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Abstract

Understanding mobility characteristics is important for
the design and analysis of routing schemes for mobile ad
hoc networks (MANETs). This is especially true for mobile
opportunistic networks where node mobility is utilized to
achieve message delivery. In this paper, we study the prop-
erties of common mobility models. Specifically, we study
inter-contact times of mobile nodes in Random Waypoint
and Random Direction mobility models under opportunis-
tic network settings. We also introduce a modified Random
Waypoint model with hot-spots to study its mobility proper-
ties. Through extensive simulation study, we provide simu-
lation results for mobility properties of Random Waypoint
and Random Direction models. Further, our modified Ran-
dom Waypoint with hot-spots model is also found to show an
approximate power-law and exponential inter-contact time
dichotomy found in real-world mobility traces as described
in recent literature.

1 Introduction

Understanding mobility characteristics is important for
the design and analysis of routing schemes for mobile ad
hoc networks. This is especially true for mobile oppor-
tunistic networks where node mobility is utilized to achieve
message delivery. Routing schemes for traditional mobile
ad hoc networks (MANETs) assume that nodes are well
connected most of the time. Generally, proactive schemes,
where nodes try to keep up to date routing information [18],
or reactive schemes, where nodes find routing paths on de-
mand [19], are used to achieve message delivery. Both
schemes assume that there exists an end-to-end path from
source to destination at the time of message transfer. How-
ever, such assumptions do not hold true when the mobile
network is sparse and is intermittently connected. In such
systems network partitions and large delays are common.
Under these conditions, traditional MANET routing algo-

rithms fail to work well, as proactive schemes do not con-
verge, while reactive schemes fail to find a path to the des-
tination.

Routing methods for such sparse mobile networks use a
different paradigm for message delivery; these schemes uti-
lize node mobility by having nodes carry messages, waiting
for an opportunity to transfer messages to the destination
or the next relay rather than transmitting them over a path
[12, 20, 23, 24, 29]. Under such opportunistic network (ON)
routing protocols [25], nodes forward messages only when
they encounter the appropriate relay or the destination node.
Due to this dependence on mobility, understanding mobility
characteristics such as inter-contact times of mobile nodes
within each other or at a static location plays an important
role in the design and analysis of routing algorithms under
this paradigm.

Under opportunistic routing message delay is an impor-
tant performance metric, not only because it is a major con-
cern for many applications, but also because of its effect
on other performance metrics, such as message delivery ra-
tio and buffer occupancy, etc. This is especially true when
there is a message expiration time associated with mes-
sages. Consequently, message delay has been the main fo-
cus of much theoretical work in this field [11, 21–24,28].
Therefore, it is important to understand the characteristics
of mobility models that contribute to message delay. Under-
standing such characteristics of mobility models not only
helps us to relate experimental results to analytical models,
but also enables us to choose appropriate mobility models
in simulation studies when the mobility characteristics of
real world applications are known.

In this paper, we extend analytical results given in our
paper [1] through simulation studies to understand the mo-
bility characteristics of commonly used mobility models.
As discussed in previous literature [1, 11], the inter-contact
times in Random Waypoint and Random Direction models
under opportunistic network conditions can be closely ap-
proximated as exponential distribution. In this work, we
perform simulation studies for a detailed look on the inter-



contact times in Random Waypoint and Random Direction
mobility models, as well as on contributing factors such as
relative speed of nodes under such mobility models that are
important for the performance analysis of routing schemes.
Further, we extend the Random Waypoint model with hot-
spots and study the mobility characteristics of this model
through simulation studies.

The extension of Random Mobility model with hotspots
is motivated by recent progress on the analysis of real-world
mobility traces. Although exponential inter-contact times
have been observed in mobility models described above, re-
cent studies have shown that inter-contact times observed in
real-world traces of mobile ad hoc networks have different
characteristics. Although a power-law distribution of inter-
contact times is described in [7], Karagiannis et. al. show
that there exist a power-law and exponential dichotomy
in inter-contact times, where inter-contact times are dis-
tributed according to power-law distribution up-to a time,
and exponential afterwards [14]. For this purpose, we ex-
plore the use of hot-spots under Random-Waypoint model.
Through simulation studies, we have found that under cer-
tain parameters, inter-contact times approximately show
such dichotomy. This model, where nodes are anchored
to different hot-spots, also introduces non-uniformity of
inter-contact among nodes, which can be used for scenar-
ios where different nodes have different inter-contact rates,
as studied in [13].

To analyze inter-contact times we first view node ac-
tivities as interleaving encounters and departures—nodes
spend some time within each other’s radio range after a con-
tact, and spend some more time before they encounter each
other again. Since message transfers only occur when nodes
meet each other, we focus on the node inter-contact time and
its distribution. This is because the inter-contact time isthe
main contributing factor to message delays as the effects of
the contact time and the message transfer time are compar-
atively small under opportunistic network conditions.

The rest of the paper is organized as follows. Section 2
goes over the related work. Section 3 discusses the stochas-
tic mobility properties of the Random Waypoint and Ran-
dom Direction mobility models. Section 4 presents experi-
mental results. Finally, Section 5 concludes the paper.

2 Related Work

Mobility models play an important role in the simulation
study of mobile networks. Two common mobility mod-
els are the Random Waypoint (RWP) and Random Direc-
tion (RD). Other mobility models are proposed by different
groups [6, 8, 9, 25]. Also, issues such as non-uniform node
distribution and speed decay have been addressed for the
RWP model [3, 27]. However, RWP and RD mobility mod-
els are currently widely used in network simulations and are

the focus of our study.

The stochastic properties of the Random Waypoint mo-
bility model have been extensively studied [2, 3, 15, 17].
Similar studies are also available for the Random Direction
model [4, 5, 16]. Most of these studies focus on node dis-
tributions, epoch lengths, and movement directions, and are
a foundation for further analysis of node movement charac-
teristics under the mobility models. Analytical results for
transient behavior of nodes under RWP and RD are pre-
sented in [10]. Results for the expectedhitting time and
meeting timein RWP and RD models are given in [25] in
the context of mobility-assisted routing. Similar resultsare
presented in [11] for the analysis of message delay under
sparse networks. In our study, we focus on the rate and the
distribution of inter-contact times under RWP and RD mod-
els.

The near-exponential distribution of inter-contact times
in RWP and RD models surfaces in different experimental
studies [11, 26]. In [11], authors analyze the message de-
lay in epidemic routing under the assumption that the inter-
contact times are exponentially distributed, and experimen-
tally verify the validity of the assumption under Random
Waypoint and Random Direction models. Based on this
exponentiality assumption, further modeling of Epidemic
routing performance is provided in [28]. Many studies also
use Markovian model for node inter-contact times with or
without assuming RWP or RD mobility model [21–23,26].
In [1], it is shown that the inter-contact times in these mo-
bility models can be closely approximated as exponential
distribution under opportunistic network conditions. This
helps to simplify the analysis of routing schemes under
RWP or RD models, and to relate experimental results to
analytical models. It also enables us to use these two mo-
bility models for simulation when the inter-contact times
are known to be exponentially distributed. In this paper, we
examine the inter-contact times of mobile nodes through
extensive simulation study. Although, in general, the ex-
ponentiality assumption holds, we also find that the inter-
contact time distribution under Random Waypoint and Ran-
dom Direction models differ from the exponential distribu-
tion in different ways for small inter-contact times.

Real world mobility traces have also been used for the
study of mobility characteristics for opportunistic networks.
Results on node inter-contact times based on human mo-
bility traces are presented in [7], providing empirical evi-
dences that the inter-contact times are distributed according
to power law up-to moderate time scale. This is in disagree-
ment with the common exponentiality assumptions. How-
ever, recent work by Karagiannis et al [14] presented evi-
dence showing that although the inter-contact time follows
power law distribution up-to certain time, it shows expo-
nential decay afterwards. However, as we discussed above,
the two common mobility models do not show such charac-
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teristics. For this reason, we extend the Random Waypoint
model by introducing hot spots, to which different nodes
are anchored, with specific pause time characteristics. Un-
der certain settings, we found that node inter-contact times
have characteristics that are similar to real-world tracesde-
scribed in [14]—approximate power-law distribution at the
beginning, and exponential at the tail.

Understanding the movement characteristics of common
mobility models and performance analysis are important
in the understanding and evaluation of MANET routing
schemes. We believe that our analysis of mobility charac-
teristics and performance metrics will be helpful in the anal-
ysis and design of various opportunistic routing schemes for
intermittently connected mobile networks.

3 Stochastic Properties of Mobility Models

In this section, we study the statistical properties of node
encounters, focusing on node inter-contact times and con-
tact times using two commonly used mobility models: Ran-
dom Direction and Random Waypoint. We primarily fo-
cus on the inter-contact time as it is the main component
of delay in opportunistic networks. Before we continue our
discussion we go over related background and our assump-
tions.

3.1 Preliminaries

In this study, we focus on two epoch-based mobil-
ity models: Random Waypoint (RWP) and Random Di-
rection (RD). For practical purposes, we consider a two-
dimensional system spaceA of size A as a square area
of width a or a circular region with radiusa. The move-
ment of a node from a starting position to its next destina-
tion is denoted as amovement epoch, or anepochin short.
In epoch-based mobility schemes, a node starts from point
Pi ∈ A, and moves to another pointPi+1 ∈ A according to
the movement semantics of the mobility model to complete
the epoch. It then pauses for a random amount of timeTp,
randomly chosen with the expected value ofT̄pause. This
process repeats in this manner. We useL̄ to denote average
epoch distance, and usēT to denote average epoch duration.
The movement speedv is uniformly and randomly chosen
from [vmin, vmax], where0 < vmin < vmax < ∞.

Formally, Random Waypoint can be specified as a
stochastic process

{Pi, Tp,i, Vi}i∈N = {(P1, Tp,1, V1), (P2, Tp,2, V2), · · · }

whereTp,i is the pause time at waypointPi, andVi is the
velocity of node during theith epoch.Pi is assumed to be
independently and identically distributed (i.i.d) at random,
uniformly chosen fromA. The Random Direction model
can be specified similarly.

Nodes are assumed to have circular radio range with ra-
diusr. For the case of sparse mobile networks, we assume
thatr ≪ a and thatr ≪ L̄.

From the viewpoint of a mobility model, node move-
ments consist of interleaving periods of movements and
pauses. From an application’s point of view, nodeN sees
the movements of another nodeM in terms of the time that
M spends in its radio range, which we call ascontact time,
and theinter-contact timebetween two contacts. The con-
tact time is defined as the time elapsed from a node’s en-
try into another node’s radio range until its consequent exit.
The inter-contact time is defined as the time passed since
previous exit until next entry into the radio range. Below
we mainly discuss inter-contact times.

3.2 Inter-contact Times in Random Way-
point Model

It is shown in [1] that the inter-contact times under Ran-
dom Waypoint model can be closely approximated as expo-
nential when the radio ranger is much smaller than thea,
for circular or square regions.

The CDF of inter-contact times of a mobile node at a
static pointP (x, y) is approximated

F (t) = 1 − e−λt

whereλ = 2rv̄f(x, y). Heref(x, y) is PDF of node dis-
tribution at pointP (x, y) [2], and v̄ represents the average
movement speed of mobile node [27]:

v̄ =
L̄

T̄
=

vmax − vmin

ln(vmax/vmin)

The CDF of inter-contact times between two mobile
nodes is approximated as follows:

F (t) = 1 − e−λt (1)

whereλ = 2ρrṽ/A. Here,ṽ represents the relative speed
of mobile nodes, and is given as follows [1]:

ṽ =
1

2π ln2(vmax

vmin

)

∫ vmax

vmin

∫ vmax

vmin

∫ 2π

0

√

(v2 sin θ)2 + (v1 − v2 cos θ)2

v1v2

dθdv2dv1 (2)

whereθ is the relative angle between−→v 1 and−→v 2, measured
counter-clockwise from the direction of−→v 1.

As shown in [1], we take thatθ is uniformly distributed.
Althoughρ is considered to be a constant specific to Ran-

dom Waypoint model in [11], we see that the value of this
factor depends on the shape ofA, and can be calculated
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analytically or numerically whenf(x, y) is known. For in-
stance, for the square and the circular areas, approximate
values ofρ can be calculated as 1.3683 [11]1 and 1.4155
(see Appendix), respectively.

We can see from (2) above that for different pairs ofvmin

andvmax that give the samēv, the expected relative speed
may vary. That is, knowinḡv is not sufficient to obtain
the relative speed,̃v, without taking the distribution of the
speed into account. Under the simplifying condition that
vmin = vmax = v̄ or vmin/vmax ≈ 1, the relative speed
can be approximated as follows:

ṽ =
v̄

2π

∫ 2π

0

√

sin2 θ + (1 − cos θ)2dθ =
4v̄

π
(3)

whereθ is the angle between two movement directions.

3.3 Inter-contact Times in Random Direc-
tion Model

In the Random Direction model, at the beginning of
each epoch nodes randomly choose a direction uniformly
from [0, 2π), and randomly selects a speed uniformly from
[vmin, vmax]. The epoch duration is exponentially gener-
ated with an average of̄L/v̄. Upon hitting the border, nodes
either reflect back, or wrap-around to appear from the op-
posite end.

Compared to the RWP model, the node distribution in
RD model is uniform:f(x, y) = 1/A [4, 16], and the av-
erage speed is simply given as̄v = (vmax + vmin)/2.
When the epoch duration is small compared to average
inter-contact time, we can follow the analysis for RWP
and show that the inter-contact times are exponentially dis-
tributed, where the CDF approximation is given as

F (t) = 1 − e−λt

whereλ = 2rv̄/A.
When two nodes move according the RD model, the

CDF for inter-contact time is approximated as

F (t) = 1 − e−λt (4)

whereλ = 2rṽ/A. Hereṽ is the relative speed of two nodes
under RD model, which can be given as follows:

ṽ =
1

2π(vmax − vmin)2

∫ vmax

vmin

∫ vmax

vmin

∫ 2π

0
√

(v2 sin θ)2 + (v1 − v2 cos θ)2dθdv2dv1 (5)

whereθ is the relative angle between−→v 1 and−→v 2, measured
counter-clockwise from the direction of−→v 1.

1This value is calculated in [11] based on analytical resultsfrom [15].
However, note that numerically calculating according to analytical results
from [3] gives 1.3805.

Hot−spot A

Hot−spot B
A

p

1−p

(anywhere outside Hotspot A)

B

Figure 1. Random Waypoint with Hotspots

The results for̃v under RD model whenvmax = vmin

or vmax/vmin ≈ 1 is the same with RWP model as given in
(3).

Note that our result for inter-contact rate for RWP is dif-
ferent from the result for meeting times given in [25], where
the difference of inter-contact rates among mobile nodes un-
der RWP and RD models is attributed to relative speed on
the account that the relative movement angle is not uniform
under RWP model. As shown in [1], we see that the rel-
ative movement angle can also be considered uniform un-
der RWP, and that the difference in inter-contact rates under
these two models is a combined result of non-uniform node
distribution under RWP as explained by factorρ and the dif-
ferences in the calculation of the relative movement speed
for RWP and RD models, as shown by Equations (2) and
(5), respectively.

3.4 Random Waypoint with Hotspots

We have two motivations for extending Random Way-
point model with hot-spots. First is to see if the inter-
contact distributions observed in real-world mobility traces
as shown in [7, 14] can be closely approximated using this
extended model. Second is to introduce non-uniformity of
inter-contact rates among different pairs of nodes, which is
also closer to real-world scenarios, as discussed in [13].

In this extended model, a node may have one or more
hot-spotsthat it may visit more often. The pause times at
such hot-spots may also be different compared to areas out-
side of the hot-spot. Figure 1 depicts a very simple scenario
where NodeA, which is currently outside of Hot-spot A,
chooses some point within Hot-spot A with a probabilityp,
and any other point outside of the hot-spot with probability
1−p. This model generalized for cases when there are more
than one hotspots as follows.

Given a system areaA, assume that there areN hotspots,
H1, H2, · · · , HN , and a mobile nodeM . At the begin-
ning of an epoch, nodeM randomly selects a hotspotHi

with probability pi, and moves towards a point randomly
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selected withinHi. We further assume that the hotspots
do not overlap. Even if hotspots overlap, we can designate
overlapped regions as new hotspots and adjust the proba-
bilities accordingly. Letp0 denote the probability thatM
chooses a point outside of any hotspot, then

∑N

i=0
pi = 1

should hold true, where0 ≤ pi for i = 0, · · · , N .
This model can be extended to multiple nodes by assign-

ing possibly different probabilities to different nodes for a
given hotspot, while ensuring the properties for each node
as discussed above. Non-uniformity of inter-contact times
between different pairs of nodes can be introduced by ad-
justing the hotspot probabilities for different nodes. As to
the power-law and exponential dichotomy of nodal inter-
contact times observed in real-world mobility traces, we
study two nodes moving according to Random Waypoint
with Hotspots model, and observe the effects of choosing
hotspot locations and changing hotspot probabilities on the
distribution of inter-contact times. As will be discussed in
next section, we observe that such power-law and exponen-
tial dichotomy in inter-contact time distribution can be ob-
served using our model under certain set of parameters.

4 Experimental Results

In this section, we present experimental results for mo-
bility characteristics. The goal of our experiments is to
obtain detailed results for inter-contact times in Random
Waypoint and Random Direction. Since the relative ve-
locity of mobile nodes is importance in the understanding
of the inter-contact rates, we also study the relative veloci-
ties and relative movement angles. We also present results
for our extended Random Waypoint model with hotspots,
to show that the power-law and exponential dichotomy ob-
served real-world mobility traces can be approximately pro-
duced under certain settings.

4.1 Experimental Settings

Most of our experiments use thens-2 network simula-
tor extended with our own code. We also use our custom
simulator for experiments in circular areas, as well as for
detailed measurements of the relative speed and movement
angles.

The default settings forns-2 simulations are as fol-
lows. Each simulation run has 40 nodes moving accord-
ing to the specified mobility model in a6000m × 6000m
square area. By default, nodes have a radio range of250m.
Minimum and maximum speeds,vmin andvmax, are3m/s
and10m/s, respectively. Nodes useHELLO signals to an-
nounce their presence. TheHELLO interval is set to 3 sec-
onds.

To measure contact and inter-contact times, a node stores
the time when another node is found in its radio range for
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Figure 2. Relative Movement Angle Distribu-
tion
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Figure 3. Exponentiality of Inter-contact
Times under Random Waypoint Model

the first time. When aHELLO message is not heard within
a HELLO interval (plus a small tolerance time), the node
is marked as gone out of radio range and the contact time is
recorded as the time elapsed. Inter-contact time is recorded
when it receives aHELLO message again from the desti-
nation. The process repeats in this manner.

For the relative speed and relative movement angles, we
use our custom simulator, and calculate the relative speed
and relative movement angles of a pair of nodes at every
0.1 second. In Random Direction we use the reflection
model, where nodes bounce back when they hit the bor-
ders of the region. We ran each experiment 29 times with
random seeds.
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Table 1. Relative Speed of Mobile Nodes un-
der Random Waypoint Model
Speed Settings Analytical Empirical

vmin vmax v̄ ṽ v̂ ṽ (95% CI) v̂

1 22.93 7 10.726 1.532 10.72 (± 0.0034) 1.53
2 16.97 7 9.077 1.439 10.08 (± 0.0029) 1.44
3 13.56 7 9.642 1.377 9.64 (± 0.0026) 1.38
4 11.22 7 9.331 1.333 9.33 (± 0.0018) 1.33
5 9.47 7 9.108 1.301 9.10 (± 0.0020) 1.30
6 8.11 7 8.972 1.281 8.97 (± 0.0020) 1.28
7 7 7 8.913 1.273 8.91 (± 0.0020) 1.27

For Random Waypoint with hot-spots, we also use
our custom simulator for the measurement of inter-contact
times of a pair of mobile nodes,A and B, moving in a
square area of size6000m × 6000m. A square region of
width 500m is designated as the hot-spot forA. The co-
ordinate of the square hot-spot is set at(1500, 1500). A
square region of the same size is placed at(4500, 4500) as
a hot-spot for nodeB. To obtain the inter-contact time char-
acteristics shown in our experimental results, for each mo-
bile node the probability of choosing its hot-spot as its next
waypoint is varied between 0.7-0.8, and the pause time in-
side the hot-spot is set to300s and the pause time outside
the hot-spot is set to3s.

4.2 Mobility Characteristics

Below we discuss the simulation results for relative ve-
locities and inter-contact times of mobile nodes. The rel-
ative velocity of mobile nodes is important in the calcula-
tion inter-contact times of mobile nodes. Along with the
RWP factorρ discussed in Section 3, the relative velocity
explains the differences in inter-contact times between Ran-
dom Waypoint and Random Direction models.

4.2.1 Relative Velocity of Mobile Nodes

In the calculation of the relative speed of mobile nodes un-
der Random Waypoint model, we assumed that the relative
movement angle is uniformly distributed, as described in
[1]. To see we measure the relative movement angle of two
mobile nodes moving according to RWP model in square
and circular regions.

Figure 2 shows the histograms of relative movement an-
gles of nodes moving according to the RWP model in cir-
cular and square regions, respectively. We can see that the
distribution is virtually uniform for both areas, confirming
the proof given in [1].

In Section 3, we discussed that the relative movement
speed of two mobile nodes not only depends on the aver-
age speed of a mobile node, but also on the selection of the

 0

 2e-05

 4e-05

 6e-05

 8e-05

 0.0001

 0.00012

 0.00014

 0.00016

 0.00018

 0.0002

 0  5000  10000  15000  20000  25000  30000

P
ro

ba
bi

lit
y 

de
ns

ity

Inter-contact Time (s)

PDF of Inter-contact Time (Random Direction)

Fitting function: f(t) = k*γe-γt

PDF of Inter-contact (Random-Waypoint)

Figure 5. Inter-contact Rates of Random Way-
point and Random Direction Model Com-
pared to Exponential Distribution

minimum speed,vmin, and maximum speedvmax.
Table 1 shows the effect of the distribution ofvmin and

vmax on relative speed,̃v. For this, we choose seven pairs of
vmin andvmax that produce the same node average speed,
v̄ = 7. In this table, the 95% confidence interval for the
average relative speed of mobile nodes. To see the effects,
we define normalized speed̂v asv̂ = ṽ/v̄. We can see that
v̂ changes as the distribution of minimum and maximum
speeds, and that empirical results confirms the results given
in Equation (2).

4.2.2 Inter-contact Times

We first look at inter-contact times among mobile nodes.
Figure 3(a) shows the histogram of inter-contact times un-
der Random Waypoint model. To test the exponentiality
of inter-contact times, we perform linear regression anal-
ysis on the Quantile-Quantile (Q-Q) plot of two data sets:
recorded inter-contact times and randomly generated expo-
nential variates with the same average as that of the exper-
imental data. For linear regression, we consider three fac-
tors: coefficient of determination (R2), slopea, and inter-
ceptb. As shown in Figure 3(b), the recorded inter-contact
times closely match the exponentially generated variates,
with R2 = 0.999, a = 0.995, andb = 31.03 (0.5% of av-
erage). Similar results are obtained for Random Direction
model as shown in Figure 4.

Although it has been shown that the inter-contact times
can be very closely approximated as exponential under
our experimental settings, a more detailed look show that
inter-contact times differ from exponential distributionfor
smaller inter-contact times as depicted in Figure 5, where
the number of bins used to get the histogram of inter-contact
times is increased to 200, as opposed to 40 used in Figures
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3(a) and 4(a). We can see that for inter-contact times less
than 3000 seconds, the inter-contact time distributions of
both Random Waypoint and Random Direction differ from
exponential distribution in different ways. This shows that
although exponentiality assumption holds for both mobil-
ity models, such differences should be considered for sim-
ulations that assume that the inter-contact times are strictly
exponential, especially for small inter-contact times.

Figure 6 shows the approximations of inter-contact times
under Random Waypoint with hot-spots. When the pause
times are set exponentially both within and without the
hotspots, we observe similar exponential behavior in inter-
contact times. However, when we set the pause time
at hotspots according to power-law without changing the
pause time outside of hotspots, we observe changes in inter-
contact times. As shown in Figures 6(a) and 6(b), neither
power-law nor exponential distribution explains the distri-
bution. If, however, power-law approximation is used up-to
a time (until 1400 seconds in this case), and exponential af-
terwards, the approximations fit the experimental data fairly
closely. This is a useful observation, as it conforms to the
observations that are made in [14] for real-world mobility
traces.

5 Conclusions

In this paper, we studied the properties of two
commonly-used mobility models: Random Waypoint and
Random Direction. We performed a detailed simulation
study of inter-contact times under these models. We ob-
serve that the exponentiality assumption of inter-contact
times generally hold under opportunistic network condition
where radio range of nodes is much smaller compared to
the radius of the system area. We also showed that the
distributions of inter-contact times for smaller inter-contact
times differ from exponential distribution under both mo-
bility models in different ways. We also presented experi-
mental results for extended Random Waypoint model with
hotspots. We showed that the power-law head and exponen-

tial tail of inter-contact times that are observed in real-world
mobility traces can be produced under certain settings in
this extended model.

References

[1] Muhammad Abdulla and Robert Simon. Character-
istics of common mobility models for opportunis-
tic networks. Crete, Greece, October 2007. ACM
PM2HW2N’07.

[2] C. Bettstetter, H. Hartenstein, and X. Pérez-Costa.
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A Calculating the Value of ρ for Circular
Area

To calculate theρ value of the circular region, we con-
sider a unit disk of sizeπ. From the polynomial approxima-
tions of the PDF of node distribution given by [15] for unit
disk, we use the following:

P (r) =
3(1 − r2)(189 − 44r2 − 18r4)

257π

With this function, we calculate the value ofρ as follows:

ρ = A

∫∫

A

f2(x, y)dxdy

≈ π

∫ 2π

0

∫ 1

0

P 2(r)rdrdφ

= 18π2

∫ 1

0

r(1 − r2)2(189 − 44r2 − 18r4)2

(257π)2
dr

=
3272289

2311715
≈ 1.4155
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