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Abstract: Vehicular ad hoc networks which support active safety applications
have to address data packet recipients by taking the position of the vehicles into
account. This leads to a two step forwarding procedure. Firstly, in line forward-
ing mode data packets are sent to a target area and in a second step the data
packets are distributed inside the target area (area forwarding mode). This con-
tribution introduces methods of stochastic analysis to estimate the performance
of these two forwarding phases.

1 Introduction

Driving means constantly changing the location. Since information on the current loca-
tion is required for safety and comfort reasons all the time, a continuous demand for
location-dependent information exists. Location-dependent information with respect to
inter-vehicle communications includes sensor data from other cars such as data on
braking events sent from a preceding car (active safety applications), data on the traffic
flow on a specific route, and information on sites located along the route. The specifi-
cation of such an inter-vehicle communication system was the objective of the project
“FleetNet — Internet on the Road”, which was partly funded by the German Ministry of
Education and Research (BMB+F) [FELO1], [FNO1].

Since data communication in vehicular ad hoc networks is limited by the communica-
tion range of the radio system, multihop communication has to be applied. For that
reason routing and forwarding protocols have to be specified and employed in each
vehicle. By means of simulation it was found that by taking the position of the vehicles
into account, multihop data transmissions in highly dynamic vehicular networks can be
supported efficiently [FMO02]. Active safety applications generally address data packet
recipients by their physical location. For this reason in FleetNet a geographical ad-
dressing scheme was defined and the forwarding of data packets to the recipients was
consequently split into two phases [FW04]. In the line forwarding phase data packets
are forwarded to the so-called target area, which is the area in which the recipients are
located. In a second step (area forwarding) the data packets are distributed inside the
target area, either to all vehicles inside this area (geo-broadcast), or to one recipient
addressed by an additional unique identifier (geo-unicast), or to an arbitrary vehicle
(geo-anycast).

The routing scheme developed in FleetNet is based on the Greedy forwarding as intro-
duced in [KKO00], [MWO01]. However, in contrast to [KKO00] a new location lookup
algorithm was defined which takes into account the movement pattern of vehicles.
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Moreover, the perimeter mode is not applied, since simple packet caching strategies
lead to better results [FMO02], [MEO4]. For example, to send a data packet to a recipi-
ent which position is only roughly known by the sender (geo-unicast), the sender will
define a target area, in which the recipient is supposed to be. Then the data packet is
forwarded to this target area. If the first receiving node inside the target area doesn’t
know the recipient’s position, it will start the location lookup service. Compared to a
location lookup around the sender’s position, the location lookup is limited to a much
smaller area, which increases network efficiency. Additionally, the probability that a
node close to the recipient already knows the recipient’s position is very high. In this
case the location lookup algorithm will not be started and the network performance is
increased again. As soon as the first node inside the target area knows the recipient’s
position, the data packet is sent to this position by running the Greedy forwarding al-
gorithm.

In this paper, both the performance of the line forwarding and the area forwarding
phases are computed by means of stochastic analysis (Chapter 2). Chapter 3 shows
results of representative scenarios.

2 Stochastic Analysis of Line and Area Forwarding

2.1 Model, Parameter Definitions, and Assumptions

In this chapter methods are presented to estimate the efficiency of the FleetNet net-
work layer by computing the spatial progress of the data packets at a one hop transmis-
sion. To describe the model mathematically we assume in line and area forwarding
mode a constant density and a uniform distribution of vehicles (o rw [veh/m], pirw
[veh/m’]) and furthermore a fixed maximum transmission range (r).

In the line forwarding mode the random value X describes the distance between pairs
of neighboring vehicles. It is assumed that the vehicles are located along a one-
dimensional line, e.g. a piece of a motorway. The line is starting at the senders location
at x =0. The probability density function for a node to be located at position x is de-
noted as a(x), the distribution function as A(x) . a(i,x) denotes the density probability
of the i-th car to be at position x.

In the area forwarding mode the distance between the next forwarding node and the
destination is the most important parameter according to the greedy forwarding proto-
col (Figure 1). The GPRS area is the area in which possible forwarding nodes are lo-
cated. According to the Greedy forwarding approach, this is the area which is defined
by the communication range of the sender () and the area in which the vehicles are
closer to the destination’s position than the sender itself. Possible forwarders are the
black nodes in Figure 1 inside the gray colored GPSR-area. The random variable Y
describes the distance of different possible forwarders in the GPRS area to the sender.
Please note that this definition is different to the definition of X in line forwarding.

96



2.2 Derivation of Formulas

Starting from the distance between two vehicles (random variable X) in line forward-
ing mode, we compute first the density function of the distance between sender and
the i-th vehicle a(i,x) which is a sum of identical distributed random variables. For this
a(x) has to be convoluted with itself i -times. In the next step the probability function
b(i,x) is derived, which takes into account that additionally no other car is located be-
tween x and r (distance between i-th and (i+1)-th vehicle is larger than »—x ).
b(i,x)=a(i,x) - B(X,

i+l

>r—x), P(X;y >r—x)=1-A(r—x), A(x)zja(g)dg, xelo,r]

b(i,x) describes the probability density function that the vehicle closest to position 7 is
at position x and 7 vehicles are in communication range of the sender.
The spatial progress of the packet by one transmission is the expected value of b(i, x) :
Eypy ()= x- M dx with B(i) = [ b(i,x)dx = [ a(i,x)-[1- A(r - x)Jdx
0 B(i) 0 0
Eypy = 2 By (1) B) = X [ x-b(i, x)ax
i=1 i=1

In the next step the area forwarding mode will be investigated. As described in
[Wa04] the Poisson density function n(i) describes the probability for a certain num-
ber of vehicles in the area 4, with n(i) :'u7~e"‘ and p=p,. -4, -

Al
The size of the GPSR area is described by:

Agpsp =17 -arccos(ﬁj +2-d* ~arcsin(ﬁj —r-d ~sin[arccos[ﬁ}] ([Wa04])

Parameter 4 describes the distance between
the sender S and the destination D. Vehicles
inside the GPSR area which have the same
distance to the destination D are located on
b segments of circles with central point D. Pro-
v jecting the length of these circle segments to
the point of intersection (crosses in Figure 1)
with the line from S to D, we achieve a con-
tinuous function f{y), which is proportional to
Figure 1. Area Forwarding the density function of the probability of a
forwarder with distance (d-y) to D.
The length of the circle segments depend on y and are calculated as follows:

2_ . . . 2— 2
l(y):z.(d—y)arccos(y 22.ddly(;iya; r],ye[oa’”]

To achieve the density function f(y), I(y) between 0 and r at has to be related to the
expected sum of all vehicles inside the GPSR area. Then we get:

2 y =2-d-y+2-d* -7’ . [
=Z.(d-v)- th C=|1(y)d
SO =5-d=) arccos[ 2d. G wi !(y)y
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The calculated density function is valid for every single vehicle inside the GPSR area,
because the vehicles are uniform distributed over a large area and therefore their posi-
tions are independent from each other. The position of the vehicle with the largest spa-
tial progress of the data transmission is described by the maximum of the random val-
ues Y for all vehicles inside the GPRS area. The density function g(i,y) of the spatial
progress and 7 vehicles inside the GPRS area is:

(i, y) =i-[F)] " /() with F) =] fdy

g(i, y) is the probability density function for the location of the vehicle with the largest
progress for the data packet towards D and i vehicles within the GPSR area. The
mean progress for the data packet at a one hop transmission is given by the expected
value E ., (i) of g(i,y). By resolving that i vehicles are inside the GPSR-area one get:

E oy = 3 By ()-n(0) With E oy ()= [ v g, )y

This total expected value is still dependent from the distance between sender and des-
tination (d). But as shown in [Wa04] an estimation of the expected value for d — o
can be made. Investigations on the error occurring for d — o are also presented in
[Wa04].

3 Results

In the following example we assume, that the distance between two vehicles in the line
forwarding mode is negative exponential distributed. So a(x)=A1-¢** and
A(x)=1-e*" with A= p,,, . For the area forwarding a vehicle distribution as
described in the previous chapter is computed. The communication range is set to
r =500 m. The results for the physical progress for a data packet in line forwarding
mode using the calculations described above is:

1=(1-A-r)-e" g
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The expected values for the progress of a on hop data packet transmission depend on
the vehicle density p,,, in the Line-Forward-Mode and from the density p,., in the

Area-Forward-Mode. This results dependent on p,,, and p,., are shown in Figure 2

and Figure 3. In the line forwarding mode the expected value of the progress for the
data packet is above 90% of the communication range, if the density is higher than 20
vehicles per 1000 m. This density is a realistic figure for a motorway with moderate
traffic. But at lower densities, the expected value decreases strongly. This is due to the
decreasing probability that at least one vehicle is within the communication range r .
As mentioned, the investigations in the Area-Forwarding-Mode are done with the ex-
pected value for the limitation d — oo . In Figure 3 the curve progression of the ex-
pected value is shown. Especially when the vehicle density is low, the probability that
an appropriate forwarder is found decreases, which leads to the low physical progress
values. To overcome this situation the data packets can be cached in line forwarding
mode and geo-unicast transmissions. [ME04] shows that simple caching leads to good
packet delivery rates in mobile networks, in case of low vehicle densities. Whereas at
higher car densities the average spatial progress is close to the communication range
which is shown in this paper.

4 Conclusion

Geographical addressing is needed in vehicular ad hoc networks, since most coopera-
tive driver assistance and active safety applications address their recipients by their
position. In this work the efficiency of line and area forwarding is computed by means
of stochastic analysis. It is shown that already at moderate traffic density the progress
of one data transmission is close to the maximum transmission range.

5 References

[FELO1] W. Franz, R. Eberhardt, T. Luckenbach: FleetNet - Internet on the Road. 8th World
Congress on Intelligent Transport Systems, Sydney, Australia, 2001

[FM02] H. FuBler, M. Mauve, H. Hartenstein, M. Késemann, D. Vollmer: A Comparison of
Routing Strategies for Vehicular Ad Hoc Networks, Technical Report TR-3-2002,
Dpt.of Computer Science, Univ. of Mannheim, July 2002

[FNO1] FleetNet-Internet on the Road; www.fleetnet.de

[FWO04] W. Franz, C. Wagner, C Malhofer H. Hartenstein: FleetNet — Platform for Intervehi-
cle Communlcatlons 1** Intern. Workshop on Intelligent Transportation (WIT 2004),
March 234 24" 2004, Hamburg, Germany, 2004

[KKO00] B. Karp, H.T. Kung GPSR: Greedy Perimeter Stateless Routing for Wireless net-
works, 6™ Annual ACM/IEEE Intern. Conference on Mobile Computing and Network-
ing (MobiCom 2000), Boston, MA, USA, 08/2000, pp. 243-254

[MEO4] C. Maihofer, R. Eberhardt: Geocast in Vehicular Environments: Caching and Trans-
mission Range for Control for Improved Efficiency; IEEE Intelligent Vehicles Sym-
posium, June 14-17 2004, Parma, Italy

[MWO1] M. Mauve, J. Widmer, H. Hartenstein: A survey on position-based routing in mobile
ad hoc networks. IEEE Networks, Nov./Dez. 2001

[Wa04] C. Wagner: Gebietsabhéngige Adressierung in mobilen Ad-hoc-Netzen, Diplomarbeit,
Universitiat Ulm, Juni 2004

99





