken into account: real-time events, scheduled and
periodic. The real-tlme_ events can be caus_eo! by the CAﬁ’An:ZI_VlAPNUj>
network, or by the terminal. As one of the mainasief =
the scheme is the separation of powers, an exchahge Find the S flow maps,
information and perspectives is needed in ord@réwide (using network's database)
of resources

the current state of the connectivity.

The further types of events are related with exmbct (APA,,, :Z::lFMm_>
changes of context either regular or occasionatduled
to perform a specific action, as a global re-aresngnt
for instance.

(WFM,, = APA,,, XCAR,

WFM

2. Classification and Prioritization Q =—""i
max( WFM ;)

As many triggers can occur, and not all have tieesa Figure 1. Local Optimization process.
urgency in being served by the network selectidrese,

it is necessary to classify and prioritize themoider to
attend through an orderly manner according to their
importance or their type of user. Another advantafie
classifying triggers is that it also supports user
differentiation. This ability is very important to
differentiate the service of premium users offerthgm
their first choices in access selection and prefazs.

4. Mobility Initiation

After the optimization algorithm, the bgsflow maps
must be sent to the terminal, so that it receibesset of
flow maps ordered by rank. Also, in accordance i
separation of powers and the idea of having thet mos
independent entities, the terminal is free to chomse of
the flow maps according to its policies. Howevdre t
architecture was designed to deliver to the termama
ranked list which already covers its preferencesyark
state and resources available. So the first floyw ofathe
list is always the most appropriate for the territawvs,
unless there exists any other unknown reasons do th
network selection scheme.

3. Flow Maps Calculation

The architecture considers two different flow map
calculation processes. The local optimization is finst
and simplest referring to just a single user. Téeoad,
global optimization, concerns to a large numbeusdrs,
being an iterative process for all users, simitawhat is
done in the local optimization. The necessity ofotw
different optimizations arises due to the heavycpssing
of the global scheme. To describe this processillitbe
followed the local optimization method, Figure lhewe
the global optimization is only a generalization the
simplest routine.

This process is a simple algebraic manipulatiorihef
matrices described so far. The matrix CAP contans
preference value by each PoA, being already atmcation
of the preferred access of the terminal. If it @ possible
to find a flow map, a global optimization should be
performed so that the architecture attempts to find
solution considering all terminals. The followindg®dA
Allocation” matrix (APA) determines, for each flomap,
how much used is a certain PoA. Finally the “Wesgbt
flow maps” matrix contains the rank of each flowpsa
which after normalized, turns into the matrix Q @i
indicates the quality value of a flow map.

IV. SCENARIO AND RESULTS

This section presents a performance evaluatiorhef t
network selection scheme implemented through differ
scenarios. It also contains a study concerninglitfierent
parameters that can be configured in order to eréhéme
response of the global architecture.

A generic topology was developed for ns-2 2.31.sThi
scenario is adjustable depending on the numberodiilen
terminals and PoAs, which are inputs of the topylfilg.
The topology is based on a very simple wired-cum-
wireless scenario. The topology dimension is calead
knowing the number of nodes in the network: distaot
700m between PoAs to avoid collisions and in orider
emulate a multi-access technology scenario wheee th
technologies do not interfere with each other. kirdte
defined to connect the fixed nodes, configured with
100Mb/s of bandwidth and a delay of 2ms. For each
mobile node it is created a User Datagram Protageht
(UDP) and a Constant Bit Rate traffic (CBR) gererat
agent, transport and application respectively. Régg
CBR traffic, it is defined a rate of 100kb/s foreey
terminal, and a packet size of 1000 bytes, withheac
terminal generating/requesting traffic.
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A. Load Balancing

One of the real time properties of the PoAs is the
resources availability Bandwidth Allocatioh at each
moment in a specific access point. In the scheme
implemented, this property is also considered,esiids
expected that its utilization improves the perfonoe of
the architecture.

Introducing the maximum weight (1.5) for load
balancing in the corresponding field of the useofif
matrix, the global performance is the one showRigure
2. As the number of PoAs increase, better perfoomas
achieved, since there is a wider range of possibbesses
and more available resources (with no delay foP&8s).

Delay with Load Balancing
——
/—
’.,___-—-I——-
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Number of terminals

—¢—HNumber of AP5: 1 —i—=Number of APs: 2 Humberaf APs:5 —=<—Number of 4Ps:10

Figure 2: Mean delay of scenarios with load balagci
B. Resource Management

The wireless channel in ns-2 2.31 is modeled teigeoa

maximum transfer rate of 1Mb/s, although in a real
scenario this rate cannot be achieved without doadigg
the quality of service provided. To evaluate this
mechanism, we considered bandwidth thresholds for
admission control ranging from 700kb/s to 1000kb/s,
Figure 3 and Figure 4.

Figure 3 depicts the packets delay achieved fiferdint
bandwidth thresholds that a PoA may allocate (véth
PoAs). As expected, there is a clear tradeoff betwe
traffic in the network and the quality of serviceoywded.

In the curves corresponding to 900kb/s and 1000kb/s.

bandwidth threshold, the value of the delay gets
significant and stabilizes due to admission confFadure
4).

Admission Control Threshold (delay)
1500,00

1250,00 /\\
g 1000,00 /
F v / -
2 500,00
250,00 /
0.00 m—!!——l B "r/,_ +

20
Mumber of terminals
—#—[ax. Bandwidth 700kb/s —l—Max Bandwidth 800kh/s

a0 an

I ax. Bandwidth 900kh/s —s=—Max. Bandwidth 1000kh /s

Figure 3: Admission Control Thresholds comparisandielay.

As shown, the optimization algorithm filters theA3
totally occupied, forbidding the terminals to coan¢o
them even if they are the preferred ones. The nurabe
blocked flows starts to increase as soon as themuress
are all occupied in all PoAs.

Blocked Flows
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o
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Numbaer of Blocked Flows

10 20 El 40
Mumbaer of terminals

—a+—Number of APs: 1 —li—Number of APs: 2 Humber of APs: §

20

50

Mumber of APs: 10

Figure 4: Blocked flows with admission control.

C. Triggers

As explained in section 0, the triggers are onennpairt

of the optimization process, since they are thesdhat
initiate local or global optimizations. The decisi@n
which optimizations should be performed may be
configured through different criteria, besides thsual
user requests that are considered a trigger.

To evaluate the effect of using triggers, simulagiovere
performed based on the variation of the delay ttolkeks
used to trigger optimization. The scenarios testenle
based on a threshold of maximum admissible bantiwidt
for admission control of 800kb/s, to be able toiah
significant delays and losses in order to trigghe t
optimization mechanism. These tests were performed
using periodic QoS reports from the correspondenen

at every second. From the results obtained in Eigum
scenarios with 10 PoAs, it is possible to observe t
improvements obtained with the utilization of QoS
triggers. For the maximum number of terminals ichea
scenario, the network is never saturated, existimeys
available candidates for each terminal. As expedtedll
scenarios, as the value of the delay trigger tlulesh
decreases, the overall delay of the network alsoedses
(and also losses, not shown here). As depictedgur€ 5,
the differences between the curves are signific@me
interesting result (not shown here due to spacidlions)

is the non-significant influence in the overhead tioé
optimization process.

Delay dependent of threshold (10 PoAs)
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__—'—‘*—_.___
——_,_H
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5 10 15 20

Number of tarminals

=—d=Trigger Oft  ==Trigger 100ms Trigger 250ms === Trigger 500ms

Figure 5: Delay dependent of trigger thresholds.

Directly related with triggers are the QoS repdrtan
the correspondent node. These reports are
periodically and are also responsible for the nurmdfe
triggers in place during a simulation. We will now
evaluate the impact of QoS reports rate in the oewn
scenarios with 10 PoAs available and with a delay

sent
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threshold value of 250ms. As it is possible to dode Preferred Handovers Ratio for Gamer Profile
from the results in Figure 6, there is an impacthef QoS 2
reports rate in the network. However, it is noteaglent @ 1001 * * ’ —
as in the threshold case. For instance, estabdjsigiports 3 z:j : - 3
at every 0.1sec is clearly better than configuriggprts to g o
each 5sec, as expected. However the differenceeketw £ om0
rates of 0.1sec, 0.25sec and 0.5sec is minimghidrcase, 2om . : : .
as opposed to the previous one, the differenceénhead 0 1 et 10 3
iS SigniﬁcanL because the reports can intrOdam eXtra =4=—BANDWIDTH PREFERENCE: 0.0 == BANCWIDTH PREFERENCE: 0.5
information in the netWOfk. BANDWIDTH PREFERENCE: 1,0 ——BANC\WIDTH PREFERENCE: 1.5
Delay depending of the update interval (10 PaAs) Figure 8: Preferred Handovers Ratio for Gamer Rrofi
100,00
ot P However, as the load balancing weight increases, th
T et / ratio decreases, but in the gamer profile case,décline
o0 P 4 ‘ ' is not as pronounced as in the business or grqupide.
L= This situation occurs due to the difference of \mesg
e given in the UP matrices and that influence thealfin
0,00 ranked list of flow maps. As was previously men&dn
0 1 Humber of terminals * " our mechanism enables the presence of this typstefia
O S o in a seamless way.
Figure 6: Delay depending of QoS reports rate. E. Global Optimization

D. User preferences and Profile Using an approach where the local optimizationg jus

) concern with resources available and terminal peefees,
In order to study the impact of the user prefereraed global optimizations can be used to re-organize the

profil_es in the c_)ptimizgd decisions, a new metriasw network. This process takes into account not only
considered. It is defined as the ratio between they, inore priority but also the state of currertwork
handovers performed to preferred PoAs and the tOtaIresources through the load balancing feature. €kalts
number of performed handovers. of this approach are present in Figure 9. The suna

_The following results, depicted in F_igure 7 andeigS_, were evaluated using a maximum bandwidth allocation
introduce a new parameter to the simulation whicthe per PoA of 800kb/s. It was also considered that all

user_profile, considering _also different preffe.remoé the terminals have the same preferences and profieder to
terminal by each PoA. It is referrgd in the fingufe .that be more evident the impact of global optimizatiohke
the resuits are the same for bu§|ness and groupites “After Global Optimization” situation occurs aftea
because the quht gorrespondlng to the user prees unique global optimization is performed after &his are
property given in their user profile matrices (Uit the distributed. The periodic optimizations are schedub be

Same. ) Both .flgur_es describe the impact of the load executed in intervals of 5 sec after the simulasiamts.
balancing weight in the preferred handovers réfior a betay (10 Pore
elay 0As

null weight, the results are equal for both prafilsince -
the remaining parts of the APN matrix stay constém 90,00
unique parameter that changes is the user prefsenc Jo00 A
irrespectively of the weight given in the UP mat{@®5 or 6000

B
> 50,00
1.5) of each profile, because it will immediatebtermine T 4000 // "
. . . . 30,00
the ranked list in function of this parameter. 20,00 77&-/%
10,00 — T
. Preferred Handovers Ratio for Business /Groupie Profile 0,00
2" o 10 20 30 2 50
E L00 rije—e v M M — Number of terminals
g 0,80 - - % \‘_‘_‘-“' - - —+—Before Global Optimization ~ —— After Global Optimization Periodic optimizations
E 0.60 — — Figure 9: Impact of Global Optimizations in scepanith 10 PoAs.
= 040
$ o We observe in Figure 9 that the benefits of perfogm
b0 ‘ ‘ ‘ ‘ ‘ global optimizations with load balancing are highsrthe
f 1 Nun%gerohermina\sgo 0 =0 H i 1
—s— BANDWIDTH PRFFFRFNCF: 0,0 —B-RENDWIDTH PRFFFRFNCF: 0.5 number of terminals increase. The curve Co"esl‘mmm
BANDWIDTH FREFERENCE: 1,0 ==—=BANDV/IDTHPREFERENCE: 1,5 the mean delay before the 0pt|m|zat|ons, as expehm
Figure 7: Preferred Handovers Ratio for Businessi@ie Profile. higher values as the number of terminals increase.

However, for scenarios with a low number of ternsné
tends to be nearer the other curves. Comparing the
difference in the results between a unique optitiira
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and periodic optimizations, the difference is naryw 3.
sharp, with better results for the curve of pegodi
optimizations. However, as a global optimizatiowaa}s
involves many handovers and re-allocations of flothis
solution may not be always the better for the u3éis 4,

depends on many factors, and one of them is the
efficiency and seamlessness of the mobility medmarnin
place. 5.

V. CONCLUSIONS

This paper presented an implementation and evaluati 6.
of the network selection algorithm proposed by y8ter

the future paradigm of ABC in next heterogeneous
networks. The developed architecture allows thevork 7.
to manage its devices connectivity using intelligen
elements and decision algorithms. It is able tocess a
decision based on different types of criteria, emht
resources availability, QoS state, user profile ands.
preferences, through a matrices formalism and a
sequential process of algebraic manipulations ¢wige a
ranked list with the best maps of flow's distrilmuti 9.
through the available and allowed access techredogi
Through the performed experiments, we can take the
following important conclusions: the performancetio¢

overall network is improved and it is able to pawithe 10.

best selection both for the network and the ustrs;
optimization scheme is indeed able to integrate any
criteria, being a first step for the inclusion adntext
information and pervasive sensing
characteristics, in future internet and networks.

As future work, we plan to integrate different tgpef
networks in this mechanism, such as mesh and moving

networks, different types of services, such as icast, 12.

and improve the context and sensing criteria fog th
support of pervasive environments.

13.
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