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Abstract

We focus on a vehicular network supporting safety ap-
plications, and we present an application and a channel
access mechanism for efficient multihop broadcasting. We
study the performance of the proposed solution by develop-
ing an analytical framework, which provides several met-
rics relevant to message dissemination. Analytical results
are compared with the performance obtained through ns.

1. Introduction

Transportation safety is one of the most important appli-
cations of vehicular networks. Vehicles can communicate
information on traffic and road conditions with each other,
as well as with fixed network nodes. Examples are warning
messages that are generated by approaching emergency ve-
hicles, cars that stopped or vehicles stuck in a road tunnel
because of an accident. Typically, safety messages need to
be broadcasted to all vehicles traveling over a geographical
area, and need to be delivered with high reliability and low
delay. It is therefore important to develop protocol solutions
that meet such requirements.

Broadcast solutions at the MAC layer are studied in
[2, 1, 3]. In [1], an IEEE 802.11-based scheme is pro-
posed to address the broadcast storm and the hidden ter-
minal problems in urban areas. The use of IEEE 802.11e
EDCA scheme for priority access is investigated in [2],
where the authors study through simulation the broadcast
reception rate in presence of different channel propagation
models. The performance of the optimum broadcast algo-
rithm defined over the node minimum connected dominat-
ing set is studied in [3], in the case of a unidimensional ad
hoc network.
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In this work we study the dissemination of safety mes-
sages over vehicular networks, on road segments where
there are not fixed nodes and dissemination relies on ad
hoc communications only. We present a channel access
scheme and an application mechanism that provide an ef-
ficient multihop broadcasting. We introduce a spatial dif-
ferentiation approach at the MAC layer: vehicles that are
about to rebroadcast the message access the channel with
different priority, depending on their distance from the last
vehicle that transmitted. This technique reduces the broad-
cast delay along the road, thus improving the message time-
liness. Also, we develop an analytical framework to study
the system performance, and derive several metrics relevant
to the dissemination of safety messages.

2 System Description

We focus on a unidimensional inter-vehicular network,
modeling a highway or a tunnel, i.e., a traffic scenario where
safety applications are of paramount importance. Vehicles
travel over a single-lane road, and they are randomly dis-
tributed with spatial density that may vary along the road.
Note that our model can be easily extended to deal with
the case of a multi-lane road (omitted here for the lack of
room); also the extension to the two-dimensional case is
straightforward when the system behavior on different road
segments can be assumed to be independent of each other.

We look at a snapshot of the traffic stream; indeed, con-
sidering typical values for the vehicle speeds, the message
length and the communication data rates, it results that the
vehicle movement during a message broadcasting is negligi-
ble. We therefore assume that vehicle positions remain con-
stant during the message forwarding over the whole road.

As an example, consider the 802.11 technology. By fixing the message
length at 32 bytes, the data rate at 11 Mb/s and the contention window
at 31, the average time to forward a broadcast message over one hop is
about 522 ps. Assuming a vehicle speed of 100 km/h, during the message
forwarding time vehicles move 0.014 m.



All vehicles have a common coverage radius, equal to R.
Also, vehicles are equipped with a GPS device and include
their position in each transmitted message.

Finally, we focus on safety applications and neglect other
kinds of data traffic. This is justified by the fact that, if other
applications are simultaneously supported by the network,
safety messages will have higher priority and their trans-
mission on the wireless medium should not be affected by
other types of traffic.

3 Dissemination of Safety Messages

Here we propose a channel access scheme and an appli-
cation that aim at reducing the delay and the overhead of
the safety broadcast. Our channel access scheme provides
channel access priority by exploiting the concept of spatial
differentiation, while the safety application is based on the
vehicle ability to detect the message direction of arrival.

The Spatial Differentiation Approach. At the MAC layer,
we envision an access scheme based on the CSMA/CA
mechanism (e.g., based on the IEEE 802.11 standard). The
binary exponential backoff procedure is employed, and the
backoff time is a number b of slot time intervals of duration
o. We have that b is a random number uniformly distributed
over [0, W], where W is the contention window. Also, we
consider that, whenever the MAC layer receives a message
from the higher layers, it extracts a backoff value, so that a
random time interval is waited before attempting to access
the channel.

Our key idea is to assign different access priorities to the
vehicles that are currently in charge of forwarding the mes-
sage, so that the advancement corresponding to a message
hop is maximized.

Let v be the last vehicle that (re)broadcasted the mes-
sage. We define different forwarding zones within the cov-
erage range of v, and assign to the vehicles belonging to
each zone a different value of contention window. The
larger the distance from the sender v, the smaller the con-
tention window. By doing so, vehicles belonging to the the
furthest zone have the highest priority in accessing the chan-
nel, and the probability that the message forwarding is per-
formed by vehicles at distance close to the coverage radius
of the previous sender is increased.

Note that such differentiation mechanism could be im-
plemented through the IEEE 802.11e technology. Indeed,
the traffic transmitted by vehicles belonging to different
zones could be mapped onto different 802.11e Access Cat-
egories, based on the geographical position of the vehicle.

The Safety Application. Consider a vehicle wishing to
broadcast a safety message along the road; we define this
vehicle as the broadcast message source. The application
we devise allows for a smart broadcasting technique that,

based on the vehicle ability to determine the direction of ar-

rival of the message, reduces the communication overhead.
The procedure followed by each vehicle application

along the road (excluding the source) is presented below.

(i) Upon the reception of the safety message, the applica-
tion first checks whether the message is received for
the first time and its direction of arrival.

(ii) If the message has never been received before, the ap-
plication passes the message to the MAC layer to re-
broadcast the information. Recall that a random back-
off time is waited at the MAC layer before accessing
the channel.

(iii) Ifitis a duplicated message, the application flushes out
the previously received copy (which is buffered at the
MAC layer waiting to be transmitted) and processes
the newly arrived copy. The new copy will be either
passed to the MAC layer or discarded, based on its di-
rection of arrival. It will be passed to the MAC layer
if its direction of arrival is the same as the one of the
original message; it will be discarded otherwise.

Note that, according to this procedure, a vehicle that de-
tects the message being rebroadcasted further ahead, will
abandon its transmission attempt, avoiding unnecessary
message forwarding. Furthermore, as the message propa-
gates along the road, a vehicle may receive multiple copies
of the message from different vehicles located on its left
side. In this case the distance between the vehicle and the
last message sender decreases progressively. This implies
that, at every message reception, a vehicle needs to start
a new transmission attempt with an updated value of con-
tention window. Our broadcast scheme meets this require-
ment and dynamically adapts to the message advancements,
since the application always processes the newly arrived
copy and discards the previous one.

4 Assumptions and Notations

Let us consider a single-lane road; we use the minimum
distance A between two vehicles to discretize space along
the lane. It follows that vehicles can occupy only a discrete
set of positions indexed by y, with y € N, and a vehicle at
position y is at distance yA from the origin. As mentioned
before, the extension to the multi-lane case can be easily
done.

The normalized coverage radius » = R/A is the max-
imum number of vehicles receiving the message on either
side of a transmitter. For the sake of simplicity, we assume
that the source of the broadcast message is located at y = 0
and consider the message broadcasting only on one side of
the source. The extension to the case where the source is



located at y > 0, and the message broadcasting occurs on
both sides of the source, is straightforward. We define the
occupation probability p; as the probability that position ¢
is occupied by a vehicle (with ¢ > 0); note that the vehicle
density can be expressed as p; /A.

We discretize time into slots of duration o. The dura-
tion of a broadcast message is set to 7" slots, and the mes-
sage originates from the source at time n = 0 (i.e., the first
bit of the message is placed on the channel at time zero).
The backoff time of a vehicle is uniformly distributed in
[0, W], with j being the vehicle distance from the last mes-
sage sender and W; the contention window expressed in
time slots.

At the physical layer, we make the following assump-
tions: (i) there is perfect capture, meaning that a vehicle si-
multaneously receiving more than one message at a time is
able to lock on the strongest signal and receive the message
correctly; (ii) the radio channel is error-free. We verified
through simulation that the impact of the perfect capture as-
sumption is acceptable in our system scenario.

5 Metrics of interest

Since broadcasting of safety messages poses strict re-
quirements in terms of reliability and message timeliness,
we consider the following metrics.

Message block probability Pp[y]: the probability that
the message broadcast stops at the vehicle occupying po-
sition y, i.e., the probability that the message will not be
delivered to any other vehicle beyond y.

First reception probability Py, n, h]: the probability
that a vehicle at position y receives for the first time the
message at time n, in h hops. From Pg[y, n, h] it is pos-
sible to derive the marginal probability that a vehicle in y
receives the message for the first time at n, regardless of the
number of hops (P [y, n]), and the marginal probability of
first reception in y, in h hops (Pg[y, h]), regardless of the
delay.

The message block probability is computed in Section 6
by using a static analysis, that is without the need to explic-
itly considering the temporal dynamics of the system.

The second metric, instead, requires a study of the tem-
poral evolution of the message broadcast. An analysis of the
transient behavior of the system, which provides Pg[y, n, h]
is presented in Section 7. To reduce the computation time
of this important metric, in Section 7.1 we restrict ourself to
the case of homogeneous occupation probability and intro-
duce an approximated technique.

6 Computation of the block probability

Consider the case that the occupation probability is con-
stant along the road (i.e., p; = p, Vi > 0). We first de-

rive the probability Pa[y] that the furthest spatial position
reached by the message transmission as time goes to infin-
ity is y, i.e., the probability that the transmission carrying
the broadcast message has covered a physical distance up
to position y. By definition, we have: P4[0] = 1.

Probability Pa[y] can be easily computed based on the
following observations. Firstly, a message transmitted by a
vehicle at position x can be received up to position x + r.
Thus, the message broadcast stops at x only if there are no
vehicles between z + 1 and = + r. In other words, the mes-
sage eventually arrives at the generic position y if between 0
and y there are no gaps in the vehicle distribution, of width
greater than or equal to r. Secondly, computing the proba-
bility that there is connectivity between 0 and y maps onto
the known problem of finding the probability that, in a se-
quence of y Bernoulli trials, there are no runs of length 7.
(This is due to the assumption that each position i is in-
dependently occupied by a vehicle with given probability
pi = p.) It follows that the most efficient way to calculate
Paly], with y > r + 1, is given by the following recursive
equation:

Palyl = Paly — 1] — p(1 = p)" Paly —7—1] (1)

starting from the initial values: P4fi] = 1,(0 < ¢ < r)
and Pglr + 1] = 1 — (1 — p)". The above formula has
the following intuitive explanation: a message transmission
that has arrived up to position y — 1 will reach also position
y unless y — 1 is the last position that completes a series of
r empty positions (i.e., without vehicles).

It can be shown that in the case where the occupation
probability varies along the road (i.e., inhomogeneous vehi-
cle density), for any y > r + 1 (1) becomes:

II a-»-

y—r<j<y

Paly —r—1] ©))

Palyl = Paly—1]—py—r-1

starting from the initial values: P4[0]=1; Pali] = p;, (1 <
i<r)iand Pa[r+1] =1-]],,,.(1 = pj).

The block probability Pgly] can be computed as the
probability that the message reaches the vehicle in y and
this is the last vehicle to receive the message. A vehicle
in y will be the last one to receive the message if its loca-
tion is followed by a connectivity gap, which happens with

probability H;’i; +1(1 = p;). Thus, we have:
Polyl=p,Palyl ] (-0 3)
y+1<j<y+r

7 Probability of first reception

To evaluate the timeliness of the broadcast message de-
livery, we need to study the temporal dynamics of the mes-



sage broadcasting along the road and to analyze the tran-
sient behavior of the system.

The dynamics of the message broadcasting are illustrated
in Figure 1 (in the figure the arrows indicate the direction of
the message broadcast). Suppose that at time k vehicle x
starts sending the message. All vehicles in range of x that
were contending for the channel will suspend their trans-
mission attempt for the duration 7" of the message. At time
k + T the message is fully received by all vehicles up to po-
sition 2 + . After that, the vehicles in [z + 1, 2+ r] contend
among themselves to further forward the message, using a
contention window that depends on their distance from x.
The time spent in contention will be equal to the minimum
backoff value among the contending vehicles. Notice that
more than one vehicle can extract the minimum value of
backoff, resulting in simultaneous transmissions at the end
of the contention period; however the message will be suc-
cessfully forwarded also in this case. Indeed, let y be the po-
sition of the furthest vehicle transmitting the message after
the contention period: thanks to the assumption of perfect
capture and ideal wireless channel, after time 7" the mes-
sage sent by y will be successfully received by all vehicles
up to position y + 7.

Figure 1. Broadcasting dynamics

In order to compute the probability of first recep-
tion Pgly,n,h], we introduce the following definitions.
Prly,n, h,l] is the transmission probability, i.e., the prob-
ability that a vehicle at position y transmits the mes-
sage at time n in h hops, having received the message
from its predecessor at distance I. Py, n,h] is the
marginal transmission probability regardless of the prede-
cessor: Prly,n,h] = > /_, Prly,n,h,1]. P(S = y,C =
b, L. = 1) is the probability that a vehicle at position y ex-
tracts a backoff value of b slots, it wins the channel con-
tention and the message advances by [ positions on the road
(i.e., the length of the hop between y and the location of the
predecessor vehicle is equal to [).

We first write the transmission probabilities as:

wi
Prly,n,h,]=> _ [Prly—1l,n—T—b,h—1]
b=0
P(S=y,C=bL=1) (4)

fory >0,n>T,h > 1,and 1 <[ < r. The sum on the
right hand side of (4) accounts for all possible values b of
backoff time that the vehicle in y can extract. Also, note that
the contention window used by the vehicle in y will depend
on [, being [ the distance between y and its predecessor.

By definition, the marginal probability Pr[y,n,h] can
be computed from (4) through the recursive equation:

r W
Prly,n. b= {Prly—l,n—T—b,h—1]
=1 b=0
P(S=y,C=0bL=1)} )

The two sums on the right hand side of (5) account, respec-
tively, for all possible pairs (y — [, b) representing the po-
sition of the previous transmitter with respect to y and the
value b of backoff time that the vehicle in y can extract. The
initial value of Pr[y,n, h] is: P7[0,0,1] = 1, which ac-
counts for the fact that the message source makes its trans-
mission at time 0, performing the first hop.

Next, we compute the joint probability P(S = y,C =
b, L = ). For the sake of clarity, let us first present the case
of occupation probability constant and equal to 1 (p;=p=1).
We need to compute the probability that the contention pe-
riod lasts for b slots and the message advances by [ positions
on the road. This event happens if and only if: (i) the vehi-
cle at distance [ from the vehicle transmitting the message
in the previous hop extracts a backoff value equal to b; (ii)
all vehicles at distance j < [ extract a backoff higher than or
equal to b; (iii) all vehicles at distance j > [ (within trans-
mission range) extract a backoff value strictly higher than b .
In general, a vehicle at distance j extracts a backoff value
uniformly in the contention window [0, W], where W de-
pends on the distance j to allow for spatial differentiation.
We have:

-1

1 W, —-b+1
P(S=y,C=bL=1) = J
V[/l-f—lj:l W;+1
W —b
(6)
j=l+1Wj+1

Note that the three factors on the right hand side of (6) ac-
count for the events (i), (ii) and (iii) described above.

Similarly, we can compute P(S = y,C = b, L = 1)
when the occupation probability varies along the road (i.e.,
0 < p; < 1, with ¢ > 0). In this case we need to take
into account that there may be no vehicle at distance j: if
s0, that position does not contribute to the contention phase.
Then, by using (5), we obtain Pr[y,n, h], from which we
compute Prly, n, h,!] using (4).

Finally, the probability of first reception Pg(y,n,h)
(withy > r, k > 2T, h > 1) can be written as,

i
Pry,n,h)=p, > {Prly—m,n—T,h] +
m=1

Tr—m

-3 Prly-man-T,h,)} ()

=1

Equality holds due to the perfect capture capability of the vehicles.



starting from the following initial values: Pr(0,0,0) = 1,
which accounts for the message source, and Pr(i,T,1) =
pi for 0 < i < r. Referring to (7), we have that: p, ac-
counts for the probability that a vehicle is present at position
y, while the sum over m considers all possible predecessors
within distance r from y, i.e., all vehicles from which the
one in y can receive the message. Given m, the probabil-
ity that the message is received for the first time in y due to
the transmission of a vehicle at distance m, is equal to the
probability that the vehicle at y — m transmits the message,
and the message has not been heard by y before. That is,
the vehicle in y — m must have received the message from a
predecessor whose distance from y is greater than r. Figure
2 illustrates the case where a transmission performed by the
vehicle at position y — m — [ reaches the vehicle in y — m
but not the one in y (Figure 2.(a)). The case where a trans-
mission performed at y — m — [ reaches both the vehicles
(in y — m and in y) is presented in Figure 2.(b).

(a) !
— 1
y—m=r y—‘mTZ ‘y—r‘ ‘ )—m ‘ y
(b) r
s
y-m—r y-r y—m‘—l‘ y-m
e TR B
G

Figure 2. Locations of the predecessor from
which (a) a transmission is not received at v,
(b) a transmission is received in y

By summing over the number of hops (h > 1), we derive
the probability P (y,n) that the vehicle at position 3 re-
ceives the message for the first time at time n. By summing
over time, we derive the probability Pr(y, h) that the mes-
sage is received by a vehicle at position y in i hops. Note
that it is also possible to derive the block probability simi-

larly to (3): Pp(y) = X020 Pr(y: 1) [T,cicysr(1 = pi)-
7.1 A Gaussian Approximation

The analysis presented in the previous section is gen-
eral enough to deal with an inhomogeneous vehicle den-
sity, however it requires to calculate the three-variable func-
tion Pr[y,n, h]. Here we restrict ourself to the case of ho-
mogeneous vehicle density (p; = p, Vi > 0) and derive
an approximate analysis of the system transient behavior
that provides the marginal probability Pg[y,n| with low

computational complexity. We first consider the case with
pi = p=1,¥i > 0, i.e., the situation in which all positions
along the road are occupied by vehicles; the analysis in the
case of occupation probability smaller than one is briefly
sketched at the end of the section.

We start by observing that the message broadcasting
along the road can be described by a sequence of indepen-
dent hops having variable delay D and variable length L
(with L expressed in number of spatial intervals of length
A). The delay D is the sum of a deterministic term (the
message duration 7") and the variable term C' given by the
contention period. The maximum distance M (n) reached
by the message at time n is therefore given by the sum of
a random number H (n) (the number of hops) of random
variables L (the hop length). By applying the central limit
theorem, we can approximate the probability distribution of
the furthest distance reached by the message at time n with
a normal distribution Py [y, n]. To specify the normal dis-
tribution of M (n), we need to compute mean and variance
of M (n). This can be done as follows.

We observe that from the joint probability P(S = y, C' =
b,L = 1) in (6), we can derive the marginal probability
Pp(d) that the total hop delay is equal to d, as well as the
marginal probability Py, (1) that the hop length is equal to .
Note that the dependence on y drops due to the assumption
of homogeneous occupation probability. We have:

Pp(d)=) P(S=y,C=d-T,L=1)
=1

T<d<T+W; ®)
wi
PL()=Y P(S=y,C=bL=1)1<l<r (9
b=0

From (8) we compute the mean hop delay E[D] and its vari-
ance Var[D]; from (9) we compute the first two moments of
hop length E[L] and E?[L]. The average number of hops
E[H(n)] done at time n is: E[H (n)] = n/E[D]. The vari-
ance Var[H (n)] of the number of hops can be expressed

as: Var[H(n)] = Ygr[[DD]])f Then, it is possible to calcu-

late E[M(n)] and Var[M (n)] from the first two moments
of H(n) and L as:

E[M(n)|=E[H (n)] E[L] (10)
Var[M (n)] = E[H (n)] Var[L] + E*[L] Var[H (n)] (11)

The Gaussian approximation is more and more accu-
rate as n — 00; in practice, it already produces satisfac-
tory results after the message has propagated for a few hops
(namely, 10 hops).

An approximated expression of P [y, n] can be obtained
by considering that a vehicle in y receives the message for
the first time if its location falls within the spatial advance-
ment of the last message hop, and such advancement occurs



at time n. Since on average a message hop takes a time
period of E[D] and its average length is equal to E[L], we
write: B

Prly,n] = Py [y—E[L],n]% (12)

In the analysis above, we have neglected the fact that the
first hop is special: it has a deterministic duration 7" and
advances by a deterministic length r. However this fact can
be easily taken into account considering the contribution of
the first hop separated from the rest.

The approximate analysis when p < 1 presents two addi-
tional complications: (i) the number of vehicles contenting
for the channel at each hop is now randomly distributed;
(i1) the message can be blocked at some point due to the
lack of connectivity (see Section 6). We can first analyze
the broadcast delay with p < 1 assuming that the network
is connected from the source up to position y, and derive
Pusly, n). The probability Py[y, n] can be easily obtained
following the same approach as described above. Then, we
decondition with respect to the assumption that there is con-
nectivity from the source up to position y. To do so, we sim-
ply multiply probability Py;[y, n] by the probability P |y]
that the message indeed reaches position y. We therefore
approximate P gy, n] as:

5 . E[L]
Prly,n] NPPM[y—E[L]an]PA[y]m (13)
where p is the probability that there is a vehicle in y.

8 Performance Evaluation

We evaluate the performance of the mechanisms pro-
posed in Section 3, using the analytical framework, and we
validate our models against detailed simulation experiments
with ns.

We consider that the minimum distance between vehi-
cles is A = 5 m. The normalized coverage radius is fixed
to 7 = 9. The MAC protocol considered in our experiments
relies on the standard 802.11 DCF as implemented in ns.
The backoff slot duration is ¢ = 20 us. The message pay-
load is equal to 32 bytes. The total transmission time of a
broadcast message, including all physical and MAC layer
overhead, is set equal to 150 us. Considering that each sta-
tion must wait for a time DIF'S = 50 us before accessing
the channel, the total transfer delay of a message (excluding
the time spent in contention) is equal to 7" = 10 slots. No-
tice that broadcast messages are not acknowledged and are
never retransmitted, thus they are lost in case of collision.

8.1 Homogeneous occupation

We first case consider that all spatial positions along the
road are occupied by vehicles, i.e., p = 1, and evaluate the
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Figure 3. Average value of the maximum dis-
tance reached by the message as a function
of time when p = 1, for two different con-
tention window schemes.

performance of the proposed broadcast mechanism by us-
ing the Gaussian approximation presented in Section 7.1.
In this case the message is never blocked because of lack of
connectivity (Pg[y] = 0, Vy), and eventually reaches all po-
sitions with probability 1. In this case the Gaussian approx-
imation produces excellent results, almost indistinguishable
from simulation results as soon as the message has traveled
a few hops.

In Figure 3 we compare the average value of the max-
imum distance (F[M (n)] in (10)) reached by the message
as a function of time in two different cases: (i) fixed con-
tention window W = 31; (ii) spatial differentiation ac-
cording to the following rule, hereinafter called “31/15/7”
scheme: W, = 31if1 >1> 3, W, =15if4 > | > 6;
Wy =7it7 > 1 > 9. In the plot, the curves represent-
ing analytical results are overlapped with the ones referring
to simulation results, thus the two sets of curves cannot be
distinguished. We observe that the spatial differentiation
approach outperforms the other scheme, making the propa-
gation of the broadcast message along the road faster.

Figure 4 reports the approximation of the marginal prob-
ability Pr[y,n] sampled every 50 slots (or, equivalently,
1 ms). In the plot, there are multiple curves, each of them
corresponding to a different sampling time. We observe that
the Gaussian approximation is very accurate already after 1
ms (first peak). As expected, the variance of the distribution
increases with the passing of time, and the model captures
this behavior perfectly.

Next we consider the more complex case of p < 1, under
the assumption that the occupation probability is homoge-
neous along the road. We first study the block probability
Pgly], which is a static metric that does not depend on the
access scheme employed but only on the occupation proba-
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Figure 4. Approximation of the marginal prob-
ability of first reception, Pr[y, n|, sampled ev-
ery 50 slots = 1 ms.

bility p. Figure 5 compares the block probability predicted
by the model (Section 6) and the one measured by simula-
tion, for four different values of p. The agreement is excel-
lent for all values of y, since (3) is exact under the hypothe-
sis that the message stops propagating only because of lack
of connectivity, which is indeed the case. Except close to
the source, we observe that under homogeneous occupation
probability the block probability decays approximately ge-
ometrically with the distance.

Next we focus on the case p = 0.3, and compare the
delivery delay of the broadcast message under different ac-
cess schemes. Again, we use the Gaussian approximation
as explained in Section 7.1.

Figure 6 reports the average value of the maximum dis-
tance (E[M (n)] in (10)) reached by the message as a func-
tion of time, for the two access schemes already considered
in Figure 3. Since the message soon or later stops propagat-
ing because of lack of connectivity, the maximum distance
saturates to a maximum value independent of the access
scheme, at about 350 m from the source. We also observe
that spatial differentiation still provides a significant advan-
tage with respect to the case of a fixed window W = 31.

Finally, in Figure 7 we plot the distribution that approx-
imates Pg[y,n] for the same scenario, sampled every 50
slots. Notice that this probability is not null only if the net-
work is indeed connected up to position y, thus a simple
Gaussian approximation alone provides a good prediction.

8.2 Inhomogeneous occupation

We now consider the more general case in which the oc-
cupation probability is non-uniform along the road, but can
have an arbitrary distribution. In this case, the Gaussian ap-
proximation is no longer applicable and we have to solve
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Figure 5. Block probability for four differ-
ent values of occupation probability p.
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Figure 6. Average value of the maximum
distance reached by the message as a
function of time when p = 0.3, for two dif-
ferent contention window schemes.

the system using the recursive equations introduced in Sec-
tion 7. The block probability Pg[y], instead, can be still
computed following the simple approach in Section 6.
Consider the following scenario of practical interest: an
alarm is generated in a portion of the road having high occu-
pation probability (for instance, this could be due to an ac-
cident or traffic congestion), and starts propagating towards
regions characterized by a progressively smaller vehicle
density. In particular, let’s assume that p, = 0.8 - 0.99Y,
i.e., the occupation probability geometrically decays with
the distance from the source of the broadcast message.
Figure 8 compares the analytical prediction with simula-
tion, confirming the accuracy of the analysis. We observe
that the block probability reaches a maximum value at about
y &~ 110 (or, 550 m from the source). This behavior is due
to the fact that close to the source the occupation probabil-
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Figure 7. The approximation of the
marginal probability of first reception
Prly,n], sampled every 50 slots in case of
homogeneous p = 0.3.
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Figure 8. Block probability Pgz[y| in the
case of inhomogeneous occupation prob-
ability.

ity is quite high (around 0.8), and the block probability is
negligible. The block probability also tends to vanish for
y — 00, as the probability that the message reaches large
distances becomes smaller and smaller.

Finally, Figure 9 presents the marginal probability of first
reception regardless of time (P gy, h]). We show the prob-
ability that a vehicle in y receives the message for the first
time in o = 5 and h = 15 hops. We plot the results ob-
tained when the “31/15/7” scheme is applied, and compare
them with the performance attained with a fixed contention
window W = 15. From Figure 9 we can see that, fixed the
number of hops, the spatial differentiation approach allows
to reach further distances, i.e., it significantly reduces the
number of hops needed to broadcast the message over the
road. This implies that, given the vehicle coverage range,

less transmissions are needed to disseminate the message
and, as a consequence, the broadcast delivery delay de-
creases.

T T T
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Figure 9. The marginal probability of first re-
ception regardless of time, Py[y, h], sampled
every 20 slots.

9 Conclusions

We developed an application and a channel access mech-
anisms to provide efficient broadcasting of safety messages
in multihop vehicular networks. We presented an analytical
framework that allows to derive several metrics of interest
such as the message block probability and the message de-
livery delay. The analytical models were validated against
detailed simulation experiments with ns.
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