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Abstract. In this work we analyze the possibilities which are brought
about by the use of linear programming techniques in the framework of
access selection procedures within heterogeneous wireless network envi-
ronments. We present a tool which has been designed and implemented
(based on the GLPK package) to tackle this problem. This tool, starting
from a particular network model, can be used to retrieve the optimum
assignment of access elements. To fulfil this goal, we introduce a flexi-
ble cost (utility) function, which allows modulating the relevance given
to the different aspects which could be taken into consideration while
deciding the access alternative to be used: connection with a preferred
operator, minimizing the number of handovers, or link quality, amongst
others. Afterwards, the tools is used to study a set of canonical access se-
lection strategies, so as to establish the combination of parameters which
might lead to better performances.

1 Introduction

The recent proliferation of different wireless communication technologies has
brought about the need of developing proper mechanisms to handle heterogene-
ity at the devices worn by regular users. The consequence is that near-future
communication scenarios (in some cases they are referred to as 4G) will be char-
acterized by offering a broad range of access alternatives, not only considering
the involved technologies, but also from the point of view of the entities which
manage the available networks.

In the aforementioned framework, it becomes necessary to revisit the new
challenges which pop up in the access selection procedures, which are nowadays
mostly based on non-automated processes, requiring in several cases, the direct
intervention of the end-user. In contrast with this legacy approach, novel auto-
mated algorithms to ensure the most appropriate access alternative to the end
user are deemed necessary; these should take into account various aspects, such
as the user preferences, the particular network condition, as well as the punctual
requirements of the current services.

In order to reach such an optimum performance, the involved network enti-
ties (base stations, access points, users, operators, etc.) must cooperate between
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them, by means of novel signalling mechanisms to transport the required con-
trol information. This information would, obviously, have a local scope, limited
to the end-user, since he might not be aware of the potential consequences his
decision can have over other network nodes. Additionally, in order to establish
the suitability of the employed access mechanisms, it is fundamental to be aware
of which is actually the best performance to be reached.

In this work we aim at analyzing such optimum behavior, using linear pro-
gramming techniques. In this sense, we model a heterogeneous wireless network-
ing scenario (embracing various technologies and operators) as an optimization
problem, using an objective, utility, function, able to modulate the weight given
to the various merit parameters. The GLPK library is used to solve the corre-
sponding problem. The achieved results might help to establish, amongst others,
the combination of the various weights which should be used by the access se-
lection algorithms so as to guarantee an optimum behavior.

In order to fulfil the previously established goal, this paper has been structured
as follows: Section 2 discusses some of the related work, highlighting the main
differences with our approach. Section 3 presents the optimization problem to
be solved with the framework depicted in Section 4. Section 5 describes the
networking scenario which will be used to analyze a number of access selection
strategies, whose performance will be discussed in Section 6. Finally, Section 7
concludes the paper, advocating some items which are left for future work.

2 Related Work

As it has been previously mentioned, the broad range of currently available radio
access technologies (RAT), together with the increase of the number of devices
which actually integrates various of them are some of the elements which pro-
mote the path towards future wireless access systems, mainly characterized by
the large degree of heterogeneity, more notably from a technological perspec-
tive. In this type of scenarios, the procedures which are being currently used
to perform access selection (which are mostly rather static, requiring the direct
participation from the end-user) are not longer valid; as an alternative, the sci-
entific community has been recently analyzing a number of proposals to reach,
as their main goal, the Always Best Connected paradigm, considering user pref-
erences, network situation and service requirements. As an illustrative example
of the interest that this type of schemes has recently generated, it is worth men-
tioning the fact that the not only the scientific community, but also the relevant
standardization bodies, have paid attention to them; in fact they are working
towards the specification of procedures to promote the interoperability between
heterogeneous networks. In this sense, the role taken by the IEEE 802.21 group
clearly outstands amongst them; it has defined [1,15] a framework to facili-
tate handovers between heterogenous network technologies (Media Independent
Handover Framework, MIHF ).
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The main advantage of being able to use various radio technologies is that
it brings about the possibility of using, any time, the most appropriate charac-
teristic of each of them in particular moments of time; on the other hand, this
also imposes a series of drawbacks, derived from the complexity which is intro-
duced into the system, since it becomes necessary managing a larger number of
parameters. In this sense, there exist a number of works which propose solutions
to tackle these challenges from various perspectives. For instance, the authors
of [13] present the Common Radio Resource Management (CRRM), which is
an evolution of the Join Radio Resource Management (JRRM) [6], proposing a
joint management of the available radio resources, assuming a complete overlap
of the coverage areas of the base stations (as it is also the case in [2]), and giving
the full responsibility of the resource management to the network, thus follow-
ing a clearly centralized approach. Another architecture which shares many of
the characteristics of the CRRM is the so-called Multi-Radio Resource Manage-
ment (MRRM) [14], in which a feature to be distinguished is how it deals with
the cooperation strategies between different operators [9]. In the same line, dif-
ferent algorithms have been proposed to improve the assignment of resources,
considering specific parameters of the involved wireless technologies [6,16], or ad-
ditionally based on micro/macro economic profiles from either the end user [7]
or the network [5].

The aim of this work is to go beyond the aforementioned works by considering,
not only network preferences, but also (and as the most relevant aspect) end-user
ones, while managing the available radio resources. By using linear programming
techniques, the goal which we pursue is twofold: on the one hand we seek the
establishment of a number of upper bounds on the performance which could be
achieved with this type of frameworks, thus broadening the capacity to carry out
sensible comparisons between different access selection algorithms; furthermore,
by defining flexible utility functions (using various parameters), we could analyze
the particular configurations which might lead to better behaviors. Although the
use of linear programming techniques for this type of problems might seem to be
a sensible choice, there are not, to our best knowledge, many works which have
explored their possibilities, as it is discussed in [4]. Some of the existing ones,
e.g. [12,3,11], are based on a reduced set of parameters which are combined
in the corresponding objective function, resulting on a more rigid approach.
Besides, it is worth highlighting another set of existing works, which benefit
from the application of Multi-Attribute Decision Making (MADM) techniques,
see e.g. [8,17,10]. The most relevant difference comes from the fact that they can
be employed with the biased information which could be acquired by individual
network elements (that is, as potential access selection algorithms), since one
of their advantages is their computational efficiency; however they could not
probably be used so as to analyze the overall optimum performance which could
be achieved by the whole networks, which is precisely the main objective of
this work; in fact, based on the conclusions which could be extracted by using
the framework presented in this work, we could e.g. establish the criteria to be
applied while carrying out access selection procedures based on MADM.
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3 Optimization Problem Modeling

We consider a particular network scenario, in which M access elements (either
base station or access points) are deployed. We assume that each of them would
have a particular RAT and an associated capacity φj , as the maximum number
of users they could serve. On the other hand, N end users aim at establishing a
connection with one of the M access elements, since they wear devices able to
use any of the involved RATs. We further assume that there are a number of
different operators in the scenario, so that any of the access elements (j) would
belong to a particular operator (ζj) and each user (i) would also have a preferred
operator (ηi).

We define the set of basic variables, xij , defined as:

xij =

{
1 if user i is connected with access j
0 otherwise

(1)

Starting from this basic variables, we establish a number of parameters which
will be favored when carrying out the optimization process. These aspects mainly
represent the preferences which an end-user might have when taking a decision
about the access alternative to connect to. In particular, the parameters which
are defined below will be used.

– Connectivity. In this case we simply model the desire of any end-user to be
connected to the network, so this can be somehow seen as the basic aspect
to be optimized. We will use the parameter σij , defined as:

σij =

{
1 if user i ∈ coverage of access j
0 otherwise

(2)

– Preferred operator. This parameter aims at reflecting the fact that any end-
user would like to connect to an access element from his preferred operator
(agreement, better prices, etc). ψij will be used to model this parameter,
defined as:

ψij =

{
1 if ηi = ζj

0 otherwise
(3)

– Handovers. Once an end-user is connected with an access element, he would
like to maintain the connection as long as possible, so that he does not
need to incur in the overhead (and degradation) associated to a handover
procedure. In this sense, if the previous access element is known, we define
the parameter λij as:

λij =

{
1 if user i was connected to access j
0 otherwise

(4)

– Link quality. When taking a decision on the access alternative to connect
to, one of the parameters which has been traditionally used is the quality
of the corresponding wireless link. Obviously, this is as aspect which depends
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heavily on the particular wireless technology and the selected propagation
model. For the sake of generality, it can be said that it can be modeled as a
decreasing function with the distance to the access element1; in this case, a
simple triangle function has been used, which takes the maximum value (1)
at the very same position of the access element and the minimum (0), on
the edge of the corresponding coverage area, and thus θij is defined as:

θij =

⎧⎨
⎩1 − dij

ωj
if dij < ωj

0 otherwise
(5)

where ωj is the coverage of the access element j and dij the distance to the
user i.

By combining these parameters, we define a utility function (uij), bringing
about the possibility to establish a classification of the available access elements.
As can be seen, if there is not physical connection between the end-user i and
the access element j (σij = 0), the utility function is 0.0.

uij = [α+ β · ψij + γ · λij + δ · θij ]σij (6)

In order to make such function as flexible as possible, each of the aforemen-
tioned aspects is modulated with a weight; as such, α promotes the connectivity
with any element; β emphasizes the connection with a preferred operator; γ is
used to minimize the need to perform handovers; finally, δ empowers the quality
of the wireless links. By examining all the parameters introduced above, it can
be seen that all of them are delimited in [0, 1], so if we fix that the sum of the
four weights equals 1.0 (α + β + γ + δ = 1), we can also bound the utility of
the connection between end-user i and access element j in the same interval.
Furthermore, this can be also used to easily tweak the relevance associated to
each of the parameters, bringing about the possibility to define differen access
selection strategies.

Taking all of the above into consideration, the goal is to solve the following
optimization problem:

Max.
N−1,M−1∑
i=0,j=0

uij · xij

s.t.
M−1∑
j=0

xij ≤ 1 i = 0 . . .N − 1

N−1∑
i=0

xij ≤ φj j = 0 . . .M − 1

(7)

1 It is worth highlighting that the goal of this work is not to accurately model the
propagation model, but it focuses on the optimum selection of an access alterna-
tive. However, the implementation is flexible enough, so as the integration of more
complex empirical propagation models would not impose great difficulties.



140 J. Choque et al.

The first set of constraints fixes that an end-user can only establish a con-
nection with just one access elements, while the second block limits the number
of users connected to a particular access elements to its capacity (φj). It is im-
portant to mention that, for a particular network deployment, all the elements
of the previously defined uij function exclusively depend on such scenario and
thus, the only variables which need to be considered in the optimization problem
are xij .

4 Design and Implementation of a Tool to Solve the
Optimization Problem

As it has been said before, we will use the GLPK library to solve the problem
which was presented in Section 3. This library offers an API which can be used
from other application, and this eases the integration of the solver module. On
the other hand the dimensions of the problem to be solved is within the limits
which can be handled by this library, since the number of variables stays below
104 and, in addition, many of the corresponding coefficients (of both the objective
function and the constraints) are 0.

Hence, a proprietary tool will be designed and implemented, to perform the
following functionalities:

1. Read network parameters from a configuration file.
2. Deploy access elements from an external file.
3. Deploy the end-users from another external file.
4. Deploy and process the network scenario, obtaining all the parameters of the
uij functions.

5. Solve the optimization problem with the GLPK library.
6. Process the solution.

As it was said before, one of the aspects that are considering to establish the
value of uij is the previous connection of the end-user (so as to reduce, if possible,
the number of required handovers). In this case, it is assumed that the position
of the users varies (according to some specific mobility model) and, thus, the
main programme must iterate a number of input files (snapshots), which reflect
such mobility patterns. Each iteration must also use the solution of the previous
one, so as to be able to establish the value of λij .

Figure 1 depicts the high level flow diagram of the whole process.
Although the framework has been designed so that the deployment of both the

access elements and the end-users could be done randomly, taking their positions
from input files offers more possibilities, since it facilitates the integration with
other platforms, once the format of the corresponding files has been fixed. This
brings about the possibility of using the very same network deployments and
movement traces, so as to foster more accurate comparisons with complementary
approaches.
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Fig. 1. Block diagram of the implemented optimization tool

5 Scenario Description

As it has been previously said, the main idea is to analyze different strategies to
ensure the optimum access selection considering a heterogenous network deploy-
ment. The heterogeneity does not only extend to the involved technologies, but it
also expands to the presence of various operators. In order to cover these require-
ments, three different access elements will be used, as can be seen in Table 1.
The first one emulates a technology which could be closer to the characteris-
tics of traditional cellular communications (e.g. GSM), since it has a notably
larger coverage as well as a higher capacity. The two other access elements are
clearly closer to WLAN access points, with a coverage and capacity much lower.
It is important to mention that the capacity is modeled, generically, as the the
maximum number of users which can be associated to the access element, e.g.
without considering the subjacent traffic.

Table 1. Involved technologies

ID Coverage (m) Capacity # Elements

ρ0 600 20 4
ρ1 80 5 16
ρ2 60 5 20
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We also assume that there are two different operators. The first one (A) is the
incumbent operator, and such it manages the access elements of the legacy cel-
lular RAT (ρ0), while the second one (B) would emulate novel operator, which
offers a less conventional access, by means of the access elements with technolo-
gies ρ1 and ρ2.

We consider a 1000×1000m2 area, over which we randomly deploy (i.e. with-
out any previous planning) the access element; note that we respect a minimum
distance between access elements, provided that they belong to the same op-
erator and use the same technology. Figure 2 shows the particular deployment
which will be used; as can be seen, the 4 elements of RAT ρ0 cover the whole
scenario, resulting in highly overlapped areas. The surface covered by operator
B is remarkably lower.

0 200 400 600 800 1000
0

200

400

600

800

1000

Op. A − ρ
0

Op. B − ρ
1

Op. B − ρ
2

Fig. 2. Network deployment used during the analysis

Over the same scenario, 200 users are deployed, assuming that 60% of them
belong to operator A, while the others have an agreement with the less conven-
tional operator (B). It is further assumed that all users are able to use any of
the involved technologies. All of them are randomly deployed at the beginning
of the simulation, but afterwards they move according to the Random Waypoint
model, with the characteristics which are enumerated in Table 2.

Once the scenario which will be used to carry out the analysis has been in-
troduced, Table 3 depicts the different access selection strategies which will be
studied. As can be seen, we modify the value given to the different weights,
thus strengthening and prioritizing some of the different aspects which were pre-
viously discussed. In this sense strategy A has the only goal to maximize the
number of connected users; B slightly favors the connections to the preferred
operator and link quality, while C also prioritizes the reduction of the number
of handovers. Strategies D, E and F focus (each of them) on a single parameter
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Table 2. Characteristics of the Random Waypoint model used during the analysis

Characteristic Value

Speed U[2, 3] m/s
Movement time U[100, 120] m/s

Pause time U[5, 10] s
Edge policy Reflection

Table 3. Analysis access selection strategies

Parameter A B C D E F G

α 1.0 0.6 0.4 0.1 0.1 0.1 0.1
β 0.0 0.2 0.2 0.9 0.0 0.0 0.0
γ 0.0 0.0 0.2 0.0 0.9 0.0 0.7
δ 0.0 0.2 0.2 0.0 0.0 0.9 0.2

(preferred operator, number of handovers and link quality, respectively), provid-
ing a residual relevance to the connection probability. Finally, strategy G mainly
aims at minimizing the number of handovers, but also considers link quality.

6 Discussion of Results

In the following we discuss the results which were obtained by using the 7 access
selection strategies which have been previously presented. Each of he simulations
lasts 2000 seconds, taking snapshots of the end-user position every 10 s, so the
complete scenario involves the resolution of 200 optimization problems.

In order to evaluate the performance of the different alternatives, a number
of metrics will be studied:

– Connection probability. It is the basic parameter, since it just considers
whether the end-user was able to establish a connection or not.

– Connection with the preferred operator. It considers whether the connection
was with an access element belonging to the preferred operator of the end-
user.

– Number of handovers. It can be used to analyze the number of access element
changes which must be performed.

– Average link quality. It averages the qualities of all the links which are es-
tablished, using the function which was defined in Section 3.

– Available load. It is used so as to analyze the remaining capacity (for each
of the involved technologies); this parameter can be used so as to determine
whether more users could be accepted by the network.

– Operator traffic. In this case, the load accepted by each of the two operators
will be analyzed, identifying the percentage of connections of users belonging
to other operators, which could be used to estimate the incomes due to
roaming circumstances.
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Fig. 3. Instantaneous variation of the different merit parameters for the access selection
strategy G

As a first step, to ascertain the validity of the framework, we will study the
instantaneous evolution of the performance of a particular strategy; this would
also shed some light on the stability of the results for a single scenario (set of
snapshots with a single movement trace). Afterwards, 10 independent runs will
be executed for each of the cases, averaging the results, so as to ensure tight
confidence intervals, and to be able to compare the behaviors of the 7 access
selection strategies.

Figure 3 presents the connectivity probability, the percentage of connections
with the preferred operator, the number of handovers, the average link quality as
well as the remaining network capacity (for the various RATs) for strategy G. As
can be seen, none of the cases presents a remarkable variation around the average
behavior. Connection probability reaches a value close to 85%, while only half
of the connections are with the preferred operator; it is worth recalling that in
this specific access selection algorithm, the weight given to that parameter is 0,
and the distribution of the end-users between the two operators (Market Share)
tells that 60% of them are clients of the incumbent operator. We also observe
that the parameter in which a higher variability is observed is the number of
required handovers, while it stays (for this particular configuration) below 10%.
Regarding the average link quality, we can see that it maintains a value rather
close to 50%, with little variability around it.

What it is even more interesting is the analysis of the remaining capacity for
the different access element types. It can be seen that the available capacity of
the whole networks is slightly below 40%. Although it might seem weird (by
looking at the connectivity results), we must take into account the fact that the
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Fig. 4. Performance of the access selection strategies

access elements with RATs ρ1 and ρ2 have, overall, a relevant capacity (80+100),
being even higher than the one offered by ρ0, but they cover a much lower area.
The consequence is that there are not enough end-users within the area covered
by such RATs. In fact, the figure also allows us inferring the higher coverage
of ρ1, since the available capacity is lower than the one observed for ρ2, whose
utilization factor is rather low. Finally, we can also see that the access elements
having the RAT ρ0 are fully loaded, since as was previously seen completely
cover the whole area and, thus, it is quite likely that there exist some users
whose only alternative is, precisely, connecting to such access elements.

Although the instantaneous results permit acquiring a preliminary idea on the
behavior of the various access selection strategies, it becomes more interesting
being able to compare them, so as to study their advantages and drawbacks.
Eventually, if we swept all the potential combinations for the different parame-
ters, it would be possible to establish the combination which leads to the opti-
mum performance. In this case, we will compare the 7 alternatives which were
presented in 3, carrying out, for each of them, 10 independent measurements,
averaging the corresponding results.

First, Figure 4(a) shows the connectivity which was observed for the 7 strate-
gies; we can conclude that the different combinations do not have a strong in-
fluence over the achieved results, since it can be seen that in all cases, the
connectivity probability is very close to 0.8. The graph yields a slight decrease
in both D and F strategies (higher in the first one); by using D connections
with the preferred operator are favored, and thus, the access elements using ρ0,
which belong to the incumbent operator, easily fill their available capacity; this,
together with the fact that establishing a connection with either ρ1 or ρ2 is less
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likely (since they cover a smaller area) justifies the observed decrease, which
stays below 10%. The reduction is even less relevant for strategy F due to the
fact that in this case, the connection with closer (higher quality) access elements
is strengthened, thus increasing the utility give to ρ0 access elements.

On the other hand, we can clearly see, in 4(b), that the differences regarding
the connections with non-preferred operators are much more relevant, depending
on the particular access selection strategy which is being used. In those combina-
tions in which the weight given to the β parameter in the utility function is 0, the
probability of establishing a connection with an access element of the preferred
operator does not vary (staying around 50%); we must take into account that
60% of the users are clients of operator which manages the access elements with
a wider coverage (ρ0). On the other hand, by comparing the results of strategies
B, C and D it can be inferred that the additional gain which is achieved when
increasing β from 0.2 (in the two first ones) to 0.9 (in the last one) is, approx-
imately, 15%; last, the connection to the preferred operator is slightly lower in
strategy C than in B, since in the first one, the utility function also favors the
quality of the wireless link, which slightly decreases the number of connections
with the preferred operator.

Figures 4(c) and 4(d) shows the results for both the number of handovers
and the average link quality for the 7 analyzed strategies. First, we can see
that there exists a clear relationship between both parameters. In this sense,
if we compare the results of strategies A and B (in which the γ parameter,
weight which favors the reduction of handover events, takes the same value), we
shall see that the number of handovers in the first strategy is notably higher
(� 25%); the reason behind this is that favoring the links with a higher quality
(δ = 0.2 in strategy B) causes that more connections are established with closer
access elements, and thus, it is less likely that a handover will be required in
the following iterations. This aspect is reflected somehow if comparing strategies
E and G; the first only just favors the minimization of handovers (γ = 0.9),
while in the second one, γ is reduced 20%, so as to correspondingly augment
the weight given to the link quality to δ = 0.2; as can be seen, the consequence
is that the average quality of the established connections is notably improved
(around 10%), without negatively affecting the number of handovers; in fact
there is a slight reduction (although the value of γ is lower).

Besides, Figure 5 can be used so as to analyze the influence of the different
weight combinations over the available network capacity, both from the per-
spective of the type of RAT and operator. As it was observed before, access
elements of RAT ρ0 (which match the overall capacity of operator A) use up
all their resources, for all the strategies which have been studied. Obviously,
the connectivity results (Figure 4(a)) correspond to the remaining capacity and
it is strategy D the only one in which we observe a higher available capacity,
since the access elements from operator B slightly reduce their occupancy. With
a clear relationship with these latest results, Figure 5(c) shows the number of
connected users per operator, highlighting those which are connected to their
preferred operator; these results reflect the relevance of the β parameter, since
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Fig. 5. Performance of the access selection strategies - capacity and load

in those strategies in which it takes a value higher than 0 (B, C and D), there
are more users connected to their preferred operator. We shall also see that
this only affects the incumbent operator, since the number of users that, being
clients of B, can connect to their preferred operator stays unchanged (around 40
users) for all cases. The consequence is that, in strategy D, all users connected
to operator A (80, which is all its overall capacity) belong to its clients, and
therefore the load carried by operator B is reduced. Thanks to these results we
could probably aim at establishing different cooperation mechanism to increase
their profit, by applying different prices for the traffic coming from own clients
or roaming.

7 Conclusions

This works has exhibited the possibilities that the application of linear program-
ming techniques open in the analysis of access selection strategies, over hetero-
geneous network scenarios (considering both the involved technologies and the
operators). We have defined an optimization problem, in which the objective
function (to be maximized) can be adapted using a number of parameters which
establish the different priorities that an end-user might have when deciding on
access alternative amongst the others.

In order to solve the problem, we have designed and implemented an appli-
cation, which is based on the GLPK library. Such framework has been used to
study a set of access selection strategies, in which the weight given to the var-
ious parameters was modified, so as to analyze which is their influence. Using
a scenario with two operators and a remarkable heterogeneity (involved radio
technologies) it has been shown that there are certain combinations which offer
better performances than others (at least, in terms of the number of handovers
and the quality of the established wireless links). The analysis has show, e.g.
that prioritizing the choice of higher quality radio links brings about a decrease
of the number of handovers. We have also analyzed the influence of the various
parameters in how the load is distributed between the different types of access
elements (and operators).

From the work presented in this paper, a relevant number of future research
lines could be opened; first, the definition of the utility function is very flexible
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so that the inclusion of new metrics within the access selection procedure or
tweaking their weights could be done quite easily. This flexibility could be used
e.g. to carry out a more refine variation of their values, so as to determine which
is the optimum combination. Furthermore, the results obtained from this study,
if we interpret them as the best that can be achieved for a particular network
scenario, could be compared with complementary analysis, considering only the
information (with a more local scope) that is confined to the end-user environ-
ment. Finally, we will incorporate more realistic traffic models, considering also
the possibility to modify the capacity required when starting an application.
Finally, we could also modify the parameters of the scenario, in terms of the
market share, number of users, access element deployment, etc, so as to study
their influence over the overall system performance.
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