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Abstract We propose a novel mobility model, named
Semi-Markov Smooth (SMS) model, to characterize the
smooth movement of mobile users in accordance with the
physical law of motion in order to eliminate sharp turns,
abrupt speed change and sudden stops exhibited by existing
models. We formulate the smooth mobility model by a
semi-Markov process to analyze the steady state properties
of this model because the transition time between consec-
utive phases (states) has a discrete uniform distribution,
instead of an exponential distribution. Through stochastic
analysis, we prove that this model unifies many good fea-
tures for analysis and simulations of mobile networks.
First, it is smooth and steady because there is no speed
decay problem for arbitrary starting speed, while main-
taining uniform spatial node distribution regardless of node
placement. Second, it can be easily and flexibly applied for
simulating node mobility in wireless networks. It can also
adapt to different network environments such as group
mobility and geographic constraints. To demonstrate the
impact of this model, we evaluate the effect of this model
on distribution of relative speed, link lifetime between
neighboring nodes, and average node degree by ns-2
simulations.
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1 Introduction

Mobility models are widely used in simulation studies for
large-scale wireless networks, especially in the mobility-
related research areas, such as routing protocol design [1],
link and path duration analysis [2], location and resource
management [3-5], topology control [6-8], and network
connectivity issues [9—11] in cellular systems, wireless
local area networks, and mobile ad hoc networks. There are
many mobility models which have been well studied in
survey papers [12, 13] which are focused on synthetic
models, except few experimental studies [14, 15]. The
challenge in designing mobility models is the trade-off
between model efficiency and accuracy.

Due to easy analysis and simple implementation, ran-
dom mobility models, in which each mobile node moves
without constraint on its velocity, time period and desti-
nation, are most widely used [12]. For example, random
walk (RW) model was originally proposed to emulate the
unpredictable movements of particles in physics, also
known as Brownian motion [12]. Compared to the RW
model, Random Waypoint (RWP) model [16] is often used
to evaluate the performance of mobile ad hoc networks
(MANETSs) due to its simplicity. However, two flaws
have been found in its stationary behavior. First, Yoon
showed that the average node speed of RWP model
decreases over time [17]. Second, Bettstetter [18] and
Blough et al. [19] respectively observed that RWP model
has non-uniform spatial node distribution at steady state,
with the maximum node density in the middle of simu-
lation region given that initial state is uniform distribu-
tion. This implies that analysis and simulations based on
RWP model may generate misleading results. To over-
come the non-uniform spatial node distribution problem
in RWP model, Nain and Towsley recently showed that
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random direction (RD) model [20] with warp or reflection
on the border has uniformly distributed user position and
direction in [21]. Recently, Boudec et al. proposed a
generic random mobility model, called Random Trip (RT)
model, which covers RW, RWP and RD models, as well
as their variants [22].

Random mobility models describe the mobility pattern
in a macroscopic level, that is, mobile nodes do not change
speed or direction within one movement. Thus, random
mobility models can fit vehicular and large-scale environ-
ments. Therefore, they are insufficient to mimic the minute
moving behaviors of mobile users, such as speed acceler-
ation and smooth direction changes within one movement.
The movements presented by random models are com-
pletely uncorrelated or random, thus demonstrating unre-
alistic moving behaviors, such as sudden stop, sudden
acceleration, and sharp turn frequently occur during the
simulation [12]. These abrupt speed and direction change
events will influence the network topology change rate,
which further significantly affect network performance. In
consequence, the simulation results and theoretical deri-
vations based on random mobility models may not cor-
rectly indicate the network performance and effects of
system parameters.

As an effort to resolve the problem of unrealistic
movements and to provide smooth behaviors, mobility
models that consider the correlation of node’s moving
behavior are proposed, which are called temporal models
[12], such as Smooth Random (SR) model [23] and
Gauss—Markov (GM) model [24]. SR model considers the
smooth speed and direction transitions for mobile nodes. In
the SR model, a node moves at a constant speed along a
specific direction until either a speed or direction change
event occurs according to independent Poisson process. In
the GM model, the velocity of a mobile node at any time
slot is a function of its previous velocity with a Gaussian
random variable. Although both SR and GM models can be
used for either cellular environments or ad hoc networks,
they also have application limitations. In the SR model,
because of the assumption of Poisson process, the uncer-
tainty of the speed and direction change within each
movement make it difficult to evaluate network perfor-
mance according to a specific node mobility requirement.
Moreover, an SR movement may have new speed change
during the speed transition and does not stop unless a tar-
geting speed is specified as zero, which is not flexible for
movement control. In the GM model, mobile nodes cannot
travel along a straight line [13] as long as the temporal
correlation (memorial) parameter is not equal to 1, and they
do not stop during the simulation. However, in reality,
vehicles usually move along a straight line for a period of
time and mobile users always move in an intermittent way
with a random pause time.
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Therefore, we are motivated to design a new mobility
model that can abide by the physical law of moving objects
to avoid abrupt moving behaviors, and can provide a
microscopic view of mobility such that node mobility is
controllable and adaptive to different network environ-
ments." In summary, this model is expected to unify the
desired features as follows:

1. Smooth and sound movements: A mobility model
should have temporal features, i.e., a mobile node’s
current velocity is dependent on its moving history so
that smooth movements can be provided and mobile
nodes should move at stable speed without the average
speed decay problem [25].

2. Consistency with the physical law of a smooth motion:
In order to mimic the kinetic correlation between
consecutive velocities in a microscopic level, a
mobility model should be consistent with the physical
law of a smooth motion in which there exists accel-
eration to start, stable motion and deceleration to stop
for controllable mobility [26, 27].

3. Uniform nodal distribution: As most of analytical
studies of MANETS are based on the assumption of
uniform nodal distribution, such as network capacity
and delay [28], network connectivity, topology control
[10] and link change rate [29], a mobility model should
be able to generate uniform spatial node distribution at
steady-state. Otherwise, the non-uniform node distri-
bution caused by a mobility model may invoke mis-
leading information and results [21].

4. Adaptation to diverse network application scenarios: In
order to properly support rich MANET applications
having complex node mobility and network environ-
ments, such as group mobility and geographic restric-
tion, a generic mobility model which is adaptive to
different mobility patterns is highly desirable.

The contributions of this paper include theoretical
modeling of smooth movement, steady-state analysis, and
simulation studies of the impacts of the proposed mobility
model. First, we propose a unified, smooth model, namely
Semi-Markov Smooth (SMS) model, which includes four
consecutive phases: Speed Up phase, Middle Smooth phase,
Slow Down phase, and Pause phase, based on the physical
law of a smooth motion. Second, our proposed SMS model
is a unified mobility model, which can model the mobility
patterns of users at varying levels of granularity, i.e., both
the macroscopic level and the microscopic level. Third, we
prove that the proposed SMS model is smooth, which
eliminates sharp turns and sudden stops; it is steady
because there is no speed decay problem for arbitrary

' An earlier version appeared in the proceeding of IEEE GLOBE-
COM 2006 [24].
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starting speed and it maintains uniform spatial node dis-
tribution during the entire simulation period. These nice
properties are also verified by ns-2 simulations. Besides,
we demonstrate the implementation of the proposed model
to serve diverse application scenarios, such as group
mobility and geographic restrictions. Finally, we present
multiple impacts of the SMS model on MANETs: the
relative speed between a pair of mobile nodes, which
shows a Rayleigh distribution; the CDF of link lifetime and
average node degree, which demonstrate that network
connectivity evaluation based on the RWP model in current
simulation tool such as ns-2 is over optimistic.

Tabel 1 illustrates a detail comparison based on prop-
erties of current typical mobility models and those of our
proposed SMS model, where independent mobility
parameters: speed (V), movement duration (T), destination
(D) and direction (0) with respect to different mobility
patterns are also included.

The remainder of the paper is organized as follows.
Section 2 describes the mobility pattern and stochastic
process of the proposed SMS model. Section 3 analyzes the
stochastic properties of SMS movement, including proba-
bility distribution and expected value of movement duration,
speed, and trace length. Section 4 proves that steady-state
speed exists and there is no average speed decay in the SMS
model. Section 5 validates the analysis of SMS properties
with simulations. Section 6 shows that the SMS model can
be easily implemented for different mobility scenarios such
as group mobility and geographic constraints, followed by
the effects of the SMS model on network architecture.
Finally, the paper is concluded in Sect. 7.

2 A unified mobility model: SMS model

In this section, we present a novel mobility model, SMS
model with detailed mobility patterns. Specifically, within
one movement, we elaborate when and how an SMS node
changes its speed and direction; how the node accelerates and

Table 1 Properties of different mobility models

decelerates the speed; and how strong the temporal correla-
tion is during the speed and direction change. By answering
these questions, the moving behaviors of mobile nodes can
be deeply understood and well manifested by the proposed
model. Further, we describe the stochastic process of the
SMS model. We consider it as a renewal process with re-
spect to consecutive SMS movements and regard it as a semi-
Markov process in the study of iterative phases transition.

2.1 Model description

According to the fundamental physical law of a smooth
motion, a moving object would experience speed acceler-
ation, stable speed, and speed deceleration during a
movement. This implies that a smooth movement should
contain multiple moving stages, and a temporal correlation
exists during the speed transition. Therefore, based on the
physical law of smooth motion, our proposed SMS model
consists of four consecutive phases: Speed Up phase,
Middle Smooth phase, Slow Down phase, and Pause phase.
Throughout this paper, we define one SMS movement or
movement duration as the time period that a node travels
from the starting point to its next position that the node
stops moving. Each movement is quantized into K equi-
distant time steps, where K € Z. The time interval between
two consecutive time steps is denoted as At (s). The SMS
model is an entity model which determines the mobility
pattern of each user individually, which is designed with
the following assumptions:

e All mobile nodes move independently from others and
have the identical stochastic properties.

e For any mobile nodes, every SMS movement has
identical stochastic properties.

e Within each SMS movement, a mobile node’s velocity
at current time step is dependent on its moving history.

Here, the first two assumptions are similar to the random
mobility models for better supporting theoretical studies as
well system performance evaluation of MANETSs. To be

Attributes RW [30] RWP [16]

RD [21]

SR [23] GM [24] SMS

Parameters vV, 0 V, D

Movement phases

V,0, T

{moving, pause} {moving, pause} {moving, pause} {moving, pause} {moving}

V, 0 V,0 V,0, T

{speed-up, middle smooth,
slow-down, pause }

Smoothness No No No Yes Yes Yes

Speed decay May Yes No No No No
Uniform node distribution Close No Yes Close Yes Yes
Mobility scale Macroscopic Macroscopic Macroscopic Microscopic Microscopic Microscopic
Unified model No No No No No Yes
Controllability Low Low Low Medium Medium High
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distinguished from random mobility models, the third
assumption of the SMS model is especially used for
describing microscopic smooth nodal movements. Next,
we describe the SMS model based on the single user
mobility. The implementation for group mobility and
geographic constraints will be explained in Sect. 6.

2.1.1 Speed up phase (a-phase)

For every movement, an object needs to accelerate its speed
before reaching a stable speed. In this phase, the movement
pattern of an SMS node is exploited from what is defined in
SR model [23]. Thus, the first phase of a movement is called
Speed up o-phase, which covers the time interval
[fo, t,] = [to, to + aAf]. At initial time f#y of a movement, the
node randomly selects a target speed vy € [Viin, Vimax), @
target direction ¢, € [0,27], and the total number of fime
steps o for the speed up phase. o € Z and is selected in the
range Of [y, Omax]. These three random variables are
independently uniformly distributed. Note that o, and oyax
imply the physical speed-up capabilities of the node. For
instance, when « is selected close to o,,,, the transition time
is long, but the degree of temporal correlation is strong.

In reality, an object typically accelerates the speed along
a straight line. Thus, the direction ¢, does not change
during this phase. To avoid sudden speed change, the node
will evenly accelerate its speed along direction ¢, from
starting speed v(zy) = 0, to the target speed v,, which is the
ending speed of ao-phase, i.e., v(t,) = v, Hence, the
mobility pattern in speed up o-phase is represented by a
triplet (o, v,, ¢,). The acceleration rate at a-phase, a,, can
be obtained by

vy —v(to) vy
= =—. 1
Ga t, — Io oAt (1)
An example of speed change in o-phase is shown in
Fig. 1(a), where the node speed increases evenly step by
step and reaches the target speed v, by the end of this
phase.

2.1.2 Middle smooth phase (f-phase)

After the initial acceleration, a moving object will have a
smooth movement, even though moving speed and direction
may change. Accordingly, once the node transits into
f-phase at time ?,, the node randomly selects f time
steps and moves into f-phase. During time interval
(tu,tg] = (tx, 1, + PAt], where f € Z is uniformly distrib-
uted over [f,,n, Pmax)- As @ succeeding phase of a-phase, the
initial value of speed v, and direction ¢ in f-phase are v,
and ¢,, respectively. The speed and direction during ff-phase
then change on the basis of v, and ¢, at a memory level
parameter , which ranges over [0, 1] and is constant for both
speed and direction at each time step. Thus, by adjusting
parameter {, we can easily control the degree of temporal
correlation of velocity between two consecutive steps. For
example, let us assume that the standard deviation o, and o
are 1, which implies that the speed or direction difference
between two consecutive time steps is less than 1 m/s or
1 rad within -phase. Through simulations, we find that this
granularity is sufficient to describe user mobility.

Then the step speed (i.e., speed at a time step) and step
direction (i.e., direction at a time step) at the jth time step
for an SMS node in f-phase are presented by:

V=g + (1= v+ 1=V,

=0+ (1=, + 1—52;:06 WV 2)
j—1
=yt 1 - Cz Z Cj_m_l Vm;
m=0
and
¢j = Cd)j—l + (1 - C)¢x +y/1- 8%4

L (3)
=g, +\1=0> 0"
m=0

Fig. 1 An example of speed 18 15
and direction transition in one BF o n} |
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(a) Speed vs. Time in One SMS Movement.
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where \7j and % are two stationary Gaussian random
variables with zero mean and unit variance, independent
from V, and ¢;, respectively. By substituting f for j into (2)
and (3), the ending step speed vz and ending step direction
¢z of B-phase are obtained as:

p-1 ~
v =vy+ /1= ",

m=0

p-1 ~
$p=¢, 10D "',

m=0

Given (2) and (3), the mobility pattern in S-phase is rep-
resented by a quartet (5, v,, ¢,, {). As shown in Fig. 1(a),
node speed fluctuates around the speed v, achieved at the
end of a-phase in each step of f-phase. In an SMS
movement, f-phase is the main moving phase, which
characterizes the mobility level and direction for a node
during the entire movement.

2.1.3 Slow down phase (y-phase)

According to the physical law of motion, every moving
object needs to reduce its speed to zero before a full stop.
In order to avoid the sudden stop event happening in the
SMS model, we consider that the SMS node experiences a
slow down phase to end one movement. In detail, once the
node transits into y-Phase, i.e., slow down phase, at time g,
it randomly selects 7 time steps and a direction ¢,. Hence,
y-phase contains the last y time steps of one SMS move-
ment over time interval (tg,t,] = (tp,15 + yAt], where
y € Z and is uniformly distributed over [},n> Ymax]- The
SMS node will evenly decelerate its speed from vg to
v, = 0. The rightmost part in Fig. 1(a) shows an example of
speed change in y-phase. In reality, a moving object typi-
cally decelerates the speed along a straight line before a
full stop. Thus, the direction ¢., does not change during the
y-phase. In order to avoid the sharp turn event happening
during the phase transition, ¢, and ¢, are correlated.
Specifically, ¢, is obtained from (3), by substituting f§ for
J — 1. At the end of y-phase, i.e., t,, a mobile node stops at
the destination position of its current movement. Thus, the
mobility pattern in y-phase is represented by a triplet (y, vg,
¢,). The deceleration rate a, is given by:

V«/ - Vﬂ V/}
= =——. 5
yAt )

E—
Figure 1(a) shows an example of speed vs. time during
one SMS movement, which contains a total number of
IC = 37 small consecutive steps, where a-phase contains 12
time steps, f-phase includes 18 time steps, and y-phase
consists of 7 time steps. After each movement, a mobile

node may stay for a random pause time 7,,. Correspond-
ingly, Fig. 1(b) illustrates the node’s direction behavior of
the same SMS movement. It is clear to observe that the
direction is constant in both a- and y-phase. Specifically,
¢, = 0.8 rad and ¢, = 0.68 rad, respectively. And the
direction fluctuates around ¢,, at each step in -phase based
on (3). Moreover, the largest direction transition between
two consecutive time steps is 0.23 © between 28th and 29th
second, which means only small direction change occurs in
each time step. As the difference between ¢, and ¢, is
small in this example, it implies a strong temporal corre-
lation between consecutive velocities for the node. Thus,
the target direction ¢, effectively predicts the direction of
the entire SMS movement.

2.2 Stochastic process of SMS model

Since the proposed SMS model is based on the physical
law of moving objects, the smooth movement is acquired
without sharp turns and sudden stop. However, as de-
scribed in Sect. 1 that we also expect a mobility model to
have other properties such as steady speed and uniform
spacial node distribution. Therefore, we investigate the
properties of SMS model based on the analysis of sto-
chastic process.

2.2.1 Renewal process of SMS model

For proper nomenclature, random variables used to repre-
sent the process in SMS stochastic model are denoted at two
levels: all random variables denoted for SMS movements
are written in upper case and within each movement, all
random variables denoted for trips for each time step are
written in normal font. Multi-dimensional variables (e.g.,
random coordinates in the simulation area) are written in
bold face. In the proposed model, all mobile nodes move
independently from each other and have the identical sto-
chastic properties, so that it is sufficient to focus on the
study of stochastic process of the SMS model with respect
to a specific node. Hence, we suppress the node index in the
denotations of random variables for simplicity. The discrete-
time parameter i indexes the ith movement of an SMS node,
where i € N, and N, is denoted as a countable non-nega-
tive integer space. The discrete-time parameter j indexes the
jth time step within one movement of an SMS node. For
discrete-time stochastic process in SMS model, all indexes
are written in normal font. For example, v(i, j) denotes node
speed at jth time step within its ith movement.

For the rest of the article, we use the following deno-
tations for movements and steps within each movement:

e SMS movement: Movement Duration T(i) represents
the time period of the ith movement from the beginning
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of a-phase to the end of y-phase; Movement Position
P(i) represents the ending position of the ith movement;
and K(i) is total number of time steps of the ith
movement, where K (i) = a(i) + (i) + (i).

e Steps: Step Position d(i, j), Step Speed v(i, j), and Step
Direction ¢(i, j) denote the ending position, speed, and
direction at the jth time step of the ith movement,
respectively.

As a new transition happens at the beginning time at
each SMS movement, the movement can be regarded as a
recurrent event. The movement duration 7(7) represents the
time between the (i—1)th and the ith transition of the SMS
movement. Since 7(i) is an i.i.d. random variable, the
movement of SMS model is a renewal process {N(t);t
>0}, where N(f) denotes the number of renewals by time ¢
[31]. Without considering the pause time after each
movement, the time instant S; at which the ith renewal
occurs, is given by:
S=T()+TQ2)+ - +T(), So=0, ieN. (6)
Hence, N(#) is formally defined as N(f)= max{i:S; <t}.
If consider that a random pause time 7, comes after each
SMS movement, then we denote T(i) as the time be-
tween the (i—1)th and the ith transition of the SMS
process, where T (i) = T(i) + T, (i). Because T,(i) is an
i.i.d random variable and independent from 7(i), f(i) is
also an i.i.d random variable. Therefore, the consecutive
movements of SMS model is a discrete-time renewal
process irrespective of pause time.

2.2.2 Semi-Markov process of SMS model

Since an SMS movement consists of three consecutive
moving phases and a pause p-phase, the continuous-time
SMS can be represented as an iterative four-state transition
process, which is shown in Fig. 2.

Let I represent the set of phases in SMS process, then
I(f) denotes the current phase of SMS process at time f,
where I = {I,,13,1,,I,}. Let {Z(t);t>0} denote the pro-
cess which makes transitions among four phases in / and
YV, denote the state of {Z(¢)} at the epoch of its nth tran-
sition. Because the transition time between consecutive
moving states in an SMS movement has a discrete uniform
distribution, as shown in Fig. 2, instead of an exponential
distribution. By this argument, {Z(¢)} is a semi-Markov
process [32]. This is the very reason that our mobility
model is called semi-Markov smooth model because it can
be modeled by a semi-Markov process and it complies with
the physical law with smooth movement. Accordingly,
{Yn;n € N} is the four-state embedded semi-Markov chain

of {Z(1)}.
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We denote Pgj,» as the probability that when {),}
enters a state s1, the next state that will be entered is s2.
Further, Fy;,(f) denotes the cumulative distribution func-
tion (CDF) of the time to make the s1 — s2 transition
when the successive states are s1 and s2. Let 7 ; represent
the holding-time that the process stays at state s1 before
making a next transition. Then we use H(f) to represent
the CDF of holding-time at state s1, which is defined as
follows [32]:

Hy (1) = ZProb{Tsl < t|next state 52} Py

s2el (7)
- ZFSIAQ(I)PSISZ'

s2el

According to four-state semi-Markov chain {),} shown
in Fig. 2, there is only uni-directional transition between
two adjacent states in SMS model, such that the state
transition probability Py, = 1, if and only if s1s2 € {I,1g,
Igl,, L1, 1,I,}. Under this condition, H(f) is equal to
Fy140(t) in the SMS model. Specifically, Fi,z, (1), Fi,, () and
Fy,,(t) have discrete uniform distribution, while pause time
T, can follow an arbitrary distribution, denoted by fr (¢).
Therefore, from (7), the probability density function (pdf)
of holding-time 75; in SMS model is a discrete uniform
distribution when s1 # I, and is fr, (t) when sl =1,
Therefore, this mobility model follows a semi-Markov
process because the pdf of state holding time is not expo-
nential distribution for Markov process.

3 Stochastic properties of SMS model

Mobility model has a significant impact on both simula-
tion-based and analytical-based study of wireless mobile
networks. A deep understanding knowledge of the moving
behaviors of this model is critical to properly configure the
mobility parameters for a variety of network scenarios; to
correctly interpret simulation results, especially for routing
protocol design and evaluation; and to provide fundamental
theoretical results for other mobility related analytical
studies such as link and path lifetime and network con-
nectivity analysis. Therefore, we study the stochastic
properties of SMS model in this section.

Fig. 2 Four-state transition process in SMS model
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Although different mobility models lead to different
mobility patterns, the stochastic properties of movement
duration, speed, and trace length (distance) are of major
interests in all mobility models because they are immediate
metrics to characterize a node’s movement. In fact, in
every mobility model, at least two of these metrics are
specified. For example, in RWP model, the mobility pattern
of each movement is characterized by the trace length
(distance) and speed, whereas RD model combines move-
ment duration, speed and direction together to dominate the
mobility pattern.

Based on the model assumption in Sect. 2.1, the SMS
process is a renewal process, so that it is sufficient to study
the stochastic properties of a single movement in SMS
model by omitting the index i and use lower case j alone to
identify the random variable within one SMS movement.
For example, T represents the movement duration, and v;
denotes the step speed at the jth time step of this specific
SMS movement.

3.1 Movement duration

In each movement, we consider the movement duration as
the time period from the beginning of «-phase to the end of
y-phase. According to the definition of SMS model in
Sect. 2.1, T = ICAt and At is a constant unit value, where
IC is the summation of three independent uniformly dis-
tributed random variables o, § and 7. Therefore, the dura-
tion time of one SMS movement is determined by the
number of time steps IC and movement duration follows the
same probability mass function (pmf) of variable IC. So, we
first derive the distribution of time steps C of SMS model
and then, we can find the expected movement duration,
E{T}. For the simplicity of denotation, we set the range of
o, f, and y as [N,in, Nimaxl in the remaining of the paper,
i.e., Gmin = ﬁmin = Ymin = Npin a0d Oy = ﬁmax = VYmax =
Noax- The detailed derivation of the pmf of time steps C is
shown in Appendix 8.1. By integrating the results of three

Prob{T = kAt} = Prob{K = k}
k* — 6k - Nyin + 3k + 9N2

min

- 9Nmin + 2

2(]vmax - Nmin + 1)%
6k(Npin + Npax) — 2k* — 3(N?. + N>

min max

scenarios discussed in Appendix 8.1, that is, we combine
(43), (44) and (45) the pmf of time steps, K, is obtained as:

In addition, as the duration time in each moving phase
follows uniform distribution and is assumed to be equal
over the range [N,,in, Nnaxl, the expected value of Move-
ment Duration T can be derived as follows:

E{T} = (E{a} + E{f} + E{y}) At = 3ar (Nmin + Nopax)-

2
©)

Since At is a constant unit time, in order to simplify the
presentation, Az is normalized to unity in the rest of the
article.

The distribution of movement duration can be used to
determine the probability of a specific movement period as
shown in Fig. 3 in which the pmf and CDF of one SMS
movement duration according to different phase duration
range [6, 30] s and [10, 40] s are demonstrated in Fig. 3(a)
and (b), respectively.

As each phase duration in the SMS movement has a
discrete uniform distribution, from (9), the average move-
ment duration is 54 s when [N,,in, Nyaxl = [0, 30] s, and is
75 s when [N, Nyax] = [10, 40] s, respectively. Hence,
in Fig. 3(a), it is clear to see that the peak value of pmf
exists at time instant 54th and 75th seconds, respectively.
Because the entire SMS movement duration is within the
range [3N,,in 3Nax] S, we can see from Fig. 3(b) that the
CDF of SMS movement monotonously increases with
time, and becomes 1 when the duration time reaches the
maximum movement duration range, i.e., 3N,,,, seconds.

The knowledge of movement duration is useful to
understand the dynamics of user mobility, e.g., longer
movement duration means a user spends more time in
moving. Upon the distribution of the SMS movement
duration, we can flexibly configure the SMS model to
mimic different types of mobile nodes with specific aver-
age movement duration times. Moreover, when applying
the SMS model in a cellular network, it is desirable to

3]Vmin S k S 2Nmin + Nmax

+ 4Nmin ° Nmax + Nmin - Nmax) + 2 (8)

2Nmin +Nmax SngNmax +Nmin

Z(Nmax - Nmin + 1)3
k* — 6k - Nyy — 3k + 9N?

max + 9Nmax +2

2Nmax + Nmin S k S 3Nmax

Z(Nmax - Nmin + 1)3
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obtain the distribution of movement duration of mobile
users for studying time-based updating schemes.

3.2 Stochastic properties of step speed

In random models, the study of stochastic properties is
based on the movement process. However, being distin-
guished from random models, one of the main features of
the SMS model is that each movement is quantized into
many tiny time steps in order to capture the transient
behaviors of moving objects from a microscopic view.
Therefore, the stochastic properties of the SMS model can
be characterized at the macroscopic level (i.e., movement)
and microscopic level (time steps). In order to properly
control the SMS model with respect to different mobility
parameters for both simulation and analytical study, it is
necessary to investigate the properties of SMS model on
the microscopic level, which is more challenging than that
on the macroscopic level.

Recall the denotations in Sect. 2.2.1, we use step speed
to describe the speed within each time step. Therefore, we
study the stochastic properties of step speed v;, where 1< j
< N,ux for each moving phase. The denotations of random

Priv) <v = Pr{“j<v} = P{ <V }

o
=E{lpcn |

m=max{ N}

Ninay

1 Ninax { V- m}
= - Prsv S —_—0
1 Ninax Lm

N Nmax - maX{Nminvj} +1 Z

m=max{Nyj} * Vmin

100 120 20 40 60 80 100 120
One SMS Movement Duration Time
(b) CDF of One SMS Movement Duration.

variables applied for studying the stochastic properties of
step speed are presented as follows.

Vil the target speed for a-phase.

o, (v): the pdf of target speed v,.

vg: the ending step speed in f-phase.

fop (V) the pdf of step speed vj.

V() the jth step speed in o-phase.

vg(j): the jth step speed in f-phase.

Sopey W): the pdf of jth step speed v4(j) in f-phase.
v,(): the jth step speed in y-phase.

E, {v}: the average speed of a node in entire a-phase
Eg{v}: the average speed of a node in entire f-phase
E,{v}: the average speed of a node in entire y-phase

3.2.1 Step speed in a-phase

From (1), the jth step speed in o-phase is represented as
v,; = 2j. We consider two cases of time step index j with
the range of a-phase duration [N,,;,, N,,..]. One is the case
when j < N,,;,, the other is the case when N,,;;, < j < N,
So that the effective a-phase duration range according to a
specific time step index j is [max{N, i, j}, Naxl- Then, the
CDF of jth step speed in a-phase is derived as follows:

E{1f<5 Lom

(10)

vax (v)dv,
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where v £ v < viax. Here, 17 is the indicator function
[33]. Thus, if the event that {va < %} is true, then

l{vxgvj;_’} = 1, otherwise 1{ } = 0. Note, in the above

Yy S

J
equation, if (> Via & m<Ny.), then Eﬂfva(v)dv
= Pr{vy <vmi < %} = 1. Moreover, as the time step

index j increases, the probability Pr{v“ < V]—’"} decreases.

Hence, the CDF of step speed in a-phase is inverse pro-
portion to the time step j. In the special case, when j =
N,.ax, then Eq. 10 is equivalent to the expression of CDF
of the target speed v,, i.e., the ending speed of a-phase. The
average speed of a node E,{v} in the entire a-phase is equal
to the expected trace length in a-phase over the average
phase duration time. Based on the description of o-phase,
E.{v} is obtained as:

(Vmin + Vmax)~ (11)

Bl

E,{v} = %E{va} _

Hence, for each SMS movement, the average speed of a
node in the speed up phase is half of the average target
speed v,, i.e., half of the expected stable speed, selected for
that movement.

3.2.2 Step speed in f-phase

For simplicity, let us denote \7j as 1=
ij;lo g—m-1 V,, in (2). Then the speed at the jth step of
p-phase in (2) is equivalent to vg(j) = v, + V;. Since the
summation of n independent Gaussian random variables is

still a Gaussian random variable [34], V; is a Gaussian
random variable with zero mean and variance

o = 1—% e, \7j ~N(0,1 — Czj). In this way, vg(j) is
the summation of two independent random variables, v,
and VJ Based on (Egs. 6-38) in [34], the pdf of jth step

speed in B-phase, v4(j) is derived as:

fV/z(i) (V) = / qu (V - u)ij (u)l{vmm <v—u< Vmax}du
-0
1

V—Vmin 1 2
— 252
= e udu
Vmax — Vmin Jy—v,, V ZT[O'M

1 /—"é;"i” gy (12)
= —=c¢ *du
Vmax — Vmin """‘:ax V2

[

G [ 2bmin — G rovma
ofizm) o(om)

)

Vmax — Vmin

2
where function G(-) is defined as G(x) = ﬁ [f e Tay,
and g, = oy, = 1 — o,

Note that there exists a non-zero probability that VJ has
a very large magnitude for the Gaussian random variable

V; € R. However, according to the tail of the Gaussian pdf,

the probability that ‘7] is selected very far away from its
mean value 1is considerable small. For instance,

P{|V; — E{V;}| <30} = 0.9973 [34]. Since E{V;} =0,

V; is mostly selected from the domain [730‘;,30’;] and

GV,. = /1 — (¥ is less than 1. Thus, one can safely ignore
the large values of \7] during the simulation. To further
prevent this potential simulation abnormality, we use a
threshold which is the same as v,,,, for the step speed
selection in f-phase: if the new target speed is higher than
Vmax O less than 0 m/s, the speed will be reselected.
Based on above assumption, with (12), the CDF of step

speed in f-phase is derived as:

b © (— s ) -G (—T ) dv

Vmax — Vmin

Privg(j) <v} = (13)

From (13), the CDF of step speed in f-phase decreases
gradually as the time step j increases. In turn, the value of

V1 — ¢¥ immediately approaches to 1, such that the dif-
ference of CDFs between consecutive step speeds is
imperceptible. This property is distinct from that in a-phase
in which according to (10), the CDF of step speed
decreases as j increases. Therefore, the theoretical expres-
sions are consistent with the designed mobility patterns in
that the step speed in w«-phase increases gradually and
becomes stable in the entire f-phase. Because the step
speed in ff-phase changes on the basis of target speed v,
with a zero mean Gaussian random variable \7, upon (19),
the average speed of a node in the entire f-phase is:

Ep{v} = E{vs} = 5 (min + Vima)- (14)

N —

Hence, the physical meaning of (14) indicates that for
each SMS movement, the average speed of a node in the
middle smooth phase is just the expected stable speed
selected for that movement.

3.2.3 Step speed in y-phase
From (5), the jth step speed in y-phase is represented as
v,(j) = vp(1 —1%). With the same methodology of deriva-

tion in (10), the CDF of jth step speed in y-phase is given
by:
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Priv,(j) <v} = P”{Vﬁ<1 J;) SV} = E{l{v/fs;’%}}}
> {1y tm)

= >
1 Nonay v-m
_ Z Pr{V/jS —}

m=max{Npuin, j}
Nmax — l’naX{Nminyj} +1 m=max{Nuin, j} m _J

1 Niax m—:"/
= v d ’
Nmux - maX{Nminaj} + 1 /0 fﬁ(V) ’

m=max{Nir, j}
(15)

where Vinin <V < Viax fi;(v) is the pdf of ending step speed
in ff-phase, and is derived by substituting f for j from (12).

Note, in (15), if (M > vmax), that is, m< v”—’““_xv Thus, if

m-j

(max{Nmin,j} <m< [%J ), then ]ﬁfvﬁ (v)dv = Pr{vg
< Vmax < ;l—i"j} = 1. Compared to the CDF of step speed in
a-phase, the CDF of step speed in y-phase is in proportion
to the number of time steps j. That is the CDF of step speed
in yp-phase increases as the time step j increases, which
implies that step speed decreases gradually in p-phase. The

average speed of a node in entire y-phase is:

E},{v} = %E{Vﬂ} = %E{Va} = %"(vmin + Vmax)- (16)

Given the above analysis, it is evident that for each
movement, the average speed in a-phase is the same as that
in y-phase, and is half of average speed in f-phase, which
is the expected stable speed selected for that movement.
Based on the properties of step speed of a node in each
phase, we can further study the trace length, initial average
speed and steady state speed distribution of the SMS model
in the subsequent sections.

3.3 Trace length

We define the trace length as the length of actual trajectory
a node travels and distance as the Euclidean distance be-
tween the starting position and ending position of one SMS
movement. The correlation between trace length and dis-
tance of one SMS movement is dominated by the temporal
correlation of velocities of the node during the movement.
Especially, if the memory level parameter { is set 1 for step
speed in (2) and step direction in (3) of f-phase, then the
trajectory of an entire SMS movement is a straight line,
which means that the trace length is equal to the distance in
one movement. Otherwise, the distance is always smaller
than the trace length as the directions in both f- and
y-phase are different from the direction in o-phase.

@ Springer

Figure 4 illustrates the total trace length vs. time
according to three phases of one SMS movement. As
shown in Fig. 4, the trace length L includes three parts,
such that L =1, + lg+1,, where [,, Ig, I, are the trace
length in o- f-, y-phase, respectively. The properties of
trace length of the mobility models are critical to the
research in mobile wireless networks, since the trace length
is closely related to the distance in SMS model. When the
temporal correlation is strong, mobile nodes associated
with longer trace will more easily evoke link and path
failures between node pairs due to limited transmission
range. Hence, the trace length has impacts on link and path
stability, which in turn affects on routing protocol perfor-
mance [35] and routing design issues [36-38]. Also, the
stochastic properties of trance length and the corresponding
distance of one SMS movement can help in location-based
design schemes in mobile wireless networks, such as
topology control [7, 8] and location management [39]. The
stochastic properties of trace length according to three
moving phases are derived as follows.

3.3.1 Trace length 1, in a-phase

With the movement time and speed, [, = a, X (2A1)*.
The CDF of [, is derived as:

Ninax

Pr{l,<I} = ZPr{v“ x o0 <2l = m}Pr{o = m}
m=b

1 %P _2
Niax — Npin + 1 b m

Movement Length

T
ky B —Phase
% Middle Smooth
I
o~ Phase Y — Phase
Paus
Speed Up Slow Down ause
L+
lo
ol b :
At t
oAt BAt YAt
One Movement Period: KAt Pause Time

Fig. 4 Length vs. time in one SMS movement
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1 Nopax 2
I N o LR
Nmax - Nmin +1 m=>b /vm,-,,
_ 21 lp(waC + 1) - lp(lvmm) 7 Vimin
(Nmax — Nyin + 1) Vmax — Vmin Vmax — Vmin ’
(17)

where /(+) is the Psi function (n) = r((n)> and T'(+) is the

gamma function [40]. From (17), the derivative of Pr {/, <
I} with respect to [ yields the pdf of [, as:

2 l/j(lvma)c'f' 1) -

l//(]vmin>
_Nmin + 1) .

— Vmin

fi(l) =

Mo (18)

Vmax

Given (17) and (18), we find that the distribution of [, is
mainly dependent on distributions of both target speed v,

fl/; / fl’ l_“fl(u)l{vmm Npin < 1=t < Viax N, m}d“

T

{me “Noin < 1=t <Vinax-N, mm}du

random variable, i.e., TNN(O, 6]2). The variance 0'12 of [ is
derived as:

) 5 B 1— Cn 2
~=(1-— . 20
A=0-0)(7=7) (20)
Note that, for a Gaussian random variable I, P{|l — E{l}|
<30} =0.9973 [34]. Based on the same argument on
the effective range of jth step speed vg(j) in f-phase
discussed Nin Sect. 3.2.2, we assume that the effective
range of [ is [Nyin - max{vmin — 307,0}, ¢ - (Vimax + 307)]-
Through the same methodology for deriving the pdf
of step speed in f-phase in (12), the pdf of I is derived

as:

—Vmin Nmin 21
1 lp(lvmax + l) - lp(]\/mm) /’ “’N 1 7%‘1 ( )
— —€ u
(Nmax - Nmin + 1) Vmax — Vmin L=vmax Nmax 4/ 27'[
I
_ 1 ‘p(Nmax + 1) - w(Nmm) (G <l — Vmin * Nmin) G(l — Vmax * Nmax)>
B (Nmax — Npin + 1) Vmax — Vmin (o} (o} .

and phase duration [N,,;,, N,..].- Since both target speed
and phase duration are uniformly distributed, the distribu-
tion of [, is solely dominated by the range of target speed
[Vinins Vmax] and phase duration [N,,;s Naxl-

3.3.2 Trace length lg in B-phase

The travel distance in the entire f-phase can be obtained
as:

lp = vyfAr + /1 ffzig" "1y,

n=1 m=

(19)

which can be simplified as a function of two independent

random variables, that is [z = l’ﬂ + [, where l;g = v, - 5, and

[=\1=02%F soie=m=1y,.  Because

variable o and f§ have 1dentical distributions, we have l};
= 21, Hence, the pdf of [ is derived as fir (D) = 1f,(4). On

the other hand, we observed that  is a superposed Gaussian

random

Because the distribution of llﬁ is solely dominated by the
distribution of [,, given (21), the distribution of S-phase
trace length /4 is dependent on the distributions of both /,,
which in turn characterized by the speed range [Vinin, Vmaxl»
phase duration [N,,i,, Nyuax], and the memorial parameter .

3.3.3 Trace length L, in y-phase

Similar to a-phase, I, = —1a, X (yAr)*. By using the same
methodology for deriving CDF and pdf of /,, we have

1 e
P = 3 [ R )
and
2 s 1, (2
l) = —ful =), 23

where f,,(v) is the pdf of ending step speed in f-phase,
which is derived by substituting f for j from (12).
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From (22) and (23), it is clear that the distribution of I, is
mainly dependent on distributions of both ending speed vg
in f-phase and phase duration [N, Nyl

So far we have analyzed the stochastic properties of
movement duration, step speed, and trace length of
the proposed SMS mobility model. These results can
give a deep understanding of the behaviors of this
model. Next we study the steady state features of the
model.

4 Steady state analysis

For large-scale wireless networks, the moving behaviors
of mobile nodes at steady state predominate the per-
formance evaluation. During the simulation, when the
random process of a mobility model reaches the steady
state, trace file and the corresponding simulation results
are reliable for the performance evaluation. On the
other hand, analytical study also requires the steady
state distribution of the interested parameter for deriv-
ing accurate theoretical expressions. Therefore, we
focus on the time stationary distribution of SMS model
and steady state analysis of speed in SMS model to
demonstrate that there is no speed decay problem.
Then, we will demonstrate the nodal distribution at
steady state.

4.1 Time stationary distribution

Recall the renewal process described in Sect. 2.2 Let
E{7 1} be the mean value of holding-time that the semi-
Markov process spends at state s1 before making a next
transition, that is

E{Ta4} = /Ooothﬂ(t). (24)

Then E{7 i } denotes the mean recurrence time, i.e., the
average first recurrent time after leaving state s1 [32]. It is
known that for an irreducible semi-Markov process {U(t)},
if E{7 5151} <oo, then for any state s1, the limiting prob-
ability P, exists and is independent of the initial state, for
example U(0) = u, that is,

E{T.}

le = tlinolCProb{U(t) = sl |Z/{(0) :SZ} :m

(25)
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According to our SMS model, the embedded semi-
Markov chain {Y,} is irreducible since each state is
reachable from any other states. Because {)/,} is irreduc-
ible, the semi-Markov process {Z(¢)} is also irreducible.
Furthermore, {)),} is positive recurrent because it is an
irreducible semi-Markov chain with finite states. By
applying (24) into {),}, we have E{T,1} = E{a} =
BointMoes - when s1 # I, and E{T},} = E{T},}. Therefore,
for any state sl of {),}, E{Tan} = E{a}+E{f}+
E{y} + E{T,} <00, so the limiting probability of each
state exists in the SMS model. In turn, the time stationary
distribution P, for each state v exists in the SMS model
according to (25). Let n = (m,,mg,m,,m,) denote the
time stationary distribution of SMS stochastic process.
By combining (24) and (25), we derive the time station-
ary distribution for each phase in the SMS model as
following:

E{Tn}

B BT,y 20

My = lim Prob{I(t) =1, €I} =

The time stationary properties obtained in the above
equation will be used in evaluating the average speed at the
initial state so that we can further prove that there is no
speed decay in the SMS model. We have studied the sto-
chastic properties of step speed v;, where 1< j < N, for
each phase in Sect. 3.2. Now we are interested in the speed
distribution at steady state in Sect. 4.2 and average speed in
Sect. 4.3. The nodal distribution will be discussed in
Sect. 4.4.

4.2 Speed distribution at steady state

In order to find the average speed at steady state, we derive
the speed distribution first. Let M(f) and M,(¢) denote the
total number of time steps that a node travels and pauses
from the beginning till time ¢, respectively. Recall, N(7)
represents the number of renewal movements by time ¢.

Hence, M, (1) = va:(? T,(i).
then

If we consider the last
ST < M) <
Z?]:(?H T(i). We denote v, as the steady-state speed of the
SMS model. Then, F,_ (v) of v can be derived from the
limiting fraction of time when step speeds are less than v,
as the entire simulation time ¢ approaches to infinity. When
t — oo, N(f) — oo, such that one can safely omit the
impact of fraction time in the last incomplete movement.

incomplete = movement,
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The formal derivation of F, (v)is shown in the Appendix
8.2. Here, we present the final result of F,_(v) as:

Pr{vg <v}
1 1 Ninax m
SRS 5T S S — -
E{T} + E{T,} {7} " Nox = Ny + 1 2 (

m=Nyin j=1

Corresponding to (30), the expectation of steady state
speed E{v} is also composed of four distinct components

vem

o [ g [ %fv/,(V)dVH . @)

Vmin

4.3 Average speed at steady state

A well-known problem of RWP model is that it fails to
provide a steady average speed which decreases over time
[17]. Thus, we examine whether there exists the speed
decay phenomenon in the SMS model for which we need to
obtain both the initial average speed E{v;,;} and the aver-
age steady state speed E{vy}. More importantly, the
average speed at steady state should be independent of
initial speed and locations [25].

The initial state of the SMS model is chosen based on
the time stationary distribution n = (m,, 7g, 7,, m,) of the
SMS process in Sect. 4.1. From (11), (14), (16), and (26),
the initial average speed of the SMS model is derived as:

E{vini} = E{E{Vini | I} }
=EAV}n, + Ey{V}ing + E,{V}n, + 07,
B} (E{o} +2E{B} + E{y})
B E{T} + E{T,} '

(28)

By differentiating the CDF of steady state speed v, from (27)
with respect to v, it is observed that the pdf of v consists of
four distinct components according to each state of {),}:

£ ) = L2 0) L2 O0) +£7.(0) + 42 () (29)
The four components of F,_(v) in (29) are given by:
Nnax m m v-m
Nnmx—}\/minJr] Zm:lvmm j=1 7 Vo (T) v ofI
E{T}+E{T,} ’
Nnax m
NN T 2mebin 2 s ) (V)
VOfI/;
fu=3  EHI+ET) . (30)
e e DD D B S e (] ) of
E{T}+E{T,} /
E{T,}o
(B,150) ot
E{T}+E{T,}

with regards to each state of embedded semi-Markov chain
{J,}, which are derived in Appendix 8.3. The result is

Ep) (1 E()
E{T} + E{T)} ’
EQvE() .,
Eu{vss} = E{T} +E{Tp} d (31)
ERER) -1
E{T} + E{T,} ’
0 u €l

Thus, the average speed at steady state, E{v} of the SMS
model can be obtained by combining each item in (31):

E{vs} =E,{vs} + Eﬂ{vss} + E“/{Vss} + Elp{vss}

3 E{v.}(E{a} + 2E{B} + E{y})
N E{T} + E{T,}

(32)

By comparing (28) with (32), we showed that the initial
average speed is exactly same as average steady state
speed in SMS process, i.e., E{v;,;} = E{v}. Furthermore,
since the step speed is selected independently from the
number of time steps in each phase of one movement, our
analytical result of average steady state speed in the SMS
model is consistent with which proved by Yoon [25]:
there is no speed decay phenomenon in mobility model as
long as the speed and time metric for each trip are se-
lected independently. Therefore, we proved that there is
no speed decay problem for arbitrary starting speed in
SMS model.

4.4 Spatial node distribution

Another problem with RWP model is that it has non-uni-
form node distribution, given that the initial distribution is
uniform. In this section, we will prove that the SMS model
with border wrap has uniform node distribution all the time
and validate our results through simulations.

Here, we consider the border effect on the SMS
model. When a mobile node reaches a boundary of a

@ Springer



378

Wireless Netw (2009) 15:365-389

two-dimensional simulation region, it wraps around and
reappears instantaneously at the opposite boundary in
the same direction to avoid biased effects on simulation
results.

Now we study the spatial node distribution of the SMS
model with border wrap by focusing on the successive
movements of a single mobile node. Consider a mobile
node in an SMS movement, there is a total (i) time steps
in a node’s ith movement. Then the mobility at the jth time
step of its ith movement is characterized by a triplet
(d(i,j),v(i,j), #(i,j)). Hence, the complete discrete-time
process of the SMS node according to its ith movement is
defined as: {d(i,/),v(i.j), ¢(i,/)}) <j< i At first, we
analyze the node distribution during the first SMS move-
ment, i.e., i = 1. For a simple representation, we suppress
the movement index i in the denotations of random vari-
ables, and normalize the size of the simulation region
to [0,1)2. For instance, d(j) denotes the ending position
after the jth time step of the first movement, where
d(j) = (X;,Y;). Then d(j) with border wrap on [0,1)* [21] is
represented by:

| Xj—1 +vjcos(¢;)]

. X;=Xj_1+v; (¢j) J
d(j) = { ; AN [Yj—1 + vysin(¢;) ],

Y= Y1 4 vysin(d) —
(33)

where |-| is the floor function. According to the target
direction ¢, of the first movement, the jth step direction ¢,
= ¢, + Y;, where ; is the relative direction between ¢,
and direction at the jth time step, which ranges in [0, 27).
Hence, ; is constant in both o-phase and y-phase and
varies in ff-phase. Based on (3), y; is derived as follows:

0 1<j<a
VISt g at1<j<a+p
VI-2h 4, a+pr1<j<k
(34)

‘//j:

Consider that ¢; is also within the range [0, 27), then we have

b= b, + v, —2m {%J . (35)

At time r = 0, the node begins to move from the initial
position P(0) = (Xo, Yp), at the speed with v; along the
step direction ¢, where ¢ is equal to the target direction
¢,. Based on a specific value P(0) and ¢,, the complete
discrete-time process of its first movement is characterized
by {vi,¥;}i<j<- Assume that the movement pattern
{vi; ¥} <j<x 1s deterministic, then we have the following
lemma.

Lemma 1 In the SMS model, if the initial position
P(0) and the first target direction ¢, of the mobile
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node are chosen independently and uniformly distributed
on [0,1)2 X [0, 2n) at time t=0, then the location
and direction of the node remain uniformly distributed
all the time.

Proof Our proof of Lemma 1 is based on the result of
Lemma 2.3 and the methodology for proving Lemma 4.1 in
[21]. According to Lemma 2.3 of [21], for all x € [0, 1) and
a € (—o0,00),

1
/0 1{u+a—|_u+aj <x}du = X. (36)

As the node begins to move, with (33) and (36), the joint
probability of ending position and direction of the first step
movement is derived as:

Pr(X;<x;, Y1 <y, ¢, <0)
= Pr(X; <xi|¢p, <0) - Pr(Y1 <yi|¢p, <0) - Pr(¢p, <0)

I
= E 6,0 (/x o 1{xo+v1 cos(¢py)—[xo-+vi cos(ey)] <x1}dx0

1
: / 0 l{yo+v1 sin(¢,)—yo+vi sin(¢y) ] <y1}dy0> d(i)l
Yo=!

_xyb
2n

(37)

where x1,y; € [0,1) and 0 € 2n. The above result shows
that (d(1), ¢,) is uniformly distributed on [0, 1)* x [0,27).
Since ; = 0 for each step movement in «-phase, by fol-
lowing the same way of derivation in (37), we conclude
that the ending position and direction for each step
movement in o-phase are in turn uniformly distributed on
[0,1)% x [0,27).

For each step movement in f-phase and y-phase, where
Y; # 0, based on (35) and (36) and the result from (32) of
[21], the probability Pr(¢; < 0) is derived as:

1 2n
Prid;<0) =5, /0 o an| 252

! 0
= /0 Lot |usts] <o} =5
where u = %, and o + 1 <j < K. Hence, for the first step
movement in f-phase, i.e., j = (¢ + 1), we have

d¢0¢
J <0} (38)

Pr(Xyi1 <Xot1, Yor1 <Vot1, Puyq <0)
0

27T/¢:<0 {¢“+¢x+1*2nL%J <0}’

1
<A 1{M+Vx+1 €08( 1) = [XaFVas1c0s(,i1)] <Xa<+1}dx‘1



Wireless Netw (2009) 15:365-389

379

1
! /(; 1{)’a+va<+l Sin(¢1} I)_ b’1+vx—l Sin((f)x‘ IH <Va+l }dyo') d('bd

X 1YVat10

. (39)

Given the result of (39), (d(o+ 1), ¢, ) is also uni-
formly distributed on [0,1)2 X [0, 2x). Through the induc-
tion argument, we directly prove that for the successive
step movements in f-phase and y-phase, the uniform dis-
tribution always holds. Therefore, we conclude that the
position and direction of the node are always uniformly
distributed during the first movement. Since pause time
does not affect the spatial node distribution in our SMS
model, by induction, the uniform node distribution holds
for the entire ith movement. Then, the ending position of
the ith movement P(i) is uniformly distributed over [0,1)2.
Because SMS process is a renewal process, according to
the stochastic property of renewal process, the position in
the entire (i + 1)th movement is also uniformly distributed.
Hence, we complete the proof of Lemma 1. [

5 Simulation results

In this section, we validate the analytical results in previous
section by ns-2 simulations, along with the evaluation of
effects of phase duration time and pause time.

5.1 Assumptions and parameters

We integrate our SMS model into the setdest of ns-2
simulator [41], which currently provides both an original
and a modified version of RWP model [25]. Each scenario
in our simulation contains 1000 nodes moving indepen-
dently in a square simulation region with size [0, 1500) m
x [0, 1500) m during a time period of 1000 s. Then, 30
realizations of each scenario are made through Monte
Carlo simulation. Since pause time dose not have a sig-
nificant effect on the built-in RWP model [17], for com-
parison of average speed and node distribution
demonstrated later in Sect. 4.4, we set zero pause time for
both models. According to the built-in RWP model, the
speed range for all scenarios is [0, 20] m/s. For the SMS
model, we set the unit time slot At as 1 s and the memory
parameter { as 0.5. The speed range of target speed v, in
the SMS model is considered in the range of [0, 20] m/s, so
that E{v,} = 10 m/s. In real life, it normally takes at least
6 s for a car to accelerate its speed from 0 to 20 m/s.
Hence, for simulation in the SMS model, when the target
speed v, is selected close to 20 m/s, we consider at least six
time steps for speed acceleration. Therefore, the range of
phase duration time [N,,;,, N,...] is selected either from
[6, 30] s or [10, 40] s.

Note, as the speed/direction in each time step of f-phase
are affected by a Gaussian random variable, there exists a
very small non-zero probability that speed/direction may
have a very large value in some time step. To avoid this
unwanted event, we set a threshold vy, for the speed and a
threshold n/2 for the direction change between two con-
secutive steps, respectively. If the new calculated value of
speed/direction is larger than the threshold, we reselect that
value.

5.2 Average speed

According to the original RWP model in ns-2, all nodes
start to move at the initial time, which is named strategy-1
in our evaluation. To be consistent with the simulation
strategy for the original RWP model, we let all nodes in the
SMS model start to move from the first step of a-phase.
Moreover, each phase duration time is in range of [6, 30] s.
Given the simulation condition of zero pause time and
E{a} = E{f} = E{y} = 18 s, from (32), the theoretical
result of E{v,} of SMS model is obtained as:
E{vs} = 2E{v,} = 6.7m/s. Both simulation and theoreti-
cal results of average speed vs. a time period of 1000 s are
shown in Fig. 5, from which we can see that after the first
200 s, the average speed of the SMS model with strategy-1
converges to the expected steady state speed 6.7 m/s and
stabilizes at that level, which perfectly matches the theo-
retical result, whereas the average speed of RWP model
continues decreasing with the simulation time.

With the modified RWP model [25], initial locations and
speeds of the nodes are chosen from the steady state dis-
tributions directly, namely strategy-2 [22, 42, 43]. By this
way, the steady state of RWP process is immediately
reached at the beginning of the simulation when V;, >
0 m/s. Correspondingly, for SMS model, we choose an
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9 Fin - RWP Strategy-1
ne ---SMS Strategy-2
8 it —SMS Theotretical Result
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Fig. 5 Average speed vs. simulation time
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initial state with a probability according to the
time stationary distribution of the SMS process,
T = (7y, Tp, Ty, T,) in (26). Specifically, if the initial phase
of a node is ff-phase or y-phase, the node will choose a
random initial step speed, as v,,; for the first step in
p-phase, or vg,; for the first step in y-phase, which is
uniformly distributed over [Viin, Vmax]- In Fig. 5, we can
see the average speed of the SMS model according to
strategy-2 is stable right from the start of simulation. As we
expected, the average speed through strategy-2 has the
same expected steady state speed 6.7 m/s as that obtained
from strategy-1. Since the average speeds of the SMS
model obtained through both strategies do not decay over
time regardless of initial speed, the simulation results are
consistent with our analytical proof shown in Sect. 4.

5.2.1 Effect of phase duration time

Here we want to observe the effects of the duration time of
each phase on steady state speed E{vy} in SMS model.
Interestingly, based on our analytical result of E{vg} in
(32), the average speed at steady state is independent of
phase duration time, if the range for each moving phase
duration is same, regardless of the interval selection of the
range. That is, if E{a} = E{f} = E{y} and without pause
time, the average speed at steady state in SMS model can
always be evaluated as: E{v} = %E{va} To validate our
theoretical result, we simulate two scenarios according to
phase duration time, [6, 30] s and [10, 40] s, respectively.
Simulation results based on these two scenarios are shown
in Fig. 6.

We can observe from Fig. 6 that the average speed with
strategy-2 converges to the same expected steady state
value 6.7 m/s since the beginning of the simulation. By

85 : ; - Strategy—1 [b,c] = [6,30]
9t —— Strategy-1 [b,c] =[10,40]
—— Strategy-2 [b,c] =[10,40]
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Fig. 6 Average speed vs. phase duration time
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simulation through strategy-1, the average speed based on
the range of [6, 30] s converges to the steady state faster
than that with the range of [10, 40] s due to its shorter
average movement duration time. In fact, the longer the
phase duration time, the longer time is taken for the
average speed to converge. We observe that after the first
300 s, average speeds of these two scenarios with both
strategies (1 and 2) are asymptotic to the same expected
steady state value. Thus, the theoretical proof of E{v,} in
(32) is validated by simulations.

5.2.2 Effect of pause time

In the proposed SMS model, pause time is the time interval
between any two consecutive movements. Let’s look at the
impact of pause time on the expected steady state speed.
Here, we allow SMS nodes to pause for a random time ?p
with a mean value E{7),} after each movement. According
to (26), the stationary pause phase probability =, is given
b.y T, = #TE{TF} Based on (32), for the phase duration
time selected from [6, 30] s, v € [0, 20] m/s, the effect of
pause time with regards to the stationary pause phase
probability 7,, and steady state speed E{vy} are shown in
Table 2.

Table 2 demonstrates that as E{7,} increases, m,
increases monotonously, whereas E{vy} decreases. Espe-
cially, the downtrend of Ef{vg} is more evident when
E{T,} is small. For instance, when E{7,} = 60 s, and m,, is
equal to 0.53, i.e., the pause phase becomes a dominant
time period in a movement. Correspondingly, E{vy} =
3.16 m/s which drops more than half of average speed for
E{T,} = 0 s. According to the numerical results shown in
Table 2, we find that for SMS model, there always exists a
stable average speed at steady state for arbitrary pause
time. Therefore, our proposed SMS model eliminates the
speed decay problem regardless of pause time.

5.3 Smooth movements

The SMS model is designed by following the physical
law of moving objects in order to fulfill the requirement
of smooth movements, which is the second desired fea-
ture of the SMS model introduced in Sect. 1. Thus, there
is no unrealistic behaviors such as sharp turns and sudden
stops in this model. Here we compare the distance which
is the Euclidean distance between the current position and
the starting position during one movement, with the trace
length which is the length of actual trajectory a node
travels during one movement. Different from all macro-
scopic mobility models, such as RD and RWP model,
because direction changes within one SMS movement, the
distance is not larger than the trace length. By observing
distance evolution during one movement, people can
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Table 2 Effect of pause time E(T,) (5) 0 10 20 30 40 50 60
on average speed
, 0 0.16 0.27 0.36 0.43 0.48 0.53
E{ v } (m/s) 6.67 5.63 4.86 4.29 3.83 3.46 3.16

indirectly tell the corresponding moving trajectory.
Specifically, if the distance increases monotonously, it
implies that the node travels forward with a smooth trace.
In contrast, if the distance decreases at some time, it
means that the node turns backward during the move-
ment, that is a sharp turn event occurs. In the third case, if
the distance is relative stable for some time interval, then
we can tell that the node is traveling along a circle
trajectory, where the starting position is the center of the
circle.

The simulation results of both trace length and distance
of an SMS movement are shown in Fig. 7, where o = 16 s,
f= 12 s,and y = 17 s. We can see that both trace length
and distance increase exponentially in both o-phase and
y-phase, due to the speed acceleration and deceleration,
respectively. Furthermore, the trace length [, is equivalent
to the distance, due to the constant direction ¢, in a-phase.
In f-phase, the trace length increases linearly, whereas the
uptrend of the distance fluctuates because of the change of
direction at every time step. Since the direction ¢, dose not
vary in p-phase, both the trace length and the distance
within y-phase increase. And the difference between ¢,
and ¢, directly determines the difference between the trace
length and distance in p-phase. Moreover, as the trace
length is the upper bound of the distance, the equality holds
when the node moves along a straight line during an entire
movement. From Fig. 7, the distance monotonously
increases during the entire movement period. Therefore,
we conclude that the mobility trace in SMS model is smooth
without sharp turns.
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Fig. 7 Distance and trace length

5.4 Uniform node distribution

We compare the spatial node distribution of the SMS
model with the RWP model to validate our proof through
simulation results. For both models, we deploy 1000 nodes
uniformly distributed in the simulation region at the initial
time. Then, we sample the spatial node position at the
500th and the 1000th second for the SMS model, and at the
1000th second for the RWP model, respectively. A top
view of two-dimensional spatial node position of the RWP
and the SMS models are shown in Fig. 8.

According to Fig. 8(a), it is clear that the node density
with RWP model is maximum at the center of the region,
while it is almost zero at the vicinity of the simulation
boundary. In contrast, from Fig. 8(b) and (c), the node
density of the SMS model at the two sampling time instants
are similar and mobile nodes are equally located within the
simulation region. Since 500th second is the middle stage
of the simulation period and 1000th second is the ending
time of the simulation, both snapshots of SMS model
demonstrate a uniform node distribution. Therefore, we
verified our proof in Lemma 1 that the SMS model with
border wrap has uniform spatial node distribution.

Since all mobile nodes travel independently and follow
the same movement pattern in the SMS model, according
to Lemma 1, we conclude that if the positions of all nodes
in the first movement are uniformly distributed, they are
uniformly distributed on the simulation region all the
time.

In summary, we have showed that this SMS model
unifies the desired features of mobility models such as
smooth movements, stable speed via analysis and simula-
tions, and uniform nodal distribution. To further demon-
strate the merits of the proposed model, in the next section,
we will discuss how to implement and adapt the SMS
model to networking environments. Also, we will illustrate
the impacts of the proposed model on link lifetime, and
network topology.

6 Implementation and impacts of SMS model

Since the SMS model describes the individual node
mobility according to time steps, it can be flexibly con-
trolled to simulate diverse moving behaviors including
straight lines or curves; short or long trips; stable or
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Fig. 8 Top-view of node distribution of RWP model and SMS model

variable speeds; fast or slow speed acceleration and
deceleration. Hence, the SMS model can be implemented
network simulations requiring flexible control of mobile
nodes, for example, the guidance of mobile robots with
smooth motion for disaster survivor detection [44] and for
navigation across a sensor network [45], or the guidance
of mobile agents for better connectivity in MANETSs [46].
We will explain the implementation of group mobility and
under geographical constraints, followed by the effects of
this model on relative speed, link lifetime, and node
degree.

The implementation of SMS model is not complex even
though the analysis of this model involves time steps at
microscopic level and movements at macroscopic level.
The key to a successful simulation is to specify target
speed for a-phase, the time steps for each phase, which
determines the granularity of speed change, pause time
after a stop, and correlation factor. For the purpose of case
studies and applications, we will discuss how to apply the
proposed model in different scenarios.

6.1 Extensions to group mobility

Several group mobility models are described in [12, 13, 47]
according to different MANET applications. Among these
models, Reference Point Group Mobility (RPGM) model is
the most widely used model; however, the similar problems
of abrupt moving behaviors and the average speed decay
also exist in RPGM model [47], since the leader in RPGM
model moves according to the RWP mobility pattern.
Moreover, it is difficult to generate mobility scenarios with
different levels of spatial dependency between group
members and their leader [12].

Here, we study the extension of SMS model to group
mobility for eliminating above limitations in RPGM model.
In SMS mobility model, we consider each group with one
leader and several group members. Initially, the leader lies
in the center of the group, and other group members are
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uniformly distributed within the geographic scope of the
group. The size of the group is dependent on the effective
transmission range of the wireless devices and the node
density. The group leader dominates the moving behaviors
of the entire group, including the node speed, direction and
moving duration. Specifically, the velocity of group
member m at its nth step is represented as:

ym = yleader 4 (1 — p) - U - AVipax 40

B = G (1= p) U A 40

where U is a random variable with uniform distribution
over [-1, 1]. AV and A¢,,,, are the maximum speed and
direction difference between a group member and the
leader in one time step. p €[0, 1] is the spatial correlation
parameter. When p approaches to 1, i.e., the spatial cor-
relation between a group member and the leader becomes
stronger, the deviation of the velocity of a group member
from that of the leader is getting smaller. Therefore, by
adjusting the parameter p, different SMS group mobility
scenarios can be generated.

In SMS group mobility model, the group leader follows
the exact mobility patterns defined in the SMS model. The
detailed moving behaviors of group members in SMS
model are described as follows. At the beginning of an
SMS movement, the group leader first selects the target
speed v, "’ target direction ¢,““*", and phase period «
which is the same as all group members. Then, corre-
sponding to v,“%" and ¢, “%", the target speed v, and
target direction ¢,” of group member m are selected from
(40). For each time step in f-phase, the speed and direction
of a group member are also obtained from (40) according
to the reference velocity of the leader at that time step.
When the leader transits into y-phase, similarly, each group
member selects its own values of v4” and ¢,” towards a
stop. Thus, the entire group will stop after y steps. By this
means, every group member can evenly accelerate/decel-
erate the speed in o/y-phase while keeping the similar
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mobility trajectory to the leader. Figure 9 gives an illus-
tration of five nodes traveling within one SMS movement
period in the proposed SMS group mobility model with
correlation parameter p = 0.9, where AVy,x =5 m/s, and
A = 7/3. It is observed that all trajectories of group
members are in close proximity to that of the leader, as
their spatial correlation are strong. Based on the above
demonstration, we conclude that SMS model can be easily
adapted to group mobility.

6.2 Adaption to geographical constraints

In real world, the movement of nodes are often under
geographical constraints such as streets in a city or path-
ways of obstacles [12, 13]. To achieve a more realistic
movement trajectory, Jardosh et al. [48] proposed an
obstacle mobility model, under the incorporation of ran-
domly selected obstacles, to restrict both node movement
as well as wireless transmissions. Also, Bai et al. discussed
a Manhattan mobility model in [1].

We observed that the typical moving behaviors of
vehicles match the four-phase mobility pattern in the SMS
model very well. Besides, vehicular ad hoc networking
(VANET) designed for safety driving and commercial
applications is a very important research branch of MA-
NETs. As an example, we discuss how to use SMS model
with geographical extension to simulate moving behaviors
of vehicles in a Manhattan-like city map. Figure 10 illus-
trates the map applied for our SMS model.

As shown in Fig. 10, each line segment represents a bi-
directional street of the city. The speed limit associated
with each type of street is labeled on the right side of the
map. In this model, the coordinate of intersection points
between streets and the street speed limit are known for all
nodes. Initially, mobile nodes are randomly deployed in the
streets. Each mobile node randomly chooses a destination
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and finds the shortest path using Dijkstra’s algorithm for
the next movement. For example, in Fig. 10, the node
located in (X;, Y;) will reach the destination (X,, Y5)
through the intersection point (X,, Y;). Because mobile
nodes are only allowed to move along the predefined
pathways in the map, the adapted SMS model describes a
straight line movement without direction change for each
trip. Thus, the moving behavior of an SMS node along the
street is pseudo-random. For each straight line movement,
the moving behaviors of the SMS node comply the fol-
lowing rules:

\/(Xi_Xj)z‘i‘(Yi_Yj)z:ga+vﬁ+§ya (41)

where V is the target speed and will not change during the
f-phase. The selection of V is determined by the associated
street speed limit V., such that V € [Viuir — € Viguid,
where ¢ is a small positive value. In this way, the SMS
movement along the street is a typical movement with even
speed acceleration and deceleration without speed decay
problem. Moreover, the SMS node can properly stop at the
target intersection point, such as (X, Y;) in this example.

6.3 Effects of SMS model

Almost all mobility models used in current simulation
tools, such as RWP model utilized in ns-2, describe com-
pletely uncorrelated mobility. The abrupt speed and
direction change events, induced by these models, will
influence the network topology change rate, which further
significantly affects the routing performance of the net-
work. Therefore, the simulation results and theoretical
derivations, based on current mobility models in the sim-
ulation tools, may not correctly indicate the real-life net-
work performance and effects of system parameters. Since
the SMS model provides more realistic moving behaviors
than current random mobility models, we apply the model
to estimate the network performance based on connectivity
metrics. Meanwhile, we want to find out whether the
evaluation results are much different from random mobility
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models, for example the RWP model; and how different
they are.

To generate different mobility levels for both RWP and
SMS models, we respectively set the initial average speed
E{v;,;} as 2, and 15 m/s. The PDFs of the relative speed of
two models according to the different initial average speed
E{v;,;} are shown in Fig. 11. F_or) a pair of neighboring
nodes (u, w), the relative speed V* of node u according to
the reference node w consists of two components in terms
of X-axis and Y-axis of a Cartesian coordinate system
centered at node w. Specifically, in the smooth model, the
magnitude of nth step relative speed of node u is:

Ve = \/(X,, —X,1)* + (Y, — Y,1)?, where X,_/X, is
the starting/ending coordinate of the nth step relative trip of
node u in X-axis, so is Y,_;/Y, for Y-axis. Since At = 1s, n
> 1. Based on the central limit theorem (CLT) [34],
when n > 1, both ii.d random variable X,, — X,, _; and
Y, — Y, _ can be effectively approximated by an identical
Gaussian distribution with zero mean [49]. Furthermore,
for any two independent Gaussian RVs, for example A
and B, with zero mean and equal variance, the RV

Z = /A% + B? has a Rayleigh density. Hence, the relative
speed V;, in the smooth model has an approximate Rayleigh
distribution, which exactly matches the results shown in
Fig. 11 of both scenarios with different E{v;,;}. However,
because of the speed decay [17] and abrupt velocity change
problems [12], the PDF of relative speed in the RWP model
varies irregularly during the simulation and tends to have
larger proportion in the region of small speed. This phe-
nomenon shows more apparently when E{v;,;} is large.
As the relative speed has a significant effect on the link
lifetime, we further evaluate the CDF of link lifetime be-
tween these two models. Here, we specify E{v;,;} as 2 m/s.
To investigate the effect of temporal correlation of node
velocity in fi-phase on link lifetime, we respectively set the
memorial parameter { as 0, 0.5, and 1 in the SMS model. The
simulation results are shown in Fig. 11(b). Given (3), when
{ = 1, the node velocity has the strongest correlation, and the
entire movement is a straight line according to the direction

¢, Incontrast, when{ # 1, the successive direction change
in the f-phase increases the chance of link failures. Thus,
from Fig. 11(b), in the region of short link lifetime, the
corresponding CDF for { = 1 is evidently less than that for {
=0 and { = 0.5. Based on (28), the SMS model generates
stable average speed according to E{v;,;}, regardless of the
value of {. Given E{v;,;} =2 m/s, we find that the expected
link lifetime of the SMS model based on different { is almost
same and around 100 s. In contrast, for the RWP model,
because of the speed decay problem, the relative speed be-
tween RWP nodes is generally less than that in SMS model.
Hence, the lower mobility level and lower topology change
rate increase the link lifetime in the RWP model. From
Fig. 11(b), we can see that the uptrend of CDF of link life-
time for the RWP model is dramatically less than that for the
SMS model. Meanwhile, the expected link lifetime of the
RWP model is 168 s, which is much longer than that of the
SMS model. Therefore, according to Fig. 11(b), we find that
the link lifetime analysis and evaluation in MANETS via
macroscopic random mobility models, such as RWP model,
may invalidate and even lead to wrong conclusions.

Due to different spatial node distributions, mobility
models with same node density (o) would yield different
average node degree during the simulation. As the default
transmission range R = 250 m for mobile nodes in ns-2, in a
square area of size 1401 mz, the node density of each model
is ¢ = 5/(n R?). Thus, on average each node would have four
neighbors during the simulation. Figure 11(c) illustrates the
percentage of nodes whose node degree is no less than four
during the simulation between these two models. We find that
the result obtained in the RWP model is apparently larger
than that of smooth model. This is because the majority of
nodes move into the center region in the RWP model as time
goes by [18]. In consequence, because of the longer average
link lifetime and higher network connectivity, the ad hoc
routing protocol performance based on RWP model with
regards to average hop count, end-to-end network through-
put, end-to-end packet delay and routing overhead is “better”
than that of the SMS model. Therefore, we conclude that the
network connectivity and routing protocols evaluation based
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on RWP model could be over optimistic. Thus, the SMS
model, which generates stable speeds and maintains uniform
node distribution, is more preferable for network connectivity
study and routing protocols evaluation in MANETS.

7 Conclusions

In this article, we proposed a novel mobility model, Semi-
Markov Smooth (SMS) model which can unify the desired
features of a mobility model. The mobility pattern defined
in the SMS model has memorial property between suc-
cessive step trips and is consistent with the physical law of
motion in real environments. Based on the stochastic
analysis, we proved that there is no average speed decay in
the SMS model regardless of initial speed and the SMS
model maintains uniform node distribution during the en-
tire simulation period. These properties are also validated
by simulations. We also demonstrated that the SMS model
can be extended to group mobility and adapted to geo-
graphical constraints. Moreover, we evaluate the applica-
tion effects of SMS model with respect to the PDF of
relative speed between a pair of neighboring nodes, the
CDF of link lifetime, and node degree in MANETSs. Be-
cause the SMS model possesses a variety of nice properties
and it satisfies the requirements of a “sound mobility
model” introduced in [25], this model can be used as a
benchmark mobility model for evaluating the performance
of various mobile wireless networks.

Appendix

Derivation of the PMF of movement steps X

Let K = Z+ 1y, where Z = o+ . Then, we derive the
pmf of IC by two steps. First, we derive the pmf of random

Prob{K = k}
k—(Nonin+Nyax) Ninax

= Y Ph=rP{Z=k-r}+ >

=N r=k—(Nin+Nax)+1
| k—=(Nynin~+Nonax)
= (Zanax+1_k+r)+
(Nmax - Nmin + 1)3 r;min

_6k(Nmin +Nmax) B 2k2 — 3(Nr%u'n + N2

max

variable Z, which is the function (summation) of two
independent uniform discrete random variables. The simi-
lar example for deriving the pdf of summation two inde-
pendent continuous random variables is shown in Sect. 6-2
in [34]. By substituting tyin, fmin a0d Emaxs Pmax With N,
and N, respectively, the pmf of Z is derived as:

Z—2Npin+1
o ) (Npu—Nint1)?
Prob{Z =7} = { Wyt 1-2
(Noax— min+1)2

2Nmin S Z S Nmin + wac
Nmin +Nmax SZ S 2Nmax

(42)

Second, we obtain the pmf of K which is summation of
random variable Z and uniform random variable 7.
Figure 12 illustrates a rectangular region inside the y — Z
coordinates, which is the intersection area of the domains
between y and Z. This rectangular region is split into three
zones by two dotted lines. For each zone, the pmf of C is
derived with respect to three disjoint intervals of domain
K. For zone 1, where 3N,,;, < k < 2N,,in + Nppax-

Prob{K = k}
k_szin
r=b
k- 2y 1 k—7r—2Npyp +1 (43)

r=b (Nmax = Nonin + 1) (Nmux — Nyin + ])2
k* — 6k - Nyin + 3k + ON2. — ONpin + 2
3 .

2(Nmax - Nmin + 1)

For zone 2, where 2N,,;, + Nyax < k < Nyin + 2Ny, DY
aSSllming 2Nmin + Nmux < Nmin + 2Nmax~

P{y=r}P{Z=k—r}

Nyar (44)
(k — 1 — 2Npin + 1)

r=k—(Nin~+Niax)+1
+ 4Nmin : Nmax + Nmin - Nmax) +2

Z(Nmax - Nmin + 1)3

@ Springer



386

Wireless Netw (2009) 15:365-389

max.

~ Zone
]

K= Nmin+2N max

.
RS
Nmmi N .~
. .
N .
N
\ b

2N, 2Nmii" N max 2N,

min max

Zz

Fig. 12 Different domain intervals of IC

For zone 3, where 2N,,,x + Nyuin < k < 3N,0x-

Prob{K = k}
Nmax
= Y Ply=rP{Z=k-r}
r=k—2Npax
N 1 Wpax +1—k+r (49

r=k—2Npax (Nmax - Nmin + 1) (Nmax — Nmin + 1)2
_k* — 6k - Nyar — 3k + N7, + N + 2
2(N — Noin + 1)

By combining (43)—(45), we can obtain the complete
pmf of I shown in (8).

Let R;(v) denote the total time when step speeds are less
than v in the ith movement. From (46), R(v) represents as:

(D) +B(0)

Zl{vw <v}+ Z Li(ig) <o}
=o(i)+1

47

T(i) ( )

Ly

J=a(i) () +1

Li(ig) <v}-

In a discrete-time SMS process, {R(v)};, {T};, and {7},
are all i.i.d. random sequences, i.e., E{T(i)} = E{T},
E{T, ()} = E{(T,}, and E{R(v);} = E{R(v)}. ASN(t) —
oo, by the strong law of large number, from (46) and (47),
Pr{ivg, < v } is derived as:

1 o
“E(T) - E(T,) (E{TP} +E{]le{w<v}

o+ T
+ > lyent Y 1{w§v}}>

Jj=o+1 Jj=a+p+1
_E{R(M)} +E{T,)
E{T} + E{T)}

Pr{vg <v}

(48)
Based on (48), we derived E{R(v)} with respect to «-
phase, ff-phase, and y-phase as follows.

1. The average total time when step speeds in o-phase of
one movement are lower than v is:

o Nmax o
E{Zl{wﬁv}} =Y > E{lpg < E{lpmm)
=

m=Npin j=1

Derivation of the CDF of steady state speed v Npax M v
o .
= Z ZPr{oc = m}Pr{Ejgv}
The cumulative density function (CDF) of steady state 1M=Npin J=1
speed v, can be derived from the limiting fraction of time 1 Nopay - - i
when step speeds are less than v, as the simulation time ¢ = Noax — Nopwin + 1 ; ZI: . Jr,(v)dv.
approaches to infinity. Whent — oo, N(f) — o, we have P S (49)
Pr{vg <v}
M M, N
— lim Zn:at) l{vnSV} + Zn:l([) I{Vn <v} — lim Zz:(i) Z ]) 1{ (ig) <v} +T, ( )
(=00 M(t) + M, (1) N(r)—00 Z,: (T(GQ) +T,(5)) (46)
ﬁZN(? a(i)+B(i) T(i)
. 13 = .
= yim S Z Lt 2 Toaent D Townsn + 10
2=t (T() + T, (i) +1 j=(i)TBG)+1
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2. The average total time when step speeds in f-phase of ma}v S Pr{B = m}E{vs(j)}
one movement are lower than v is: Ep{vy} == f=
E{T} + E{T}}
ok Now B E{vx} Moo mPr{f = m} (53)
Bl 5" 1o = 3% Setti o ettyen) K7 S E(T)
Jj=o+1 Mm=Np j=1
Moy __EUE(}
= Y Pr{p=m}Priv(j) <v} E{T} + E{T,}
Mm=Ny j=1
1 N,W 3. The average steady state speed E,{v,} in y-phase is:
:Nmax ﬂllil + 1 / fVﬁ(J

m= NmmJ 1

(50)

3. The average total time when step speeds in y-phase of
one movement are lower than v is:

T
E{ > l{v/<v}}

Jj=o+p+1

Niax

=Y ZE{I{V )< HE{ ey }

m=Nyin j=1
Ninax m ] (5 1)
= Z ZPr{y m}Pr{vlg <1 - —) < v}
. m
m=Nyin j=1
1 NI’IHA

- / £y)

Nmax len + 1

m= Nmm Jj=1

By combining (48) to (51), we obtain the value of E{ R(v)}
and show the final CDF result of v in (27).

Derivation of expected steady state speed E{v}

Based on (30), We derive four components of E{v}
according to each state of embedded semi-Markov chain
{V,} as follows.

1. The average steady state speed E,{v,} in a-phase is:

Mo S Pr{o=m} [,v-
E{T} + E{T,}
ZZ':’}VW Prioc=m}> ", L E{v,}
E{T} + E{T)}
_E{vi} Sohme L pr{o = m}
E{T} + E{T)}
_E{}(1 + E{a})
- E{T} +E{T,}

Ea{vss} = fv’ (T)

(52)

2. The average steady state speed Eg{v,,} in f-phase is:

meaj\/mm Zj 1 Pr{y - m} f v fv;; )
Ertvo} = E{TY T T}
e Priy =m} S L Efvg}

B E{T} + E{T,}

_E{v.} e Lpry=my Y

E{T} + E{T,}
_E{w} S m L Priy = m}
E{T} + E{T,}
B ER} - 1)
E{T} + E{T,} ~

(54)

4. The average steady state speed E; {v,,} in pause phase
is:

E[,,{Vss}:/v

By combining (52) to (55), we obtain the expected steady
state speed E{v}, which is shown in (32).

E(T}o0)

)+ e 53)

References

1. Bai, F., Sadagopan, N., Krishnamachari, B., & Helmy, A. (2003).
“Important: A framework to systematically an-alyze the impact
of mobility on performance of routing protocols for ad hoc net-
works,” in Proc. of IEEE INFOCOM, Vol. 2, San Francisco, CA,
USA, 825-835

2. Sadagopan, N., Bai, F., Krishnamachari, B., & Helmy, A. (2003).
“Paths: Analysis of path duration statistics and their impact on
reactive manet routing protocols,” in Proc. of ACM MobiHoc,
Annapolis, MD, USA, 245-256

3. Jain, R., Lelescu, D., & Balakrishnan, M. (2005). “Model T: An
empirical model for user registration patterns in a campus wireless
LAN,” in Proc. of ACM MobiCom, Cologne, Germany, 170-184

4. Kyriakakos, M., Frangiadakis, N., Merakos, L., & Hadjieft-
hymiades, S. (2003). “Enhanced path prediction for network
resource management in wireless LANs”, IEEE Wireless Com-
munications, Vol. 10, 62-69

5. Iraqi, Y., Ghaderi, M., & Boutaba, R. (2004). “Enabling real-time
All-IP wireless networks,” in Proc. of IEEE Wireless Commu-
nications and Networking Conference (WCNC), Vol. 3, Atlanta,
Georgia, USA, 1500-1505

@ Springer



388

Wireless Netw (2009) 15:365-389

6.

10.

11.

12.

13.

14.

15.

16.

17.

19.

20.

21.

22.

23.

24.

Gupta, V., & Dixit, A. (1996). “The design and deployment of a
mobility supporting network,” in Proc. of international Sympo-
sium on Parallel Architectures, Algorithms, and Networks, 1996.,
Beijing, China, 228-234, IEEE Computer Society

. Cheng, M., Cardei, M., Sun, J., Cheng, X., Wang, L., Xu. Y., &

Du, D. -Z. (2004). “Topology control of ad hoc wireless networks
for energy efficiency”, IEEE Transactions on Computers,
Vol. 53, 1629-1635

. Borkar, V., & Manjunath, D. (2005). “Distributed topology

control of wireless networks,” in Proc. of 3rd IEEE International
Symposium on Modeling and Optimization in Mobile, Ad Hoc and
Wireless Networks (WIOPT), Garda, Trentino, Italy, 155-163

. Grossglauser, M., & Tse, D. (2001). “Increases the capacity of

ad-hoc wireless networks,” in Proc. of IEEE INFO-COM, Vol. 3,
Anchorage, Alaska, USA, 1360-1369

Bettstetter, C. (2004). “On the connectivity of ad hoc networks,”
Computer Journal, Special Issue on Mobile and Pervasive
Computing, 4, 432-447

Yuen, W.H., & Sung, C.W. (2003). “On energy efficiency and

network connectivity of mobile ad hoc networks,” in Proc. of

23rd IEEE International Conference on Distributed Computing
Systems, Providence, RI, USA, 38-45
Bettstetter, C. (2001). “Smooth is better than sharp: A random

mobility model for simulation of wireless networks,” in Proc. of

ACM International Symposium on MSWiM. (Rome, Italy) 19-27
Camp, T., Boleng, J., & Davies, V. (2002). “A survey of mobility
models for ad hoc networks research,” Wireless Communication
and Mobile Computing (WCMC): Special issue on Mobile Ad
Hoc Networking: Research, Trends and Applications, Vol. 2 (5),
483-502

Song, L., Kotz, D., Jain, R., & He, X. (2004). “Evaluating
location predictors with extensive Wi-Fi mobility data,” in Proc.
of IEEE INFOCOM, Vol. 2, Hong Kong, China, 1414-1424
Chinchilla, F., Lindsey, M., & Papadopouli, M. (2004). “Analysis
of Wireless information locality and association patterns in a
campus,” in Proc. of IEEE INFOCOM, Vol. 2, Hong Kong,
China, 906-917

Johnson, D.B., & Maltz, D.A. (1996). “Dynamic source routing
in ad hoc wireless networks,” in Mobile Computing (Imielinski
and Korth, eds.), Vol. 353, Ch. 5, 153-181, Kluwer Academic
Publishers

Yoon, J., Liu, M., & Noble, B. (2003). “Random waypoint
considered harmful,” in Proc. of IEEE INFOCOM, Vol. 2, San
Francisco, CA, USA, 1312-1321

. Bettstetter, C., Resta, G., & Santi, P. (2003). “The node distri-

bution of the random waypoint mobility model for wireless ad hoc
networks,” IEEE Transactions on Mobile Computing, Vol. 2,
257-269

Blough, D. M., Resta, G., & Santi, P. (2004). “A Statistical
analysis of the long-run node spatial distribution in mobile ad hoc
networks,” ACM Wireless Networks, Vol. 10, 543-554

Royer, E., Melliar-Smith, P., & Moser, L. (2001). “An analysis of
the optimum node density for ad hoc mobile networks,” in Proc.
of IEEE International Conference on Communications (ICC),
Vol. 3, Helsinki, Finland, 857-861

Nain, P., Towsley, D., Liu, B., & Liu, Z. (2005). “Properties of
random direction models,” in Proc. of IEEE INFOCOM, Vol. 3,
Miami, FL, USA, 1897-1907

Boudec, J.-Y.L., & Vojnovic, M. (2005). “Perfect simulation and
stationarity of a class of mobility models,” in Proc. of IEEE
INFOCOM, Vol. 4, Miami, FL, USA, 2743-2754

Liang, B., & Haas, Z. (1999). “Predictive distance-based mobility
management for pcs networks,” in Proc. of IEEE INFOCOM,
Vol. 3, (New York, NY, USA), 1377-1384

Zhao, M., & Wang, W. (2006). “A Novel Semi-Markov Smooth
Mobility Model for Mobile Ad Hoc Networks,” in Proc. of IEEE

@ Springer

25.

26.

217.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

GLOBECOM, Best Student Paper Award-Communication
Networks

Yoon, J., Liu, M., & Noble, B. (2003). “Sound mobility models,”
in Proc. of ACM MobiCom, San Francisco, CA, USA, 205-216
Fang, Y., Chlamtac, 1., & Lin, Y. -B. (2000). “Portable move-
ment modeling for PCS networks,” [EEE Transactions on
Vehicular Technology, Vol. 46, 1356-1363

Wang, G., Cao, G., & Porta, T.L. (2004). “Movement-assisted
sensor deployment,” in Proc. of IEEE INFOCOM, Vol. 4, Hong
Kong, China, 2469-2479

Bansal, N., & Liu, Z. (2003). “Capacity, delay and mobility an
wireless ad-hoc networks,” in Proc. of IEEE INFOCOM, San
Francisco, CA, USA, 1553-1563

Samar, P., & Wicker, S.B. (2004). “On the behavior of com-
munication links of node in a multi-hop mobile environment,” in
Proc. of ACM MobiHoc, Tokyo, Japan, 145-156

McGuire, M. (2005). “Stationary distribution of random walk
mobility models for wireless ad hoc networks,” in Proc. of ACM
MobiHoc, Urbana-Champaign, IL, USA, 90-98

Feller, W. (1971). An Introduction to Probability Theory and Its
Applications, Volume II. Wiley Series in Probability and Math-
ematical Statistics, 2 ed.

Heyman, D.P., & Sobel, M.J. (1982). Stochastic Models in
Operations Research, Volume I. McGraw-Hill, 2 ed.
Shiryaev, A. (1995) Probability. Springer, 2 ed.

Papoulis, A. (1991). Probability, Random Variables,
Stochastic Process. McGraw-Hill

Camp, T., Boleng, J., Williams, B., Wilcox, L., & Navidi, W.
(2002). “Performance comparison of two location based routing
protocols for ad hoc networks,” in Proc. of IEEE INFOCOM,
New York, NY, USA, 1678-1687

Ko, Y.-B., & Vaidya, N.H. (1998). “Location-aided routing
(LAR) in mobile ad hoc networks,” in Proc. of ACM MobiCom,
Dallas, Texas, USA, 66-75

Boleng, J., & Camp, T. (2003). “Adaptive location aided mobile
ad hoc network routing,” Technical Report MCS-03-09, The
Colorado School of Mines

Li, J., & Mohapatra, P. (2003). “Laker: Location aided knowl-
edge extraction routing for mobile ad hoc networks,” in Proc.
IEEE WCNC, Vol. 2, New Orleans, LA, USA, 1180-1184

Li, J., Jannotti, J., DeCouto, D., Krager, D., & Morris, R. (2000).
“A scalable location service for geographic ad-hoc routing,” in
Proc. of ACM Mobicom, Boston, MA, USA, 120-130

“Psi function. http://mathworld. Wolfram.com/digammafunction.
html”

“The network simulator ns-2. http://www.isi.edu/nsnam/ns/,”2003
Lin, G., Noubir, G., & Rajaraman, R. (2004). “Mobility models
for ad hoc network simulation,” in Proc. of IEEE INFOCOM,
Vol. 1, Hong Kong, China. 454463

Navidi, W., & Camp, T. (2004). “Stationary distributions for
the random way point mobility model,” IEEE Transactions on
Mobile Computing, Vol. 3, 99-108

Aoyama, H., Himoto, A., Fuchiwaki, O., Misaki, D., & Sumrall, T.
(2005). “Micro hopping robot with IR sensor for disaster survivor
detection,”in Proc. of IEEE International workshop on Safety,
Security and Rescue Robotics, kobe, Japan, 189-194

Li, Q., Rosa, M.D., & Rus, D. (2003). “Distributed algorithms for
guiding navigation across a sensor network,” in Proc. of ACM
Mobicom, San Francisco, CA, USA, 313-325

Agarwal, P. K., Guibas, L. J., & etal., H. E. (2002). “Algorithmic
issues in modeling motion,” ACM Computing Surveys (CSUR),
Vol. 34 (4), 550-572

Hong, X., Gerla, M., Pei, G., & Chiang, C. (1999). “A group
mobility model for ad hoc wireless networks,” in Proc. of ACM
International Symposium on MSWiM, Seattle, Washington, USA,
53-60

and



Wireless Netw (2009) 15:365-389

389

48. Jardosh, A., Belding-Royer, E. M., Almeroth, K. C., & Suri, S.
(2003). “Towards realistic mobility models for mobile ad hoc
networks,” in Proc. of ACM Mobicom, San Francisco, CA, USA,

217-229

49. McDonald, A. B., & Znati, T. F. (1999). “A mobility-based
framework for adaptive clustering in wireless ad hoc networks,”
IEEE Journal on Selected Areas in Communications, Vol. 17,

1466-1487

Author Biographies

Ming Zhao received the B.S.
of Electrical Engineering from
Harbin Institute of Technology
in 1997. He received the
M.S.E.E. from China Academy
of Telecommunications Tech-
nology in 2000 and New York
State University at Buffalo in
2004, respectively. He is cur-
rently a Ph.D. student with the
Department of Electrical and
Computer Engineering, North
Carolina State University. His

current research interest include mobility modeling, network topol-
ogy, and mobility management in wireless networks.

Wenye Wang M98/
ACM’99) received the B.S.
and M.S. degrees from Beijing
University of Posts and Tele-
communications, Beijing, Chi-
na, in 1986 and 1991,
respectively. She also received
the M.S.E.E. and Ph.D. degree
from Georgia Institute of
Technology, Atlanta, Georgia
in 1999 and 2002, respectively.
She is now an Assistant Pro-
fessor with the Department of
Electrical and  Computer
Engineering, North Carolina
State University. Her research interests are in mobile and secure
computing, quality-of-service (QoS) sensitive networking protocols in
single- and multi-hop networks. She has served on program com-
mittees for IEEE INFOCOM, ICC, ICCCN in 2004. Dr. Wang is a
recipient of NSF CAREER Award in 2006. She has been a member of
the Association for Computing Machinery since 2002.

@ Springer



	A unified mobility model for analysis and simulation �of mobile wireless networks
	Abstract
	Introduction
	A unified mobility model: SMS model
	Model description
	Speed up phase (&agr;-phase)
	Middle smooth phase (&bgr;-phase)
	Slow down phase (&ggr;-phase)

	Stochastic process of SMS model
	Renewal process of SMS model
	Semi-Markov process of SMS model


	Stochastic properties of SMS model
	Movement duration
	Stochastic properties of step speed
	Step speed in &agr;-phase
	Step speed in &bgr;-phase
	Step speed in &ggr;-phase

	Trace length
	Trace length l&agr; in &agr;-phase
	Trace length l&bgr; in &bgr;-phase
	Trace length l&ggr; in &ggr;-phase


	Steady state analysis
	Time stationary distribution
	Speed distribution at steady state
	Average speed at steady state
	Spatial node distribution

	Simulation results
	Assumptions and parameters
	Average speed
	Effect of phase duration time
	Effect of pause time

	Smooth movements
	Uniform node distribution

	Implementation and impacts of SMS model
	Extensions to group mobility
	Adaption to geographical constraints
	Effects of SMS model

	Conclusions
	Appendix
	Derivation of the PMF of movement steps {{\cal K}}
	Derivation of the CDF of steady state speed vss
	Derivation of expected steady state speed E{vss}

	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


