Journal of Network and Computer Applications 36 (2013) 1050-1056

journal homepage: www.elsevier.com/locate/jnca

Contents lists available at SciVerse ScienceDirect

Journal of Network and Computer Applications

NETWORK&
COMPUTER
APPLICATIONS

Mobility analysis in vehicular ad hoc network (VANET)

Liren Zhang*, Abderrahmane Lakas, Hesham El-Sayed, Ezedin Barka

College of Information Technology, United Arab Emirates University, Al-Ain, UAE

ARTICLE INFO ABSTRACT

Article history:

Received 31 January 2012
Received in revised form

29 August 2012

Accepted 12 December 2012
Available online 9 January 2013

Keywords:
Mobility Modeling and Analysis

investigated.
VANET

This paper focuses on vehicle mobility analysis in VANET. The performance of vehicle mobility in terms
of average inter-vehicle link available time and the average number of inter-vehicle link changes for
maintaining an active link in VANET is analyzed using both handover model and random moving
model, respectively. The theoretical analysis is verified by simulation experiments. The numerical
results indicate that the analytical random moving model is able to appropriately present the behavior
of vehicle moving under different conditions, especially when mobile vehicle is moving relatively fast.
On the other hand, the effect of traffic conditions on the accuracy of theoretical analysis is also
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1. Introduction

In a vehicular ad hoc network (VANET) without pre-existing
fixed infrastructure, end-to-end multi-hop communications are
based on packet relay through mobile vehicles, which are acting
as routers. Since mobile vehicles are free to move randomly,
vehicle mobility is one of the most important issues in protocol
design. The effects of vehicle mobility on traffic flow control,
routing path selection, mobile channel assigning, control over-
head estimation and QoS management have been concerned by
many researchers (McDonald and Znati, 1999; Santi and Blough,
2003; Stojmenovic, 2002; Chiang, 1998; Johansson et al., 1999;
Bettstetter, 2001; Haas, 1997; Hong et al, 1999; Wang and
Baochun, 2002; Garcia and Madrga, 1999; Das et al., 2001; Shen
and Du, 2010; Kim et al., 2009; Aschenbrucka et al., 2011; Ahmed
et al., 2010; Zaidi and Mark, 2011), in which a common approach
for performance analysis in such networks is the synthetic
mobility model on geographical basis by either simulations or
realistic vehicular trace data obtained by street measurements
(Fan Li and Wang, 2007).

However, most of these models are limited to a specific road
traffic conditions such as street conditions, urban conditions,
traffic conditions and vehicle density.

Mobility models usually focus on the individual moving
behavior between mobility epochs. Here, an epoch is considered
as short time period, in which both moving speed and moving
direction of vehicles are approximately considered as constant.
One popular mobility model is the random moving mobility
model (Camp et al., 2002), (McDonald and Znati, 1999), (Garcia
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and Madrga, 1999), (Nanda, 1993), in which the moving of vehicle
is divided into a sequence of mobility epochs. In this model, both
of the speed and direction are constant within an epoch, but
randomly vary from epoch to epoch. Another mobility model
being widely used is called random waypoint model (Johansson
et al., 1999; Das et al., 2001; Bettstetter et al., 2003; Navidi and
Camp, 2004; Fan Li and Wang, 2007), which is an extended
version of random moving model. In the random waypoint model,
the entire movement of a vehicle is divided into repeating pause
and motion periods. The mobile vehicle stays at a position for a
random period and then moves to a new randomly selected
position at a constant speed that is assumed to be uniformly
distributed. Nadeem et al. (2004) modified the random waypoint
model by accepting road length, average speed, number of lanes,
and average gap between vehicles as parameters. Saha and
Johnson (2004) first attempted to propose a realistic street
mobility model, where they used the road information from the
TIGER (Topologically Integrated Geographic Encoding and Referen-
cing) (US Census Bureau) US road map by US Census Bureau. In
their model, they convert the map into a graph. Then they assume
that each node starts at some random point on a road segment
and moves toward a random destination following shortest path
algorithm.

A new trend of building mobility model is using the realistic
vehicular trace data. FiiBler et al. (2005) used a set of movement
traces derived from typical situations on German Autobahns to
simulate the traffic movement on a highway. The movement of
cars is defined as tuples of a one-dimensional position and a lane
on the highway for discrete time steps of 0:5s. They cut those
movement trace data into valid portions and combine them into
certain movement scenarios. Jetcheva et al. (2003) recorded the
movement traces of the buses of the public transportation system
in Seattle, Washington. However, these traces only describe the
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movement of the buses; they represent a tiny fraction of the total
number of road traffic participants. Recently, Naumov et al.
(2006) introduced a new source of realistic mobility traces for
simulation of inter-vehicle networks. Their traces are obtained
from a Multi-agent Microscopic Traffic Simulator (MMTS) (Zaidi and
Mark, 2011), which is capable of simulating public and private
traffic over real regional road maps of Switzerland with a high
level of realism. Other mobility models include the Markovian
Model (Chiang, 1998), the Incremental Model (Haas, 1997), the
Smooth Model (Bettstetter, 2001), and group mobility models,
such as the Reference Point Group Mobility Model (Hong et al.,
1999) and the Reference Velocity Group Mobility Model (Wang
and Baochun, 2002). Technical reviews on the existing mobility
models are presented in Camp et al. (2002) and Hong et al. (1999).

Since the analysis of random moving behaviors of mobile
vehicles is complicated, the most researchers currently
(Stojmenovic, 2002; Chiang, 1998; Johansson et al., 1999;
Bettstetter, 2001; Haas, 1997; Hong et al., 1999; Wang and
Baochun, 2002; Garcia and Madrga, 1999; Das et al., 2001) use
simulation as the major tool to evaluate the performance of
VANET. Where, vehicle mobility in a simulation takes into
account the probability distribution functions covering both
moving direction and speed continuously as the simulation
progresses. However, such simulation usually requires huge
amount of computation power to achieve the statistics of
steady-state performance. Hence, study of characteristics of
vehicle mobility and their effects on VANET with large amount
of mobile vehicles intend is usually impractical by simulation
rather than analytical methodology. However, so far a few of
research works have studied the vehicle mobility using analytical
methods. McDonald and Znati (1999) theoretically described the
aggregate behavior of mobile vehicle including the characteristics
of the aggregate distance and direction using a random mobility
vector, which is assumed to follow a Rayleigh distribution. In
their paper, mobile vehicle are dynamically divided into clusters
and the impact of mobility is presented in terms of link avail-
ability. Moreover, the stationary distributions of location, speed
and pause time for the random waypoint mobility model have
been derived in Bettstetter et al. (2003) and Navidi and Camp
(2004). These analytical results can be applied to design efficient
and reliable simulations.

The impact of vehicle mobility can be measured in terms of
inter-vehicle link available time and number of inter-vehicle link
changes to maintain an active connectivity in VANET (Hong and
Rappaport, 1986). The link available time is defined as the time of
a wireless link between an arbitrary pair of neighboring vehicles,
which represents the time period that the moving vehicles can
schedule wireless medium access for next handoff, assign the rate
of sending “Hello” packets to the neighboring vehicles, and
update location information. Another important parameter is
the number of inter-vehicle link changes to maintain active
connectivity. This is because that outage of inter-vehicle link
can trigger new route discover/recovery process. For the purpose
of alleviating control overheads, maintaining short end-to-end
delay and utilizing the network resource efficiently, the number
of link changes must be as little as possible. To the best of our
knowledge, there are no existing reports of theoretical analysis to
derive these two mobility parameters in VANET.

In this paper, the random movement of mobile vehicle is
characterized by the relative velocity between two neighboring
vehicles. The performance analysis focuses on the mobility
characteristics using handover model (Hong and Rappaport,
1986) and random moving model, respectively. The first major
contribution of this paper is the probability distribution functions
of mobile vehicle mobility in terms of inter-vehicle link available
time and number of inter-vehicle link changes to maintain an

active connectivity, which are the most important parameters
able to represent the vehicle mobility behavior in VANET (Camp
et al., 2002; McDonald and Znati, 1999; (Garcia and Madrga,
1999; Nanda, 1993). The second major contribution is a novel
methodology for the analysis using the random moving model.
Since the random moving model has been considered as the best
model to describe the real-time moving behavior of vehicle
mobility so far, the analytical methodology presented in this
paper is able to be extended into the other complicated mobility
models.

2. Vehicle mobility model

The vehicle mobility modeling presented in this paper is a
discrete-time process that characterizes the movement of mobile
vehicle in a two-dimensional space. The instantaneous movement
of two neighboring vehicle h; and h; can be represented by
velocity v; and v;, respectively, where h; is denoted as the
reference point with a radio transmission range of radius r, while
h; is moving within the transmission range of h;. The instanta-
neous velocity difference between h; and h; is represented using a
relative velocity v4=v;—v4. We assume that both |v;| and |v;| are
in a range of (0,V,;) with a general distribution, where V,, is the
maximum value, then the absolute value of relative velocity |vq|
is obviously in the range of (0,2V},).

Fig. 1 illustrates that vehicle h; moves through the radio
coverage area of a sequence of conjoint vehicle h; (i=1,2,3,...)
to maintain its active connectivity in VANET. The inter-vehicle
link available time between h; and h; is defined as the sojourn
time T; (i=1,2,3,...), which is the time that h; moves in the inside
of the radio coverage boundary of h;. However, as shown in Fig. 2,
vehicle h; may not be able to find any other neighboring vehicle to
maintain its active connectivity in the VANET for a short period of
time, when h; moves out the radio coverage boundary of h;. In the
paper, our analysis is done under an assumption that a sequence
of conjoint vehicle h; (i=1,2,3,...) is always available for vehicle h;
to maintain its active connectivity in VANET, as shown in Fig. 1.
However, the numerical results obtained from analytical models
are validated by simulations which take into account of link
outages due to temperately not available of conjoint vehicle to
maintain an active link in VANET, as shown in Fig. 2.

Consider an arbitrary active connectivity of negative exponen-
tial distribution holding time with a mean value of 1/uc. Let Ny be
the number of inter-vehicle link changes to maintain the active
connectivity during the holding time. As shown in Fig. 1, vehicle h;
has an established link connection with vehicle h; in the time
interval T;. When h; moves out of the radio coverage range of h; at
the end of time interval T;, h; must switch its link connectivity to
neighboring vehicle h, immediately at the beginning of the time
interval T,. If the radio coverage range of conjoint vehicle
hi(i=1,2,---) are overlapped each other, then h; is able to
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Fig. 1. The sojourn time for h; traveling in the network.
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Fig. 2. The sojourn time for h;.

continually switch its link from h; to h; . at the end of sojourn
time T; (i=1,2,3,...).

Let fr,(t) be the PDF (probability density function) of T;, then
the Laplace transform of fr,(t) is given by

o= [ " et

Since the holding time is negative exponentially distributed,
the PDF of holding time is given by

fu®=pce <t (t>0),

where 1/uc is the average holding time. Therefore,
Fi(ne) = [ frve teide =E(e ) M

As shown in Fig. 1, to maintain an active connection, the
average number of inter-vehicle link changes experienced by h;
can be obtained by:

T, T,
EMNkely, 1, 7,,.)=1 / pee Hetde+2 / Hce tetde
o Jo Jt,

T
+3 ’ Lee Htdt 4 - - )

T2
where the term j'OT uceHctdt represents the first handover
experlenced by h; during the time interval [0,T;], the term
2 e ictdt represents the second handover during the time
1nterva1 [T1,T2], and so on. Note that since the sojourn time Ty, T5,
-, Ty, - - represent the time that h; moves in the inside of the radio
coverage boundary of hy, hy, -, h;, - -, respectively. Note that the
time interval [0,T,], [T1,T2], ---, [Ti—1.T)i - - considered for hand-

over are not unequal time intervals.

The average number of inter-vehicle link changes is defined as
E(Nhe) = E(E(Nyc|y, 1, ..7,..)) that can be obtained by combining

Egs. (1) and (2), that is

E(Nyno) =7, (1c) + 15, (uc) P +I7, ()P +
f 7, (.“C)

= 3
1-f7, (1) ©)

3. Mobility analysis

In this section, effects of vehicle mobility in terms of average inter-
vehicle link available time and average number of inter-vehicle link
changes to maintain an active connectivity are analyzed using both
mobile handover model (Hong and Rappaport, 1986) and random
moving model (Camp et al., 2002; McDonald and Znati, 1999; Garcia
and Madrga, 1999; Nanda, 1993), respectively.

3.1. Mobility analysis using mobile handover model
The mobile handover model (Hong and Rappaport, 1986) is

analyzed with the following assumptions: (1) the relative moving
rate and the relative moving direction between two mobile

vehicles are considered as two independent random variables,
(2) vehicle moving velocity only randomly changes when inter-
vehicle link changes, and (3) vehicle moving rate has a general
distribution and moving direction is uniform distribution ranging
from 0 to2m (Navidi and Camp, 2004; Fan Li and Wang 2007).

3.1.1. Analysis of inter-vehicle link available time

Consider mobile vehicle hj moves in the inside of the radio
coverage boundary of mobile vehicle h; for a sojourn time T; at a
constant relative velocity v,,. Let X; denote the distance that h; has
traveled during the sojourn time T; and f, (v) denote the prob-
ability density function (PDF) of vg. The PDF of the distance X;
that h; has traveled during the sojourn time T; is given by (Hong
and Rappaport, 1986), that is:

= { )
0

where r is the radius of radio coverage of h;, We assume that all
mobile vehicles in the VANET have the same radio coverage
range. Since the sojourn time T; is given by T;=X;/vy, its PDF
can be obtained using Eq. (4), that is

fT,(t) = [ ‘vdi ‘fX, (tvdi)fvd (vdi)dvdi

2r/t
:/( )% r2 (t;d> vy (Va,)dvg, t=0 (5)
Jo

72

0<x<2r @)

elsewhere

The cumulated density function (CDF) for T; is given by

t
Fr.() = /0 fr(mydm

(2r/1) tvg, tvg 2 2 . [tvg
:/0 fu, (va )[1—7 r2 <T> —Earcsm(7> dvg,

(6)

In order to separate the analytical result using mobile handover
model from the result using mobile random moving model, which
will be presented in the following subsection, we use a term E(T;) to
represent the average inter-vehicle link available time between h; and
h; for mobile handover model, which can be obtained as

BT = [ (ot

@/t 2ty tv
= [T e e ( d) 1o (Vg dvgdt
anE(—) @

where E(1/vy,) is the expected mean value of 1/vg,.

3.1.2. Analysis of average number of inter-vehicle link changes
Let f?x] (s) be the Laplace transform function of fr, (t). The
value of f7_ (i) can be obtained as

f;im ('uC) = /O fo1 (t)67HCtdt

~00 ~(2T/[)
= 2 [T [T v ) r2—(“§’) dvgde ()
JO

T omr?,

Recall Eq. (3), the average number of inter-vehicle link
changes, denoted as E(Np¢1) for h; to maintain an active connec-
tivity in VANET under the mobile handover model (Hong and
Rappaport, 1986) is given by

f ?m (l‘c)

E(thl) = l—f;iX] (,Llc) ’

)
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where holding time T. is assumed as negative exponential
distribution with a mean value of 1/uc.

3.2. Mobility analysis using random moving model

In the following analysis, the relative vehicle velocity vy is
modeled as a discrete-time random variable, which is described
by a new technical term. The sojourn time T;, (i=1,2,3,...) during
which h; moves in the inside of the radio coverage boundary of h;
is divided into a sequence of vy small time intervals, called
Relative Epoch (RE), denoted as RE;,RE;,...,REy,.. REy,, so that
the relative velocity vy can be approximately considered as a
constant within each individual RE, but v, may change randomly
at the beginning of each RE. That is, h; moves into the radio
coverage boundary of h; at the beginning of RE;,, remains its inter-
vehicle connection with h; for consecutive (N;—1) REs and
switches its inter-vehicle connection to h;,; during REy;. In this
case, the handover for h; from h; to h;, 1 occurs during the REy,.

3.2.1. Analysis of inter-vehicle link available time

Let Ty, (ne{142;...,N;j—1}) be the duration of RE,,. Therefore,
the total average inter-vehicle available time, denoted as E(Tx3),
that the h; moves in the inside of radio coverage boundary of h; is
given by

(N-1);

ETxa)= Y ETa)+E(T,) (10)

n=1;

where E(T,»N) is the sojourn time that h; remains its connection
with h; before switching to h;,, during REy,. Clearly, Ty, < Ty,
where Ty, is the sojourn time that h; remains its connection with h;
for whole time interval REy,.

First of all, we focus on deriving of the term E(Ty,) in Eq. (10)
by considering Ty (nie{1:2;...,(N;—1);}), in which h; moves a
distance of X, at a constant relative velocity vgp;. Recall Eq. (5),
the probability density function (PDF) of T, can be obtained as

tvg,
r 7( ) fvWa,)dvg,

Likewise, the average duration of T, can be calculated by
recalling Eq. (7), that is

(2r/1) 2yd
nr2

fT,,(f)—/ £=0. (11)

E(Tw) = /0 tfr, (dt
(2r/t) ztUd fl/dn
/ / el 2—( ) fo,(Va, ) dvg, dt
8r 1
() >

Second, we focus on deriving of the term E(TiN) in Eq. (10). It is
clear that h; is able to move a distance of Xy, at a constant relative
velocity Vay, in REy,, if the handover does not occur. However, h;
only moves a distance of X;, remaining its connection with h;
during REy, due to the handover from h; to h; 1. In this case, the
probability density function of TN,- can be given by

L
[z, (O = { Fry ET))r == 0= 00 (13)

0 elsewhere

In Eq. (13), the term f7, (t) is the probability density function of
Ty, and the term Fr, (E (TN )) is the cumulated density function
corresponding to the' average sojourn time E(Ty,) in REy,, where
term fTNi(t) and E(Ty,) can be obtained from Egs. (11) and (12),

respectively. Recall Eq. (6), Fr,, (E(T

(2r/E(Tyi)) tvg.. tug. 2
Fr (E(Tni) = /0 fo,(Vay) {1_ 7-”-,2V rZ_(TN)

tde,
> >:|d1/dm, (14)

iv)) can be obtained as

2
- —arcsm

Therefore, the expected mean value E(TNi) can be presented as

Efy) = /0 " tfz, (Ddt

BTy (2r/0 2tvg, Vg, \ 2 o d
= Fn, (E(TN»/ b= (55 ot s

_ 8 r 1/(2"/E(T"’x))fvu(vd~') 2 E(Tn,)vay, ¢2) dv
= 3, ETn) | Vay, 2o Vay, 2 d”'

(15)

3.2.2. Analysis of average number of inter-vehicle link changes
Consider that the overall sojourn time Tx, of h; having active
link with h; under the random moving model is given by

(N;—1); 5
Txa= > To+Tn, (16)
n=1;
Therefore, the probability density function of the overall
sojourn time Tx, that h; is given by
(Ni—1);

fro®= > fr,(O+f;, © (17)

n=1;
where term fT" (¢) is given by Eq. (11) and term f;_ (t) is given by
Eq. (13).
Let foz(s) be the Laplace transform function of fr,,(t). Then,

f}‘xz (tc) can be obtained using Eq. (13), that is
Frae) = [ Frowe
oo [(Ni=1);
= / { Z Fr,@©+f TM.(t):| e~tedt
0 n=1
(Ni— 1),
= / fr,(Oe” #crdt+/ fr, (e netde (18)

Recall Eq. (8), the term [;° fr,,(De~#cdt can be calculated as

o0 et 2 o et (2r/t) - tvg,
/0 fr. (e Cdtzﬁ./o ete A Vafu, (Va, )\ T2 — < )d"dmdf
(19)

Likewise, the term fg"ffm(t)e*l‘ctdt can be calculated as

o~ et 2 [ (2r/t) , (tva, 2
/0 fr,(De cdt:?rz/o et /0 Vaf v (Va7 7( ] )dudet
(20)

Recall Eq. (3), the average number of inter-vehicle link
changes, denoted as E(Np), for h; to maintain an active con-
nectivity during holding time period under random moving
model is given by

f ?Xz (1)
1 _filk'xz (IU'C)

where term f’;{ (uc) is given by Eq. (17).

E(Npe2) = 1)

3.3. Numerical result and discussion
The numerical results are calculated under the condition that

the vehicle moving velocity for both h; and h;, including the speed
(v; and v;) and direction (0; and 0;) are uniformly distribution in
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the ranges of [0,V,] and [0,2w], respectively. Note that this
condition is the same as being used in the simulations for
performance analysis (Camp et al., 2002; Johansson et al., 1999).
Fig. 3 illustrates the effects of radio coverage r on the average
inter-vehicle link available time versus maximum moving speed
Vi, Where E(Tx;) and E(Tx) are calculated by equation for the
mobile handover model and Eq. (10) for the random moving
model, respectively. It can be seen that E(Tx,) is larger than E(Txq).
The reason is that for a pair of given values of r and V,,, the
relative velocity under the random moving model is a discrete
random variable, which is less than or equal to V,,,. Comparing to
the relative velocity in mobile handover model which is always
equal to V;,,. The comparison of Fig. 3(a) and (b) illustrates that
E(Tx,) increases when the average RE duration decreases. By
contrast, it can be observed that the difference between E(Tx;)
and E(Tx,) increases when either r increases or V,,, decreases. This
indicates that the stability of inter-vehicle link can be approved
by either increasing of the radio coverage or by decreasing of the
vehicle speed. However, when RE duration is small enough, the
corresponding moving velocity is varying more frequently, which
means that the random moving model is able to describe vehicle
mobility characteristics better that the handover model does.

a
40 T . r . r

\ -t E(T}H) =05
D 35 '\‘\. - E(T,,) =05
a |\ @ E(,,) =
.g |'\ —r- E‘:T){g:' =1
% 25 ¢ &'\‘ -4~ Elly) =2
% 20 T. N
A 5 \
= 155 L .
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Fig. 3. Numerical results of average link available time. (a) Average RE of 0.2 s and
(b) average RE of 1s.

In practice, the vehicle density and vehicle mobility do not
remain the same throughout the day. For example, vehicle density
may be much higher during morning and evening rush hours
comparing to that during the day time. In this case, the corre-
sponding vehicle mobility may be relatively lower during the rush
hours comparing to that during the day time. In order to verify
the analytical results as well as to investigate the effects of
mobility models presented in this paper under different traffic
conditions, a discrete-event simulator is developed using the C++
language. The mobility model used in the simulations is described
as follows:

(1) Mobile vehicles with the same transmission range r=1 unit
are uniformly located in a square area with S=20 x 20 square
units. (2) The number of mobile vehicles in the network is set to
be N=800 and N=200, which are used to simulate the conditions
of a high vehicle density network (degree' d=6.28) and a low
vehicle density network (degree d=1.57), respectively. (3) The
maximal moving rate V,, of mobile vehicle is ranging from 0.2 to
1 unit/s, and the moving direction is uniformly distributed in the
range of (0,2m). (4) The velocity only changes at the beginning of
REs; the duration of RE is uniform distribution with a mean value
ranging from 0.1s to 1s. (5) The boundless simulation area
concept (Camp et al., 2002) is applied to the simulations to avoid
the border effect (Bettstetter, 2001). When vehicle reaches the
network boundary, it continues to travel and reappears on the
opposite side of the network boundary. Therefore, the mobile
vehicles are able to travel unobstructed across the network.

Fig. 4 illustrates the numerical results of average inter-vehicle
link-available time obtained from both analytical models and
simulations with different relative velocities. From Fig. 4(a), it can
be seen that when the average RE interval is 1 second which
corresponds to relatively low vehicle velocity, both E(Tx;) and
E(Tx>) obtained from analysis match the simulation results well.
In contrast, as in Fig. 4(b), when average RE interval is 0.1 s which
corresponds to relatively high vehicle velocity, E(Tx,) obtained
from the random moving model is able to always match the
simulation results well, however, E(Tx;) obtained from the mobile
handover model only approximately matches the simulation
results when V,,> 0.8 unit/s. This indicates that the random
moving model is able to describe the vehicle mobility behavior
for both high and low velocities. Furthermore, Fig. 4 illustrates
that E(Tx,) obtained from analytical random moving model is able
to match the results obtained from the simulations very well for
vehicle density of N=800 and N=200, respectively. Therefore, the
random moving model is also able to formulate the average inter-
vehicle link available time for both high and low vehicle density
conditions.

The average number of link changes to maintain a connection
in VANET is evaluated using an exponentially distributed call
holding time with an average of 60 s. Fig. 5 shows the numerical
results of E(Np¢q) and E(Np,) obtained from the analytical mobile
handover model and the analytical random moving model,
respectively. It can be seen that either vehicle velocity V,
increases or the radio transmission range r decreases have
significant effects on the increase of the number of inter-vehicle
link changes. Furthermore, a comparison of E(Np¢;) and E(Njc) for
different RE interval of 1 second and 0.2 s, respectively is shown
in Fig. 5. It can be seen that for a given value of V,;, E(Npe) is
always smaller than E(Nj.;). However, the difference between
E(Npc1) and E(Npc,) decreases when RE interval increases. This fact
indicates that the random moving model is able to present the
vehicle mobility behavior better than that the handover mobility
model does when RE interval is small enough. Fig. 6 shows E(Np¢q)

! The average vehicle degree can be approximated as d ~ Nitr?/S.
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Fig. 4. Average link available time. (a) Average RE of 1s and (b) average
RE of 0.1 s.

and E(Npc2) obtained from both analytical models and simulations
under high vehicle density condition of N=800. It can be found
that the number of inter-vehicle link changes increases with an
approximately linear slope when V,, increases. However,
E(Npc2)matches the results obtained from the simulations much
better than E(Npc) does, especially when RE interval decreases.
Note that, in Fig. 6, the simulation results are always lower than
the corresponding values of E(Njyr») obtained from analytical
random moving model. This is because that the simulations take
account of inter-vehicles link changes due to non-temporary
availability of the neighboring vehicles for handover as shown
in Fig. 2. Correspondingly, the analysis of random moving model
is done under an assumption that the neighboring vehicles are
always available for handover as shown in Fig. 1.

In summary, both vehicle density and vehicle velocity have
significant impact on the vehicle mobility as well as the stability
in terms of the inter-vehicle link available time and the number of
inter-vehicle link changes. However, the numerical results
demonstrate that the random moving model is able to present
the vehicle mobility behavior well for various types of traffic
conditions. Therefore, the analytical random moving model is an
important tool in analyzing the effects of mobility on the
performance of VANET under different traffic conditions.
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Fig. 5. Numerical results of E(Npc;) and E(Npe2). (a) Average RE of 0.2s and
(b) average RE of 1s.
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4. Conclusion

This paper presents a methodology for analyzing effects of
vehicle mobility in terms of inter-vehicle link available time and
the average number of inter-vehicle link changes to maintain an
active connectivity in VANET. The relative velocity between two
adjacent vehicles is considered in the analysis.

Although the analytical procedures are more complicated,
especially for random moving model, but they are able to
effectively describe the vehicle mobility behavior. The analytical
methodology presented in paper is able to provide useful perfor-
mance statistics for network designers to be used in wireless
channel assigning, threshold selecting for routing exchange and
vehicle location updating. For example, inter-vehicle link avail-
able time is an important metric for adjusting radio transmission
power adaptively, so that the system is able to balance the trade-
off between power consumption and wireless link stability.
Moreover, the analytical methodology can be used to validate
the simulation scenarios and to calculate confidence intervals of
simulations.
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