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Abstract— The integration of heterogeneous access networks
into a ubiquitous wireless environment has commenced. However,
in contrast with homogeneous networks (e.g., GPRS or UMTS)
where there are a lot of handover test-reference scenarios,
extensive work has yet to be done for modelling the end-user
mobility in heterogeneous wireless networks. This is partially
due to the fact that thorough test-case emulations are complex
in heterogeneous environments because the scenarios are dif-
ficult to put in practice; moreover, the handover algorithms’
performances may also depend on the auxiliary mechanisms such
as user profiling or decision parameters gathering. Therefore,
in order to exclusively assess the vertical handover decision
algorithms, we propose and develop a complete methodology and
we investigate the associated mechanisms.

I. INTRODUCTION

The next-generation mobile wireless networks will give
the end-user a greater choice of access technologies, and
therefore, the decision to select the “best” interface and access
network from many possible combinations has to be taken; this
decision will depend on information such as: performances and
capabilities of the available networks, requirements from appli-
cations, user preferences, and network operators’ constraints.

However, most of the classical handover decision algorithms
take into consideration only a few selection criteria, usually the
Received Signal Strength (RSS) or the Signal-to-Noise Ratio
(SNR). The multiple selection criteria algorithms have recently
emerged as a better alternative. As a consequence, the interface
selection problem (i.e., vertical handover decision) for multi-
interface mobile terminals has gained importance (see [1], [2],
[3]] and references therein).

Moreover, the standardization bodies, such as 3GPP, IETF
and IEEE, have already commenced to tackle these issues
and there are several activities ongoing. For example, the [5]
describes the interworking between the 3GPP systems and
IEEE 802.11 WLANS including the access network selection;
then, the Candidate Access Router Discovery (CARD) draft
proposed at IETF (see [6]) recognizes the need for an Access
Router selection algorithm; and, finally, the IEEE 802.21
working group, e.g., see [7], works on a new standard which
aims at facilitating vertical handovers based on generic triggers
and on network assistance for access detection and selection.
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Therefore, we reckon that the future multi-criteria handover
algorithms will be more complex than nowadays as they will
interact with other mechanisms in order to take into account
various profiles, negotiate the QoS, or activate the networks’
interfaces.

Nonetheless, exhaustive test-case scenarios for assessing
existing and brand-new decision algorithms are necessary,
yet these scenarios remain quite difficult to design and to
implement. Accordingly, our current work concentrates on a
comprehensive methodology for evaluating and comparing the
inter-technologies handover algorithms; on the one hand, we
suggest running these algorithms against realistic user mobility
patterns for heterogeneous scenarios; and, on the other hand,
we propose the definition of a common metric, namely the
Standard Deviation from Optimum Interface, which we em-
ployed for algorithms’ assessment.

The paper is organised as follows. We will first present the
related approaches in Section 2. Then we will describe our
methodology in detail in Section 3. In the next section we will
introduce a new metric for comparing the vertical handover
algorithms. Section 5 will present the implementation and the
results obtained so far. We will reveal the future work and
conclude with Section 6.

Il. USER MOBILITY PATTERNS IN HETEROGENEOUS
SCENARIOS

As it has generally been admitted, a decision algorithm
suggests a vertical handover whenever a “better” access net-
work is within the terminal reach. Therefore, the behaviour of
the mobile terminal is highly dependent on the user mobility
patterns; thus, a basic requirement when using an assessment
method is to have realistic mobility models. There are at
least three different approaches which try to capture the user
mobility patterns, as presented in the next paragraphs.

A. Analytical methods based on the mathematical formulation
of user movements

Because many models exist in the literature (see [8] for a
complete survey), we will give here just a few examples:

1) Random Waypoint Mobility Model: the terminals move
independently to a random destination with a randomly
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Fig. 1.

chosen constant speed; when reaching that destination,
the terminal stops for a “pause time” and it starts moving
again to another destination;

Brownian Walk Mobility Model: similar to the Random
Waypoint Model but the “pause time” is zero and the
speed changes at each time interval, i.e., not only after
reaching a particular destination;

Gauss-Markov Mobility Model: it assumes that the
speed of the mobile terminal is correlated over time and
modelled as a Gauss-Markov stochastic process, i.e., we
have a temporal restriction of the speed;

Smooth Random Mobility Model: in this model both the
speed and the movement direction of the terminal are
decided by their previous speed and direction values,
and they change incrementally and smoothly; therefore,
this model captures the characteristics of a temporal
restriction for both the speed and the direction;
Pathway Mobility Model: it integrates geographic con-
straints in the model by restricting the mobile terminal
movements to certain pathways from a map.

However, the main drawback of all these analytical methods
is the fact that the resulted mobility models are most probably
unrealistic as they do not really model typical end-user’s
activities.

2)

3)

4)

5)

B. Measuring geographic position along with the access net-
work capabilities in that location

It is also possible to define multi-access mobility models
based on field measurements (see, e.g., [9]). Thus, for each
geographical position, e.g., obtained with GPS or Galileo, the
access network characteristics are measured (e.g., the available
bandwidths).

Nonetheless, the user mobility models obtained with this
method depend on the specific measurements done in a ge-
ographical area and on the existence of a particular access
network in that area. Moreover, it might be expensive and
time consuming to acquire a sufficient amount of data for the
algorithms’ evaluation.

C. Analysing real traces obtained from the wireless network
operators

Realistic user mobility patterns can also be obtained by
exploring the traces collected by some network operators. For

Our evaluation methodology

example, the traces are gathered from base stations (i.e., for
the GPRS) and from access points (i.e., for IEEE 802.11a
WLAN case) and thus, the events associated with the ini-
tial connections or with the vertical handovers are captured
along with the corresponding time-stamp. Then, mathematical
methods are employed in order to predict and simulate the user
movements; e.g., Pareto, exponential or other distributions may
be found appropriate (see [10]).

However, the main drawback with this approach is that the
user mobility patterns resulted from the traces obtained by a
network operator are only characteristic to that specific access
network and, once again, their obtainment is time consuming.

I1l. THE PROPOSED EVALUATION METHODOLOGY

Because it is very difficult (i.e., virtually impossible) to
accede to the traces captured by the network operators offering
services in heterogeneous environments, e.g., GPRS and IEEE
802.11a WLAN, our choice is to somehow combine the first
two before-mentioned approaches: analytical models and geo-
graphic locations. Consequently, the simulation methodology
we have followed is depicted in Fig.1.

Accordingly, for generating realistic user mobility patterns
we have used the CanuMobiSim simulator from [11]; this
simulator is fed with a real map, e.g., Brussels area from Fig.2,
and with a user mobility XML file. This XML file contains
the user mobility pattern which can be chosen amongst several
possibilities; for instance, we have employed the following
three mobility models (which are variants of Pathway Mobility
Model introduced before):

— Random Pathway with Constant Speed: a user moves
randomly with a constant speed, but always on the streets as
provided within the map;

— Random Pathway with Smooth Motion: the same as the
previous one, but the user’s speed can now change with a
certain acceleration/deceleration;

— Activity Based with Constant Speed and Dijkstra Path
Selection: it produces itineraries according to an activity
automaton when the user moves with a constant speed; the
itineraries are produced between the points of interest by using
Dijkstra shortest-path algorithm for the path selection.

Therefore, the CanuMobiSim simulator combines the real
map constraints with the end-user mobility behaviour; the
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output of the CanuMobiSim simulator gives the corresponding
position of the mobile user at each moment in time (see Fig.1).

Furthermore, we have to build a file with the radio access
points’ positions; for example, the CanuMobiSim simulator
can indicate the coordinates of particular points of interest,
such as parking places, railway stations, commercial areas.

Thus, the file with the network positions together with the
file containing the user mobility traces constitute the input
for our simulator. We chose the Matlab environment because
we simply wanted to have a proof of concept for two of the
vertical handover algorithms; nonetheless, other simulators,
such as NS-2 or Opnet, could be alternatively used.

The first component of our Matlab simulator is the network
interfaces matrices generator; this component gives at each
time instance the available networks and their QoS characteris-
tics; the average performances of the GPRS network was taken
from standards (see [12]), e.g., the mean throughput is set to
40 kbps; as for the IEEE 802.11a WLAN access networks a
simple distance-based coverage model was used, as defined
within the network interface card’s specifications (e.g., [13]).

The second component of the Matlab simulator contains two
vertical handover algorithms from [3] translated in Matlab. The
corresponding equations for these algorithms are given in (1),
(2), (3) for the weighted-sum-of-objectives algorithm and in
(1), (2), (4) for the global-criterion algorithm (see also [4]).

Basically, the two algorithms calculate the access network’s
score functions S and the application’s utility functions U,
which then are both maximized; the score is calculated for
each network ¢ and the utility for each network-flow (7, j) 2-
tuple; this multi-objective approach assumes the existence of
several (in our case two) goals which can sometimes diverge,
e.g., the user’s score S express the willingness of the end-user
to favour either the QoS or the Cost, while the application’s
utility U capture the application’s requirements in terms of
QoS and security.

Within these equations: B is the available bandwidth, b
is the required bandwidth, F is the bit error rate, e is the
acceptable bit error rate, D is the average delay, d is the
maximum supported delay, .S is the security level for an access
network, s is the required security level, C' is the monetary
cost, and ~y is the Cost vs. QoS goal preference. Finally, the

reference values are considered as follows: B,.r is 1kbps,
E,cf is 1072, D,y is 500ms, and C,.y is 1Euro/MB.
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To conclude, we underline the fact that both algorithms’
outcomes will contain an ordered list of preferred network
interface 4, for each application flow j, based on the score-
utility combinations C'(i, 7).

IV. STANDARD DEVIATION FROM OPTIMUM INTERFACE
METRIC

As far as we know, and let aside the common quantitative
metrics such as algorithm’s execution speed, there are no qual-
itative metrics for vertical handover algorithms’ evaluation;
thus, we had to define a new one. Based on the well-known
standard deviation (i.e., which calculates the deviation from an
average value), we have defined a novel metric called Standard
Deviation from Optimum Interface (SDOI).

Let us assume that we have n network interfaces within
our mobile terminal, and ¢ from 1 to n. First, we introduce
the optimum interface definition in (5); the optimum interface
can be seen as an ideal interface (i.e., a virtual interface). The
notations are the same as those used in the previous equations.

O = [max B;, min E;,min D;,min C;,max S;]; (5)

Then, we define the standard deviation from optimum for a
particular decision parameter (e.g., bandwidth) in (6), where
x;; Is the value for parameter j at time instance ¢ for the
proposed interface (as chosen by the handover algorithm), and
T, ; is the value for parameter j at time instance ¢ for the
optimum interface O.

sdoj = ( / (@i — mi,j)Q) Jm; (6)

i=1
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Fig. 3. Simulation results for the SDOI metric

Eventually, we can now give the formula for the new SDOI
metric in (7); the logarithm is needed to make meaningful the
sum of particular deviations with different measurement units.

P
SDOI = Z In (sdoj) . )

=1

Thus, the SDOI metric defines the global deviation from
the optimum interface for all decision parameters used within
a vertical handover decision algorithm.

V. SIMULATION RESULTS

We have simulated a mobile terminal in the Brussels area
which is within the coverage of two access networks: GPRS
and WLAN; the three above-mentioned user mobility models
were employed; the locations of the 15 WLANs were kept
unchanged in all models. Furthermore, the vector with appli-
cation’s demands is considered as being: required bandwidth
b = 32kbps, acceptable bit error rate e = 10~%, maximum
supported delay d = 3ms, and required security level s = 1.

The Fig.3 shows the SDOI metric’s results obtained from the
simulation done for the specified weighted-sum-of-objectives
and global-criterion methods; a random pathway with constant
speed mobility model was used for generating the results
presented in this figure.

It can be pointed out that the results from the SDOI metric
are similar for both decision algorithms regardless of the three
user mobility models used in our simulation. This means that
the handover decisions generated by the two algorithms are
the same for the simulated cases.

VI. CONCLUSIONS AND FUTURE WORK

We argue that the vertical handover decision algorithms
within the future heterogeneous wireless networks will be
much more complex than nowadays.

Therefore, the main goals of this paper were to intro-
duce a comprehensive methodology for assessing the inter-
technologies handover algorithms and to provide a com-
mon metric when comparing the algorithms’ performances.
The proposed methodology combines the analytically-obtained
mobility models with the geographic locations of the radio
access networks and their capabilities. Moreover, the built-
in modules can be separately improved, and the novel SDOI
metric can be easily extended to encompass more decision
parameters.

The envisaged future work will consists in extending the
scenarios to several mobile terminals and in using different
maps and different mobility patterns. In addition, the network
performances need to be simulated more accurately by taking
into account not only the distance-based coverage models but
also the radio channel characteristics, such as received signal
strength (RSS), interferences, or fading.

Finally, as both handover decision algorithms were fully
end-terminal oriented, in our simulation we have used only
one mobile node; if we had used more mobile terminals, we
would have also needed the collaboration of access networks,
e.g., if several terminals had tried to switch on the same access
network at the same moment, we would have had to interact
with some admission control mechanisms; nevertheless, the
development and the implementation of such mechanisms is
considered as future work.
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