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Abstract— The network connectivity is one of the important pa-
rameters for ad hoc networking, where the communication between
nodes relies on the multihop links. It can have a significant impact
on the system performance. Therefore, it is important to be aware
of the network properties for the correct interpretation of simulation
results. The paper shows how to define and evaluate the connectivity
probability of a mobile network where the position of the nodes and
the link quality changes over time. A number of mobility models
is considered including Virtual World model based on the mobility
measurements of a multi-player game.
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I. INTRODUCTION

A wireless ad hoc network is formed by a group of nodes without
help of fixed network infrastructure. Nodes, that are not within
proximity, can communicate with each other using multihop capa-
bilities of the neighboring nodes: intermediate nodes act as routers
forwarding traffic from the source node towards the destination.
Spontaneous creation and subsequent maintenance of a network is
a desired property in a wide range of application scenarios, ranging
from sensor networks to conferencing and home networking.

For efficient design of ad hoc networks, new types of routing
protocols are required that are able to operate in the distributed
manner and react fast on the fluctuating link and route quality. It
has been realized that the mobility pattern of nodes has a significant
impact on the performance of routing protocols [1]. To incorporate
user mobility in the simulation evaluation, a variety of models
have been proposed (see [2,3] and references therein). To represent
unpredictable behavior of mobile users, these models include some
form of randomization, when initial position, direction and/or speed
of movement are chosen randomly.

For the correct interpretation of evaluation of simulation results,
researchers should be aware of the properties of a network with a
chosen mobility pattern. For multi-hop networks one of the most
important issues is the frequency of link breakages (or in other
words, the life-time of a route [1]). But the first question to be
answered is whether or not a route between source and destination
exists at a given moment in time. This issue is the focus of this
paper.

Observing a network at a given moment in time, we can
determine whether or not some of the nodes are isolated from other
nodes. Assuming some initial node distribution in a simulation
area, we can guarantee, with some probability, that the network
is connected at that moment in time. The problem of network
connectivity has been studied in the static environment [4]. But
what will happen when the nodes start moving around? Some links
will be broken and new links will be established, but can we be
sure that the network remains connected?

This paper gives answers to these questions and it provides
an analysis of the connectivity of a mobile network considering
different mobility models. This is especially important for scarce
networks where the node density is low. We introduce the measure

of connectivity, called connectivity probability, that reflect the
status of a network under mobility of nodes. We illustrate its usage
with examples of Random Direction [3], Random Waypoint [3]
and Attractor mobility models. Random Waypoint model is widely
used for protocol performance evaluation and is implemented in the
network simulator ns-2. Ergodic properties of Random Direction
(RD) model allow us to derive analytically an expression for
connectivity probability when node movements follow the RD
pattern. The attractor model is a simple enhancement of the RD
model when regions of slow movements are introduced. This leads
to non-homogeneous node distribution on the simulation area.

There is an ongoing discussion [5] if one can use mobility
models based on random processes for simulating ad hoc networks.
It is unclear whether such models are applicable to real world
situations, such as public hotspots, military and rescue operations.
In [6] a new approach for mobility measurements in virtual worlds
is introduced. The mobility measurements of a multi-player game,
such as Quake Il, can be used for investigation of the impact of
mobility on the performance of multi-hop protocols. We adopt this
approach and illustrate that in the case of Virtual World mobility
models the connectivity probability is an important parameter to
consider.

It is expected that applications of ad hoc networks will have
a wide range including both large-scale outdoor and small-scale
indoor scenarios. For the latter the presence of obstacles that
block node movement and hinder propagation of wireless signals
can have a significant influence on the network connectivity. A
discussion on how different signal propagation models can be
simulated is provided in the paper.

The remainder of the paper is organized as follows. Section 2
introduces a formal definition of the connectivity probability. Sec-
tion 3 explains how the connectivity measure can be calculated for
different mobility models. In Section 4 an example of a simulation
area with obstacles is considered and different propagation models
of the signal between a pair of nodes are discussed. Section 5 offers
some concluding remarks.

I1. DEFINITION OF CONNECTIVITY PROBABILITY

To estimate the properties of connectivity of a network in pres-
ence of mobility, we introduce a measure, called the connectivity
probability. This parameter is defined as a measure of a time
intervals during which the network is connected. It gives the
probability that observing the network in randomly chosen point in
time we will find it connected. It is convenient to use connectivity
probability because it can capture the important properties of a
network when position of nodes and states of the links change
over time.

We start with giving definitions of a connected network in a static
environment. This is essentially the same as observing a network
in one snap-shot of time. Then we provide a formal definition of
the connectivity probability.



Let us consider n nodes inside a bounded domain D on the
Euclidean plane. Let D be a bounded domain on the Euclidean
plane R? = {z, y} with piecewise smooth borders. Inside domain
D there are n nodes. In the initial moment ¢ = 0 nodes are
somehow placed and then they start moving. Let r;i = (zi,¥:)
be the radius-vector of node 4. Further, we assume that every
node has a transceiver with communication range r: if the distance
between two nodes is larger than r, they cannot establish a direct
communication link. Nodes can transmit information by using
multihop connections.

Definition 1. At a given moment in time a network is connected
(or fully connected) if for every pair of nodes there exists a path
between them.

One can define a weakly connected network as a network where
none of the nodes is isolated, or formally

Definition 2. At a given moment in time a network consisting
of n nodes is weakly connected if

maxmin || r; — 15 [|[<r
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where r is the communication range, rix is the radius-vector of
node k and || - || is a metric in R?.

Under motion of nodes a semiaxis of time Ry is divided into
intervals
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where 7;(7;7) denotes a time interval during which the network
is connected (disconnected) (Figure 1). Denote

Tt =Jr 7 =m
Now the probability that a network is connected can be defined as

a measure of set 7% on a semiaxis Ry = {t > 0}. This measure
is defined as it is customary in number theory:

P, = lim %mes(T+ Mo, ) (1)

if this limit exists. Analogously the probability that a network is
disconnected can be introduced:
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In the similar way, one can define the probability that a network
is weakly connected. If other aspects of the network connectivity
are of interest, e.g. we require that a certain number of nodes can
communicate, the definition of probability can be derived following
the same described above principle. For simplicity (not to confuse
a reader), we consider only the probability of a fully connected
network in the paper.

Since (T~ N[0,7)) U (T~ N[0,7]) = [0,7], Pr + P~ = 1.
Therefore, the problem of connectivity of a network consisting
of moving nodes is reduced to the problem of existence and
calculation of the limit (1).

I11. CALCULATION OF CONNECTIVITY PROBABILITY

In order to find the connectivity probability for a particular
movement pattern, one should calculate the limiting value of (1).
Though in some special cases, a simpler expression can be derived
for P, for example, as in the case of Random Direction mobility
model.

A. Random Direction model

In Random Direction model, nodes select a direction in which to
move, uniformly between 0 and 27, and speed from a given distri-
bution. Subsequently motion starts. Once the simulation boundary
is reached, a node pauses for a specified period of time, then
it chooses a new direction uniformly toward the inside of the
simulation domain and the process continues.

Especial interest has a case when a new direction is chosen
such that the trajectory of movement forms equal angles with
the boundary. This movement pattern is well-known in the theory
of dynamical systems. It presents a remarkable example that
successfully realizes ergodic properties which makes this model
amiable to theoretical analysis. To distinguish this model from the
Random Direction model, we have borrowed a term from ergodic
theory and called it the Billiard model.

One of the important characteristics of the Billiard model is
a uniform node density distribution (Fig. 1). This can be shown
directly or by using the following well-known fact from the
theory of dynamical systems: in a billiard system for almost every
initial conditions a trajectory of a node covers a region of motion
everywhere dense.
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Fig. 1. Node density distribution for Billiard model

Using ergodic properties of a billiard and applying Birkhoff
individual theorem [7], it can be shown that the limit (1) always
exists. Therefore, the measure of connectivity is defined correctly.
Moreover, the following formula for the probability connectivity
can be derived:
mesS; @)

An
where n is a number of nodes, A is an area of a simulation region,
and S, is a domain in D™ consisting of all possible positions
of the nodes such that the network is connected (for detailed
derivations see [8]).

It seems to be difficult to find a close form expression for
the measure of S, as a function of r. Instead, Monte-Carlo
simulations can be used: nodes are placed randomly, independently
and uniformly in a simulation area and the connectivity of the
network is verified. Then Py ~ M /N, where N is a total number
of simulation trials and M is a number of successful trials (when
the network is connected) if IV is chosen sufficiently large.
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Fig. 2. Connectivity probability as a function of communication radius.
Simulation area 100x100 m?
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Tab. 1. Connectivity Probability for Billiard, Random Waypoint and
Attractor models

By using formula (2) and Monte-Carlo simulations, we have
calculated the connectivity probability dependence on a communi-
cation radius where the simulation area is a square of 100x100 m?
and the number of nodes is equal to 5, 10 and 50 (Figure 2). When
the density of nodes is high, in order to have a connected network
with probability 95% at any moment of time, we should require
the communication radius of 20 m. One should note that in the
case when all nodes move with the same speed, the connectivity
probability would not depend on the actual value of the speed.

To obtain Figure 2 one could choose to use directly the defi-
nition. Comparing two approaches, we have done some measure-
ments of cpu time. To obtain connectivity probability for one set of
parameters, using formula (2) it takes approx. 132 sec, whereas if
we calculate directly by using (1), cpu time is more than 2000 sec.
The big difference in cpu times can be explain by the fact that in the
second case modelling in time is required and at each time stamp
we have to recalculate the positions of the nodes. Moreover, using
Monte-Carlo approach, we can estimate how many simulation runs
is required in order for results to lie within a specified confidence
interval. Applying direct calculation, it is not possible by any
analytical means to estimate how long in time we have to perform
the simulation, - it can differ in each particular case.

Therefore, it is computationally less expensive to use the second
approach for the simulations. It can be shown that formula (2) can
be used not only for the Billiard model, but also in more general
cases of RD model [8]: when D is a domain in R® or when D is
a rectangular domain containing rectangular-shape obstacles (see
Section 4). Considering other mobility models, in order to estimate
the connectivity probability one should perform direct calculation
of the limit (1).

B. Random Waypoint model

Another widely used for protocol performance evaluation model
is the Random Waypoint model. A node chooses a random destina-
tion and a travelling speed and travel towards the destination along
a straight line. Upon arrival, it pauses and repeats the process.

Table 1 shows connectivity probability for the following set of
parameters: simulation area is 150x150 m?2, number of nodes n
is 100 and communication radius = is 30 m, and n = 80 and
r =40 m. Comparing results for Billiard and Random Waypoint,
one can observe that the connectivity probability for RW model
is lower, though the same set of parameters were considered. This
result can be explained if we consider the node distribution in the
simulation area for these two models. As it was already noticed
(see e.g. [5]), the node density distribution for RW is not uniform,
but has a convex shape. Figure 3 shows a histogram obtained
through simulation on a 150x150 m? area with 80 nodes. The
area is divided into 15x15 subareas and the number of nodes in
the subarea at every time step is counted. A higher node density in
the middle of the area and a significantly lower density at the area
edges id due to the fact that nodes at the borders are more likely
to move back to the middle by randomly choosing a new direction
of movement.

The node density has a direct impact on the connectivity
probability. The existence of areas with low density leads to the
decrease in the connectivity, as we can see from Table 1. If a
scarce network is considered with low number of nodes, then the
opposite effect can be observed. Table 2 shows results when the

number of nodes is equal to 13. The probability to find a network
fully connected under Random Waypoint is higher than for Random
Direction model. In this case the density of nodes is so low even
in the high density region, that the number of nodes might not be
enough to form a connected network. Therefore, here the fact that
for RW model in the central part of the simulation area the node
density is higher plays crucial role.

Fig. 3. Node density distribution for Random Waypoint model

C. Attractor model

The considered above models result in almost uniform spatial
node distribution. Tough we can imagine situations when mobile
users tend to gather in one subarea (shopping mall or traffic jam
due to a road construction). These scenarios can not be captured
by group mobility models when a group of users exhibit similar
behavior. To reflect individual trajectories of users movement that
willingly or due to some circumstances spend some time in one
subarea, we introduce a mobility model called Attractor model.

The main feature of this model is the presence of gravity points
or areas that attract mobile users. One can think of many ways how
attractors can be simulated. For example, one can specify points
of attraction and how the users move from one point to another by
borrowing methods of fluid dynamics. Here we propose another,
very simple way introducing areas of viscosity. We can take any
movement pattern as underlying mobility model and enhance it
with regions of slow movement.

As an example, we consider 80 nodes moving in the 150x150 m>
area according to Random Direction model with v = 5m/s. Two
attractors are introduced: one viscosity region is a disk with center
in (50, 50) and radius 30 m, the second is a disk with center
located in (100,100) and radius 20 m. When coming to the first
attractor, the users slow down to 1 m/s and in the second region the
speed of movement is 0.5 m/s. This results in non-uniform density
distribution (see Figure 4). High density corresponds to the attractor
areas. One can observe that the node density is inverse proportional
to the speed of movement: density in the second attractor is approx.
0.1 nodes/m?, in the first 0.048 nodes/m?, in the rest of the area
0.001 nodes/m>.

As expected, the probability to have a fully connected network
for Attractor model is significantly lower than for Billiard and
Random Waypoint models if the same number of nodes are
considered (Table 1). For Attractor model nodes tend to spend more
time in the viscosity regions where nodes are located close enough
to be able to communicate directly or where there are enough nodes
to support multihop connections. In the rest of the area, due to
the low node density, the probability that the network becomes
disconnected is higher.
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Fig. 4. Node density distribution for Attractor model

Quake B RW
r=85n=13 | 094 098 0.99
r=70,n=13 0.8 0.84 0.97
r=50,n=13 | 015 021 061

Tab. 2. Connectivity Probability for Quake, Billiard and Random Waypoint
models

D. Virtual world model

Presented above models are generally used for simulations
because they provide an easy way to simulate movements of nodes.
It is a common concern among researchers in the field of self-
organizing networks how realistic these models are and if the
results obtained with the help of these models reflect the real-life
situation. From the other hand, obtaining realistic measurements of
mobility is complex and expensive.

To create a more realistic model, multi-player games can be
used since they can measure the mobility of the players in the
game’s virtual world [6]. The software for multi-player games is
no longer limited to games, but it is also used to emulate the real
world. Therefore, it is possible to create new virtual world and
adopt them to specific needs.

Following the approach presented in [6], we use virtual world
scenarios to explore mobility issues. To obtain mobility patterns,
a multi-player game, Quake II, is used. The traces of 13 players
moving in the square area were recorded (Figure 5). The position
of each player was logged every time the server updated a frame,
that is approx. every 100 ms. The data was collected for about 12
min (for more details see [6]). For post-processing the data, the
area of players movement, 4000 x 4000 units of the map editor,
was scaled to 150x150 m>.

Fig. 5. Sample of trajectories of 3 players

Using the measurement data, we can try to estimate the connec-
tivity probability in this case. The only way to perform calculation

is to apply the definition directly and observe if the limiting value
exists. It could, in principle, happen that the expression in (6) does
not converge to any value. In this case, we can not speak about the
connectivity probability and the universal measure to characterize
the connectivity of a network under mobility of nodes does not
exist. Fortunately, in many cases a collection of nodes comprises a
“good” dynamical system and for almost all initial conditions the
limit exist.
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Fig. 6. Connectivity probability for Virtual world model

In the considered example we plot the expression under (1) cal-
culated assuming different communication radius (Figure 6). One
can observe that the limiting value exists (curves asymptotically
approaches constant lines).

000000000
299000009
ORNBRGSIRS

NN,
» .\" / Y SS=2
= S GV s
Nl PTIRGEES
S s 7,16

Fig. 7. Node density distribution for Virtual World model

The difficulty of using virtual traces is that the limited material
is at dispose for the analysis. We can not predict how the users will
move in the future, at the times when we stop recording traces. The
conclusion to be made here is if the users would have the similar
type of behavior that the one observed, then at any point in time
we would find the network fully connected with the probability
80% if communication radius is 70 m.

The connectivity probabilities of Quake and Billiard models
(Table 2) are close, but for the Billiard it is slightly higher. Though
the density histograms looks quite different for these two models.
In Quake the players were given the mission to explore the area. In
principle, it could mean that a user would try to visit every subarea
at least once, and if we would observe the users behavior for
sufficient long interval of time and record the density distribution,
we could expect it to be close to uniform. In reality, the density
graph (Figure 7) differs from RD model. The area along the right
wall was almost unvisited, whereas in the rest of the territory small
density picks are almost uniformly spread. Some player were more



”lazy” than others and they preferred to spend more time in one
place. This and may be the presence of some interesting objects
contributed to the non-uniform distribution.

IV. MOBILITY MODELSWITH OBSTACLES

One way to make simulation scenarios more realistic is to
incorporate obstacles in the simulation area [9]. This is especially
actual when simulating indoor scenarios where the influence of
walls and other objects can not be ignored.

As an example we consider a situation pictured in Figure 8. 6
users move in a room 30m by 20 m is divided by a 20 meter
wall (e.g. a museum or exhibition hall). For some positions of the
nodes the wall is blocking the communication and no line-of-sight
(LOS) path exists. The question to answer is if the communication
is still possible between a pair of nodes in such situations. Some
assumptions should be made about the propagation characteristics
and the signal strength decay.

Fig. 8. Simulation area with an obstacle

Line C (Figure 9) is plotted under the assumption that when
a signal is propagated between a pair of nodes and there is
an obstacle obstructing the direct transmission path, the signal
is completely blocked by the obstacle. We can observe that the
probability of having a connected network is not higher than 0.9
regardless of the communication range/ transmission power of the
device. This is not very realistic. For comparison the connectivity
probability is shown when no wall is present (line A). This is
equivalent to the situation when the wall is made of such light
material that it does not seriously obscure the communication.

Usually, simulating ad hoc networks, a simple propagation model
is used: a receiving power decreases with the distance and the
communication radius is specified (within this distance the direct
communication between two nodes is possible). To keep simulation
complexity low, something the same simple is desirable to define
for the case when obstacles are present in the simulation area.
We propose to use the following simplified propagation model: a
signal can reach the receiver (the signal is not completely blocked
by an obstacle or we rely on non LOS propagation mechanisms,
such as reflection, diffraction and scattering), but in this case the
receiving power is 20dB smaller compared with the case when a
LOS path exists. Line B is obtained under this assumptions. The
number 20dB seems to be realistic for an indoor environment, but
one should be careful choosing it. It can vary a lot depending on
materials of walls and ceiling, size of the room and the size and
form of other objects. A proper number should be chosen in each
particular case. From Figure 9 one can see that in contrast with the
line C, for the line B there exist parameters of the system where
the connectivity probability is almost one.

V. CONCLUSION

We present a new method of describing the connectivity of a
mobile ad hoc network as a measure. The results of the paper
consist of a number of theoretical insights and proofs, which also
can be of interest to researchers in the area of ad hoc networking,
since they highlight the important issue of mobile ad hoc network
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Fig. 9. Connectivity probability as a function of communication radios.
Number of nodes = 6. Line A: LOS always exists, Line B: signal is decayed
in NLOS cases, Line C: signal is completely blocked in NLOS cases

connectivity. On examples of Random Direction, Random Way-
point and Attractor mobility models we illustrate the applicability
of the developed framework. The connectivity probability can
be also estimated if some measurement data is available, e.g.
traces of players in Quake game. The relationship between the
connectivity probability and the node density is underlined. The
method is further illustrated on a scenario with obstacles with
different propagation models of the signal.
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