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ABSTRACT

A good mobility model is an essential prerequisite for per-
formance evaluation of protocols for wireless networks with
node mobility. Sensor nodes in a Wireless Body Area Net-
work (WBAN) exhibit high mobility. The WBAN topol-
ogy may completely change because of posture changes and
movement even within a certain type of posture. The WBAN
also moves as a whole in an ambient network. Therefore, an
appropriate mobility model is of great importance for per-
formance evaluation. This paper presents a comprehensive
configurable mobility model MoBAN for evaluating intra-
and extra-WBAN communication. It implements different
postures as well as individual node mobility within a partic-
ular posture. The model can be adapted to a broad range
of applications for WBANs. The model is made available
through http://www.es.ele.tue.nl/nes/, as an add-on to the
mobility framework of the OMNeT++ simulator. Two case
studies illustrate the use of the mobility model for perfor-
mance evaluation of network protocols.
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1. INTRODUCTION

In the last decade, an increasing interest has been ob-
served for wireless sensor network (WSN) technology in hu-
man body related applications. Several sensor devices may
be deployed on or in a human body to sense the vital bi-
ological signals of the body. These sensors then communi-
cate together forming a Body Area Network (BAN). Wire-
less technology makes the communication much easier and
more comfortable for humans, thus enabling more applica-
tions for such networks (WBAN).

There are several interesting application areas of WBANSs
such as health care and sports. Continuous monitoring of
elderly people or patients, for example, is really in demand
as these groups are increasing in number. WBANSs together
with an ambient network form a secure environment for el-
derly people and patients to support them in their daily life,
while being monitored by care workers.

Body area networks differ from typical large-scale wire-
less sensor networks in many aspects. Biosensor devices
have to meet special constraints, such as a very small size,
light weight, ultra-low power consumption, and tight perfor-
mance requirements of the running application. Moreover,
the characteristics of the wireless channel are different and
links are in general low quality and time-variant. Thus, the
proper architectures and protocols for wireless communica-
tion in these networks are still under active research. The
research is being conducted on various aspects of different
network layers (e.g. physical layer, medium access control,
and link layer). Performance evaluation of the proposed pro-
tocols is an important phase of such research. Performance
evaluation is typically done using simulations or real exper-
iments. Although real experiments provide more reliable
and precise results, simulation is still of great importance
because it is less expensive, extensible to larger scale net-
works, and can be done in a shorter time. Simulation is
also important because we can better observe the behavior
of the protocol and detect potential bugs in the design and
implementation process.

Mobility models have a big impact on the accuracy of
simulations for wireless ad hoc and sensor networks with
mobility in the network. Mobility models try to mimic the
behavior of mobile nodes in reality by characterizing stochas-
tic patterns of node movement. The right mobility model
strongly depends on the application scenario. Since the sen-
sors are deployed on the body in a WBAN, there is high
node mobility and the network topology varies frequently.



The channel quality and connection between nodes strongly
depends on the relative position of sensor nodes. It makes
the accuracy of the mobility model for WBANs more criti-
cal. In fact, simulating a protocol for WBANs without uti-
lizing an appropriate mobility model is not reliable at all.
There is individual mobility of sensor nodes deployed on
different positions of the body as well as global movement
of the whole body in the surrounding environment. A mobil-
ity model should capture all these aspects. Furthermore, it
should provide sufficient flexibility for researchers to adapt
it to their specific application scenarios within the WBAN
domain.

This paper presents MoBAN (Mobility Model for BANs),
a comprehensive and configurable mobility model for simu-
lating wireless body area networks. The model is useful for
simulating both intra- and extra-WBAN protocols. The for-
mer considers the communication between the sensor nodes
within a WBAN on a body. Extra-WBAN protocols take
care of communications between a WBAN and its environ-
ment, with potentially several body area networks as well
as an ambient network. The model is configurable, which
makes it usable for a large variety of applications.

There are several open source frameworks well structured
for simulating protocols for WSNs and WBANs. For in-
stance, the MiXiM framework [13] on top of the OMNeT++
[2] discrete event simulator has a powerful library for simu-
lating such kinds of wireless networks. The mobility frame-
work of OMNeT++ makes it further suitable for mobile
network simulation. Castalia [1],[19] is another framework
on top of OMNeT++ which is more specific for simulating
WBAN protocols. It has an advanced channel model based
on empirically measured data for the human body as the
propagation medium as well as a radio model based on real
radios for low-power communication. There are also several
frameworks on top of other network simulators like NS-2/3
[4]. However, there is no freely available WBAN mobility
model for simulating WBANSs in any of these simulation
frameworks. We have implemented our mobility model as
an add-on to the mobility framework of the OMNeT++ net-
work simulator so that it can be used for research on WBAN
protocols.

The rest of the paper is organized as follows. The next sec-
tion presents a survey on mobility models for wireless ad hoc
and sensor networks existing in the literature. Our mobility
model MoBAN is presented in Section 3. Section 4 describes
implementation issues of MoBAN. Two case studies are dis-
cussed in Section 5, showing the need for a mobility model
and the usability of MoBAN for performance evaluation of
different communication protocols. Section 6 concludes.

2. MOBILITY MODELS REVIEW

Several mobility models have been presented in the liter-
ature of wireless ad hoc and sensor networks. A detailed
survey of early proposed models can be found in [6]. This
section firstly classifies mobility models and then briefly re-
views some existing models of each class. Since there are
many application-specific mobility models in the literature,
we just review general and commonly used models. Finally,
the only existing mobility model for wireless body sensor
nodes is reviewed.
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In general, we can classify mobility models into two major
classes, namely singular node and group mobility models. In
the former class, there is no correlation between the move-
ment of different nodes and it models individual node mo-
bility patterns regardless of the mobility of the other nodes
in the network. The latter one takes a group of nodes into
consideration which potentially have a particular relation-
ship, which introduces correlation between their positions.
Social activities of human beings are an example of group
mobility for ad-hoc wireless mobile devices.

2.1 Singular Node Mobility Models

The Random Walk Mobility Model (RWMM) [27] is a
commonly used singular node mobility model in which a
node randomly selects a direction and a velocity value from
a given range. The node then moves either with a con-
stant time interval or until a constant distance is traveled.
The movement takes place within a given rectangular space
which is the simulation area. The node then repeats the
random selection and movement process.

The Random Waypoint Mobility Model (RWPM) [10] is
an adapted version of RWMM in which a pause time is in-
serted between the changes in direction and speed. The
pause time is selected randomly from a given range. In
RWPM, a destination is selected randomly from the sim-
ulation area and a node moves toward that position with
a randomly chosen speed. A specific relation between the
pause time and the speed can be applied based on a specific
application, to fit the model towards either a more stable
network or a network with frequent topology changes.

Both the RWMM and the RWPM suffer from the node
concentration problem. The probability of a node being in
the center of the simulation area is higher and node clus-
ters form around the center. The Random Direction Mobil-
ity Model (RDMM) [22] tries to alleviate this problem by
forcing the nodes to meet a border in each movement step.
Moreover, a probabilistic version of a random walk is pro-
posed in [7] that uses a probability matrix for determining
the target position of the next step. The matrix can be set
based on a specific application.

All models mentioned so far are memory-less. This means
that the completed movement step does not have any impact
on the decision about the movement parameters of the next
step. In [15], the Random Gauss-Markov Mobility (RGMM)
model is proposed in which the value of speed and direc-
tion are calculated using a combined Markovian and Gaus-
sian distribution. By the Markovian property, the values of
speed and direction at the n'” step are calculated according
to their value at the (n—1)*" step. On the other hand, using
a Gaussian distribution with the given mean values for the
direction and speed, randomness is inserted into the selec-
tion process. The impact of these two parts is controllable
by setting just one tuning factor.

2.2 Group Mobility Models

In the wireless networks domain, there are many situa-
tions in which there are dependencies between the move-
ment patterns of different nodes. Human mobility patterns
mostly show such group behaviors (for instance, because of
social activities). Accordingly, several mobility models have
been proposed in the literature that each try to model the
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Figure 1: Node movement in the RPGM model [18]

movement pattern of humans in specific scenarios. The col-
umn mobility model, the pursue model, and the nomadic
community model, all presented in [23], are some early ap-
proaches to model such correlated mobility patterns. Re-
cent activities are mostly based on the concept of higher
node density in more popular locations such as the home
location. For instance, the Small World In Motion (SWIM)
model [16] presents a mobility model based on the fact that
humans go more often to locations near their home and to
locations in which they can meet many other people. The
N-Body model presented in [26] uses some real human move-
ment traces and tries to capture social information metrics
from them. The model then synthesizes that information
to make output traces reproducing the heterogeneity of the
input traces.

Among all group mobility models, the Reference Point
Group Mobility model (RPGM) [9] is a general model that
can be tuned to model many scenarios. In fact, many recent
proposed models are in some way special cases of the RPGM
model. As we are using this model for our mobility model,
it is explained in detail. In the RPGM mobility model, a
Logical Center (LC) is defined for the group of nodes, the
motion of which defines the entire group movement. Every
group ¢ has a group motion vector GM i that determines the
motion of the group’s logical center (LC5).

A Reference Point (RP) is assigned to each node in the
group and determines the initial position of the node on the
body. The reference point of a node is a fixed point relative
to the logical center of the group. Therefore, the reference
point of every node within the group ¢ moves with the group
motion vector W i. Fig. 1 illustrates the situation for a
group. Moreover, every node j moves within a predefined
area (a circle or sphere with radius ;) around its reference

point with a random motion vector }WJU So there is inde-
pendent motion of individual nodes in the group while the
logical center provides the whole group movement. The lo-
cation of every node after each time step is defined by the
sum of the group motion and the random motion vectors.

The definition of RPGM is quite general and defines the
correlation between nodes in the group. Notice that the
RPGM does not prescribe a mobility pattern for moving
the LC or for individual movement within the group. The
appropriate patterns should be designed according to the
requirements of the exact scenario. By selecting a proper
group motion behavior, we can model human movement,
while setting the random motion vectors (WZJ) to define
the motion of individual sensors installed on various posi-
tions on the body.
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The RPGM model has been utilized in [21] to make a
model of the mobility of body sensor nodes. In this model,
the global movement of the LC' (human movement) is done
using the Random Gauss-Markov Mobility model. A swarm
behavior inspired model presented in [11] and [12] is utilized
for the individual movement of sensor nodes on the body. In
this method, if the node is close to its reference point, the
model forces it away from that position. On the other hand,
if the node is far from its reference point, the swarm inspired
method attracts the node towards its reference point. These
movements take place within the given range around the
reference point of each node.

To the best of our knowledge, the model of [21] is the
only mobility model for wireless body sensor networks de-
scribed in detail in the literature. However, there are several
limitations in this model. First, the model uses certain mo-
bility models for moving the logical center of the group and
individual node mobility. It is not clear why these models
should be proper choices for a WBAN. Further, it makes
the model unadaptable for different applications and some-
times the model is far from real world mobility patterns.
Second, the model does not specifically implement different
postures of a human body. Postures are of great importance
in WBANSs as the network topology may entirely change
due the posture changes. Further, in a real WBAN, move-
ment parameters of the model such as the speed and target
positions of the human strongly depends on the posture.
Third, the model as it has been presented only considers
position and motion in two dimensions which is unrealistic
for WBANS.

In this paper, we present the MoBAN mobility model for
evaluating intra- and/or extra-WBAN communication with
a focus on completeness, configurability, and availability of
the model. It can be configured to model the mobility pat-
terns in various application scenarios of wireless body area
networks. We have used earlier versions of the model in
two earlier publications, [17] and [18], to evaluate the proto-
cols proposed in those papers. The current paper describes
the model in detail, and makes it available to the scientific
community.

3. MOBILITY MODEL FOR WBANS

A mobility model for mobile networks determines the node
positions at any instance of simulation time and so influences
the network topology and link properties. Consequently, the
precision of the model has a major impact on the precision
of the evaluated network performance. A proper mobility
model for WBANSs should be able to statistically model the
right movement patterns of the individual nodes installed on
the body as well as the whole body movement. At the same
time, it should be adaptable for various application scenarios
in which the movement patterns, the human activities, and
the surrounding environment may differ. We first explain
the general structure of our mobility model (MoBAN) and
then present its constituent blocks in more detail.

3.1 Model Structure

The RPGM [9] model constructs the basic platform for
modeling a WBAN in our model. In fact, the RPGM model
determines the grouping strategy of MoBAN. We extend the
RPGM model by introducing postures which have individ-



Algorithm 1: The MoBAN structural process.

Data:
s WBAN posture at step ¢

A': Simulation area type at step ¢
1 while True do

2 7' = SelectPosture(n" 1, A" 1);

3 if IsStable(n") then

4 Ts=SelectDuration() ;

5 wait for Ts seconds ;

6 else

7 Dest' = SelectDestination();

8 V' = SelectSpeed(7*);

9 Move the LC toward Dest' with velocity V* ;
10 Wait until Dest® is reached ;
11 end
12 end

ual mobility parameters. The MoBAN itself is constructed
by two basic control units which are the posture selector and
the global movement module. On the one hand, the posture
selector process determines the current posture at any in-
stance of time. The individual movement (the random mo-
tion vector) of every sensor node is subsequently determined
according to the selected posture. On the other hand, the
global movement process is responsible for controlling the
mobility of sensor nodes on the body as a whole (i.e. mov-
ing the logical center of the group). The parameters of this
movement are of course not independent from the selected
posture and the exact application scenario.

A mobility pattern starts with the posture selector pro-
cess. Once the posture is selected for the next mobility
phase, information related to the selected posture will be
retrieved. If the posture has been defined as a stable pos-
ture, such as lying down, the posture selector process keeps
the control and waits till the selected time duration expires.
It then selects another posture based on its strategy. In
the case of a mobile posture, such as walking, the global
movement control module starts moving the whole WBAN
taking the parameters related to that specific posture into
consideration. The movement behavior, like the destination,
speed, and the path to that destination, depends on the spe-
cific strategy for the running application scenario. Once the
WBAN reaches the destination point, the posture selector
module gets the control to select the next posture and the
process is continued. Algorithm 1 presents this process. The
rest of this section explains the different functions in Algo-
rithm 1.

3.2 Posture Specification

Let S = {s1,s2,...,5sn.} be the set of N, sensor nodes
in the WBAN. Moreover, in the mobility model, let there
be N, different postures m = {m1,m2,...,7n,}. Each pos-
ture is defined by a set of specification parameters which are
application dependent and should be specified by the user.
The specification of each posture includes relative node po-
sitions (reference points), the radius of a sphere around the
reference point of any node, the velocity value of the local
movement within the sphere, and the speed range of the
whole body movement (global movement), using the nota-
tions in Table 1.
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Table 1: The basic specification of the postures 7;

Notation || Description (1 <i < N,,1<j < N,)
RP;; Relative reference point of node s;

Vii Velocity value of node s;

Tij Radius of movement sphere of node s;
Vinin; Minimum velocity of the WBAN
Vinaa; Maximum velocity of the WBAN

A posture can be mobile or stable, based on the speed
range of its global movement (Vi,ar) which will be given
based on the application scenario. In general, typical mo-
bile postures are walking and running. But in specific ap-
plications such as a hospital situation, sitting or even lying
down can be thought of as mobile postures when some sort
of carrier like a wheelchair or mobile bed is used. A pos-
ture can also include more detail about the physical channel
characteristics as discussed later.

3.3 Local Mobility

Individual movement of any sensor node (say node s;)
within the WBAN strongly depends on the selected posture.
Based on the RPGM model, every node moves within a given
sphere around its reference point. The movement parame-
ters which are the speed (V;;) and the radius (r;;) of the
movement sphere around the reference point are obtained
from the specifications of the selected posture 7; shown in
Table 1. The values are given based on the expected move-
ment behavior of the node deployed on that specific position
in the current posture. A node on an arm can have a very
high mobility in the running posture whereas the node de-
ployed on the chest is fixed and has no local mobility (zero
velocity). However, even a node on the arm has a very low
mobility in the lying down posture.

We use the random walk mobility model (RWMM) [27] in

3D space to determine the random motion vector R_]\j ij in
each local movement step. In each step, a point within the
sphere space is selected uniformly randomly as the destina-
tion. The node then moves toward the destination with the
given velocity value Vij;.

3.4 Posture Selection Strategy

Posture selection is a very important part of the model
as the posture strongly influences the network topology and
node connectivity. The selected posture also determines the
local movement of sensor nodes and the global mobility of
the whole WBAN. Therefore, it affects the connection be-
tween the nodes in the WBAN and the external network like
other WBANSs or the surrounding ambient sensor network.
Experimental measurement results in [20] show how Packet
Delivery Ratio (PDR) and link connectivity between differ-
ent sensor nodes deployed on a human body vary over differ-
ent postures. As the communication protocols are expected
to support such changes in the network topology and link
quality, the mobility model should model posture changes
carefully to evaluate the protocol correctly.

A posture pattern is a sequence of selected postures in a
certain period of time (for example, the whole simulation
time). Statistically, in reality, some posture patterns take
place with a higher probability than other patterns. For
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Figure 2: a) A typical Markov model for posture
pattern selection used as the initial model. b) The
updated Markov model based on the given steady-
state vector of posture distribution IT*° for a certain
area type Ao.

example, changing the posture from lying down to running
is very rare whereas changing to the sitting posture is very
likely. We use a one-level Markov model to model pattern
sequences while maintaining randomness of the posture se-
lection. We may use multiple Markov models to differenti-
ate between area types (see below for details). Using such
a Markov model, the current posture at step ¢ (') is taken
into consideration for selecting the next one (7'™'). The
Markov model is described by a transition probability ma-
trix P in which P;; stands for the probability of the transi-
tion from posture 7; to m;. In a Markov model, transitions
originating from a specific state (posture) should add up to
one (S Py =1, 1<) < N,).

The transition matrix (P) can be obtained from real hu-
man posture traces. Fig. 2(a) shows a typical Markov chain
including five different postures, namely running, walking,
standing, sitting, and lying down (the figure uses abbrevi-
ated terms for the postures). The edges are labeled with
the transition probabilities.

An important decision that should be made is the time
duration of postures. In the case of a mobile posture, the
time duration is indeed built-in as the next posture selection
is done upon reaching the selected destination. For a stable
posture, the posture selector process waits for a certain du-
ration (75) and then selects the next posture according to
the Markov model.

As a posture change may influence the topology of the
WBAN, several adaptation mechanisms have been proposed
in protocols to configure and adapt the network, accord-
ingly. Reconstructing the routing structure in [5] and trans-

172

mit power adaptation in [17] can be mentioned as examples.
These adaptations may take some time depending on the
method. Therefore, having realistic posture durations is im-
portant for evaluating the applicability of a protocol. Using
realistic durations, one is also able to find the right values
for the parameters of the protocol to realize the expected
behavior in the target application.

In our WBAN mobility model, we ask the user to specify
a desired distribution for the time duration of each posture
according to the application scenario. This can simply be a
constant time duration or a uniform distribution, or a more
precise distribution closer to real-life posture durations. The
function SelectDurations() in Algorithm 1 uses the given
distribution to select the posture time duration (7%) upon
the selection of a stable posture.

3.5 Location and Posture Pattern Coherency

Posture selection based on a Markov model is the basic
abstraction in our model. Given the Markov model, we
decide about the posture at any time considering the cur-
rent posture and the transition probability matrix. How-
ever, for many applications, the likelihood of posture pat-
terns may depend on the location in the area of simulation.
To take this correlation between the WBAN position and
the posture pattern into account, we provide the user of the
model with different abstraction levels for modeling. Let
A = {A1,As,..., AN, } be a partitioning of the simulation
area into V4 different area types. So, in any type of location,
we may have different posture patterns. As an example, dif-
ferent rooms in a building can be thought of as having sta-
tistically different posture patterns. The posture pattern in
a bedroom is surely different from the pattern in the living
room or the kitchen.

For the most precise level of specification, a user can define
a dedicated Markov model for any location of the area. In
this case, N, different transition probability matrices should
be given.

At a coarser level of specification, we just ask a user to
specify a Markov chain with an initial transition matrix (P)
for posture changes plus the steady-state probability vector
(II*%) that determines the distribution of postures in each
area type. Thus HiAk stands for the steady-state probability
of posture m; in area type Ai. Then the Markov model with
initial transition probabilities can be automatically updated
to take this probability vector into consideration. Conse-
quently, the transition matrix P2k for any area type Ay is
extracted by adapting the initial transition matrix P to sat-
isfy the desired steady-state vector IT"k.

So, on the one hand, the goal is to find a transition prob-
ability matrix (Markov chain PAk) with the steady-state
probability vector IT*%, which should satisfy PAk . [T% =
IT*%. On the other hand, the resulting transition matrix
should be as much as possible similar to the initial transi-
tion matrix P. We translate this to minimizing || P*% —P ||
where || - ||r stands for the Frobenius norm (which is a stan-
dard distance metric for matrices). In other words, if we let
D = P* — P, the aim is to minimize || D || such that
=1 — P I

DI = PAe . I — P . 1% (1)

. T, . ..
Since IT** " is the pseudo inverse of II**, the minimum norm



solution for D will be as follows.

D = (IT* — P I1*%) . 1% (2)

As we supposed that D = PAx — P, then the solution for
the new transition matrix is calculated by Eqn. 3.

PA =P 4 (In, — P) - I - A% (3)

where In, stands for the identity matrix of size Np.

The resulting transition matrix can be proven to be Marko-
vian by showing that every column of the matrix P** adds
up to one. Note that all entries of the transition matrix
should be a probability value (0 < P{;k < 1). We take that
into account for computing the matrix. To do so, it may be
necessary to modify the resulting matrix and repeat Eqn.
3 in a recursive manner till we obtain a proper transition
matrix satisfying the desired steady-state probabilities.

As an example, consider the initial Markov model of Fig.
2(a) with the transition matrix P given in Eqn. 4.

01 03 01 0 0
07 02 03 01 0

P=| 02 04 03 03 0.1 (4)
0 01 02 04 04
0 0 01 02 05

Now, suppose that we specify a steady-state posture distri-
bution IT4° for the area type Ao as in Eqn. 5. This can be
thought of as a distribution for a bed room for example.

0.025
0.075
0.1
0.2
0.6

o — (5)

The new Markov model PA° for this area type is calculated
using Eqn. 3 as follows.

0.0812 0.2544 0.0392 0 0
0.6959 0.1982 0.2976 0.0649 0
PA° — | 0.1881 0.3749 0.2665 0.2027 0
0.0140 0.0995 0.1993 0.3682 0.1644
0.0208 0.0730 0.1974 0.3643 0.8357

(6)

Fig. 2(b) shows the resulting Markov chain for the area
type Ao (the probability values in the figure have been
rounded). This model satisfies the given steady-state pos-
tures distribution and it still takes the more likely transition
into account based on initial Markov model P. Thus, the
output posture pattern will be more realistic.

As it is observed, the model can be configured to be very
specific for a particular scenario by providing one Markov
chain for each area type of the simulation area, or it can be
more general through utilizing a less precise model specifi-
cation which will be more convenient for the user.

3.6 Global Movement

When a mobile posture is selected, a target position should
be chosen to start movement of the whole WBAN (moving
the LC of the group). A uniform random strategy can be
applied as the basic level if the probability of being selected
as the target position for all area types of the area is the
same in the application. There is also the possibility to
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have a specific non-uniform WBAN position distribution for
different area types of the simulation area. For instance, we
may specify a value p; as the probability of the area type
A; being selected as the target position for the movement of
the WBAN.

Doing so, different WBANSs in the network move inde-
pendently from each other. However, in many applications,
modeling the social activities (e.g., meeting in a room) is
of great importance as it can change many things in the
network, like interference, wave propagations, and the con-
nectivity between WBANs and the WSN infrastructure. Ac-
cording to the application scenario, a community-based mo-
bility model in the existing literature of mobile ad-hoc wire-
less networks (e.g. models presented in [14],[16],[23],[26])
can be chosen to be used on top of our WBAN mobility
model to include social activities as well.

3.7 Temporal Correlation

The spatial correlation has been taken into account in the
MoBAN mobility model through the possibility of specify-
ing location-dependent distributions for the posture pattern
(Markov chain), and WBAN target position selection, as
described. However, in many applications in reality, time
is also important. For instance, the area types that a hu-
man (WBAN) may visit during day time and night time
are different. As a solution, one can independently conduct
several simulation runs with different parameters and distri-
butions to check the performance of the network in different
time frames. Nevertheless, integrating such a facility in the
mobility model is worthwhile and makes the model more
convenient to use.

Temporal correlations can be accordingly integrated into
the model by performing the space and time partitioning
with the same mechanism that was already explained. It
means both the target position and the posture pattern se-
lection processes can be done taking the time into consider-
ation as well. To do so, the simulation area is partitioned
into N4 different area types as explained in Section 3.5. Each
area type then is partitioned into N; separate time frames.
By this, we have N4 x N; space-time partitions in which
A, ; is set to be the i*" spatial area type in the 7 time
frame. Now, different distributions can be specified for dif-
ferent space-time partitions based on the application sce-
nario and the required level of precision.

3.8 WBAN Radio Model Parameters

The human body has a severe influence on radio wave
propagation, and so it affects the connectivity and the topol-
ogy of the WBAN. Thus it is very important to take the
body effect on propagation loss and link quality in vari-
ous postures into consideration. As the effect of the body
strongly depends on the relative position of nodes and the
body situation, it is very useful to include that in the WBAN
mobility model as the mobility model is responsible for the
position of nodes at any instance in time.

Based on the radio propagation model which is used for
network simulation, we can decide about the channel param-
eters in the mobility model according to the current situation
of the body. Provided that a path-loss model is used, for in-
stance, we specify for every pair of nodes in the definition of
each posture, the mean (uq) and deviation (oo ) of the path
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Figure 3: Block diagram of the OMNeT++ implementation of the MoBAN mobility model.

loss coefficient a. The mean value is specified (in the range
from 3 to 7, see [25]) according to the ratio of the distance
between the pair of nodes in which radio waves should be
propagated around or through the body. The deviation is
set based on the relative mobility of the pair of nodes in the
specific posture. The real values for the mean and deviation
parameters can be extracted from the result of a real exper-
iment. During the simulation run, a value is selected for «
according to the normal distribution N (tas 0a) at the start
time of every selected posture.

IMPLEMENTATION ISSUES

We implemented the MoBAN mobility model as an add-
on to the mobility framework of the OMNeT++ discrete
event simulator, to be used for our own research as well
as to make it available to the scientific community for
other research on WBAN protocols. The implementations
of the WBAN mobility model as well as the pure RPGM
group mobility model are available through the web site
http://www.es.ele.tue.nl/nes/. Any number of WBANSs can
be easily instantiated and different WBANS can include dif-
ferent numbers of sensor nodes. The ambient network or
non-WBAN nodes can still be involved and can have their
own mobility using existing singular node mobility models
existing in the mobility framework of OMNeT++. By this,
a complete combined network consisting of several WBANs
and an ambient sensor network can be simulated.

4.1 MoBAN Implementation Modules

Figure 3 shows the block diagram of the implementation
of the mobility model for a single WBAN. To have a WBAN
in the network, one mobility coordinator module is instanti-
ated in the top level simulation setup as well as one mobility
module inside each node within the WBAN. In the case of
multiple WBANSs, multiple coordinators should be instanti-
ated and the mobility module in each sensor node specifies
the enclosing WBAN coordinator module.

The mobility coordinator is the main module that pro-
vides the group mobility and correlation between nodes in a
WBAN. In the initialization phase, it reads several user de-

4.
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fined files. First of all, it reads the postures specification file
and makes a database of that information to be used dur-
ing simulation by the coordinator module itself or by other
nodes. Any node can access the posture database during
simulation to retrieve information about its local mobility
parameters (current posture, Vi;, and ri;). A configuration
file as well as all required distributions for specifying differ-
ent non-uniform distributions is also read in the initializa-
tion phase. Note that all WBANs may use a single posture
or configuration file if they are in the same situation. How-
ever, different input files can also be specified to have variety
between different WBANSs in a simulation run.

During the simulation, the mobility coordinator decides
about the posture and the global movement of the whole
WBAN (position of the LC') by implementing the posture
selector and global movement processes of the model based
on Algorithm 1. The LC"s position of the WBAN is an abso-
lute position within the (three-dimensional) simulation area
and is determined according to the mobility model which
is being used for movement of the whole WBAN (Section
3.6). The coordinator module also knows the reference point
(RP) of each node in the current posture as well, as a rela-
tive position to the LC'. What a node s; within the WBAN
needs is actually its absolute reference point (RFP}) as well
as the current posture (7;). RP} is calculated by adding the
current position of the logical center (LC") by the reference
point of the node s; in posture 7; (RPf = LC" + RP;;).
The mobility coordinator sends the new RP} to every node
belonging to the WBAN.

The mobility module of a sensor node s; receives the RPf
and the current posture m; of the WBAN from its coordi-
nator module. Subsequently, it retrieves the parameters of
the local movement (V;j, r;;) from the posture database. It
decides about the relative position (L!) of the node relative
to the RP}. Finally, it sets L! + RP! as the physical po-
sition of the node s; at that time instance. Note that the
individual node mobility module has nothing to do with a
posture change as its reference point is properly updated
upon a posture change by the coordinator module. It only
retrieves the local movement parameters of the new posture.
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Figure 4: Simulation results for an intra-WBAN communication protocol obtained using MoBAN and results

of a real experiment.

4.2 Recording and Reusing Mobility Patterns

The mobility pattern influences the performance evalua-
tion results of a network protocol when there is some form
of mobility in the network. This effect is more important in
simulating networks including WBANSs because of the high
mobility in these networks. On the other hand, sometimes
we simulate a protocol to compare its performance with al-
ternative protocols. In such a situation, to have fairer com-
parison, it is worthwhile to use the exact same mobility pat-
tern for simulating different protocols.

In our implementation of the WBAN mobility model, we
have the feature of logging the mobility pattern of a WBAN.
The coordinator module logs the selected destinations, ve-
locity values and posture pattern in a file if the logging func-
tion is requested. The coordinator module can be set to read
a previously logged mobility pattern of an earlier simulation
run by specifying the name of the input mobility pattern
file. To simulate different protocols for a given network, we
may run the first simulation and log the mobility pattern.
Then, for the rest, we use the logged pattern.

S. CASE STUDIES

We used MoBAN with special configurations to evaluate
communication protocols that we have presented in our ear-
lier publications [17] and [18]. In this section, the impact
of the mobility model on simulations is investigated. More-
over, as these two case studies concern different protocols
(one for intra- and another one for extra-WBAN commu-
nication), the applicability and configurability of the model
for different applications are illustrated.
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5.1 Intra-WBAN Protocol Stack

In [17], we proposed a multi-hop protocol stack for intra-
WBAN communication aiming to provide robustness against
network topology changes due to the posture changes and
low link quality in WBANSs. All sensor nodes need to send
their data items to a gateway node on the body. Because of
a very short transmission range of wireless devices deployed
on the body, nodes may not be able to reach the gateway
in one hop. The protocol suggests a gossip-based [8] rout-
ing mechanism together with an appropriate TDMA-based
Medium Access Control (MAC) to reliably deliver informa-
tion to the gateway node through one or more hops. As
the protocol does not rely on any specific routing structure
like a tree, there is no need for reconstructing the routing
structure upon network topology changes (due to the pos-
ture changes and node mobility). This makes the proto-
col robust against those changes in the network topology.
Moreover, a transmit power adaptation mechanism is pro-
posed to optimize the transmit power consumption of sensor
nodes while realizing the proper node connectivity to meet
the quality-of-service requirements.

To evaluate the performance and robustness of such a pro-
tocol, a WBAN mobility model including different postures
is the first prerequisite as the protocol aims to provide ro-
bustness with respect to such topology changes. We used
a particular configuration of MoBAN to this aim. Twelve
sensor nodes including the gateway node are supposed to be
installed on different positions in the WBAN. Accordingly,
the specifications of five different postures are defined and
the initial Markov model of Fig. 2(a) is used to generate the



posture pattern. Since the protocol is designed for intra-
WBAN use, just one WBAN instance is sufficient as the
simulation setup. Since there are random processes in the
communication protocol, to have statistically more reliable
results, the simulation was run for 32 different seeds for the
random generator. We used the mobility pattern recording
and reusing capability of the model implementation to have
the same mobility patterns for conducting simulations using
different seeds.

Fig. 4(a) shows a part of the simulation result in which
the average age of data items at the gateway node is shown.
The age for data from a node at the gateway at any point
in time is defined as the time difference between the current
time and the sample time of the last received data item of
that node within the WBAN. The sensitivity of the proto-
col in terms of the average age as well as the reaction of
the protocol through changing the transmit power are visi-
ble in the figure. It is best visible in changing from closed
postures (e.g., sitting) to open postures (e.g., standing) and
vice versa. Abrupt changes in the value of the average age
reveal the impact of different postures on the connectivity
of the WBAN nodes. Transmit power adaptation tries to
keep the age level within a desired range. The figure also
includes the transmit power trend of a node deployed on the
feet to show how the posture changes affect the settings of
a node. The transmit power is selected among four levels,
denoted 0, 1, 2, and 3. The graph shows the average over
the 32 runs.

To confirm that network connectivity and quality of ser-
vices depend on the posture, we conducted a real experiment
using nine MyriaNed [24] sensor nodes deployed on a hu-
man body. The experiment was done with the same posture
pattern as the simulations. Nevertheless, the experimental
setup differs from the simulation setup in various aspects
(e.g., the number of nodes, radio behavior, and individual
mobility of nodes). Thus, the results are not comparable
with the simulations. However, the experimental curve in
Fig. 4(b) shows an instance of the effect of posture changes
on the quality of service, the network performance, and the
setting of a node (transmit power level, 0, 1, 2, or 3) in real
world WBANS.

The experimental results show age peaks and transmit
power variations as are also seen in the simulation experi-
ments. This provides an indication that MoBAN captures
posture changes as required for simulations, although more
experiments are needed with mobility traces from real appli-
cations. Such traces are not yet available for WBAN-based
applications. Traces available for ad-hoc networking [3] are
not suitable for evaluating the WBAN mobility patterns.

5.2 Extra-WBAN Communication Protocol

As the second case study, we show the usability of the
model for performance evaluation of an extra-WBAN com-
munication protocol. In the presence of an ambient network,
WBANS behave like clusters of mobile nodes within that net-
work. A Medium Access Control protocol is designed in [18]
to support cluster (WBAN) mobility in large-scale wireless
sensor networks. The protocol is based on the TDMA strat-
egy for accessing the shared medium. Cluster mobility is
supported by dedicating a specific part of the TDMA frames
to the sensor nodes within the mobile clusters. Moreover,
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host(25]

Figure 5: A snapshot of the simulation for extra-
WBAN communication using MoBAN; view from
above.

a CSMA-based mechanism has been used for accessing this
part of the frames by sensor nodes from different clusters.

For performance evaluation of the protocol, we made a
simulation setup including 100 ambient (fixed) sensor nodes
placed around fixed grid points as well as up to four WBANs
each including five sensor nodes. WBANs move indepen-
dently within the simulation area. Fig. 5 depicts what the
simulation looks like in OMNET++ at a particular time in-
stance. The lines in the figure show potential wireless links
between sensor nodes. Four WBANs as well as their cur-
rent postures are shown. WBAN2 and WBANS3 are in the
potential interference range of each other. So they may in-
terfere or hear each other. This affects the performance of
the system and is quite important in the investigation of the
behavior of the proposed protocol in such situations. Sim-
ulation results presented in [18] show that the inter-WBAN
collision ratio grows with increasing the number of WBANs
in the simulation area. The collision ratio definitely depends
on the time durations that different WBANSs are close to-
gether. This means that modeling the WBAN movement
according to the target application is of great importance
for decisions about the applicability of the protocol.

6. CONCLUSION

This paper presents MoBAN, a Mobility model for wire-
less Body Area Networks. The model has been specifically
designed so that it can be configured for being used for per-
formance evaluation of a broad range of application scenarios
including WBANs. Both global movement of the WBAN
and the individual node mobility within the WBAN have
been taken into consideration. The model can be used in
simulating both intra- and extra-WBAN protocols. Two
case studies are shown that use the specific configurations of
the model for different protocols. The implementation of the
model as an add-on to the mobility framework of the OM-
NeT++ event simulator makes the model available to the
scientific community to be used for research on WBAN com-
munication protocols and applications. The implementation
of MoBAN as well as the RPGM group mobility model on



top of the OMNeT++ simulator can be obtained through
http://www.es.ele.tue.nl/nes/.

As future work, we plan to perform additional experi-
ments with real WBAN deployments to validate and tune
MoBAN. Other researchers are invited to do so as well. Cur-
rently, no real life WBAN mobility traces for realistic appli-
cation scenarios are available for research purposes. With
real traces, like those available for ad-hoc networking [3],
it would be possible to further test and tune the MoBAN
mobility model.
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