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Abstract: In this paper, we study the propagation of road hazard information to vehicles which enter the hazard segment of a
highway in a sparse 1D vehicular ad hoc network (VANET) with store-and-forward mechanism. Store-and-forward is an option for
message propagation in sparse vehicular networks where connectivity is intermittent. Upon receiving the message, the vehicle becomes
an informed vehicle, it carries the message for a while and then forwards it to the approaching vehicles which are about to enter the
highway segment. In this way, a platoon of informed vehicles is formed. We establish an analytical model to obtain the probability
that a vehicle receives the message and joins the informed platoon. Moreover, we prove that traffic dynamics increase the reception
probability of messages. We find the expected message propagation delay in the platoon using the store-and-forward policy. We also
show that the propagation delay in store-and-forward inter-vehicle communications is tightly related to traffic parameters such as
traffic flow rate and vehicle speeds on the highway. Results show that for smaller transmission ranges, smaller platoons are formed, the
expected message propagation delay in the platoon is low, and it increases very slightly as the traffic flow rate increases. But for larger
transmission ranges, larger platoons are formed, the expected delay is high, and it increases remarkably with a small increase in the
traffic flow rate. The impacts of some network and traffic parameters such as transmission range, speed of vehicles, and highway speed
limits on the message propagation are investigated as well. Finally, the accuracy of the analytical results is evaluated by an extensive

simulation study.

Keywords: Vehicular ad hoc networks (VANETS), store-and-forward, message propagation delay, informed platoon size, reception

probability.

1 Introduction

Vehicular ad hoc networks (VANETS) are special types
of mobile ad hoc networks (MANETS), where wireless-
equipped vehicles communicate with one another and form
a network on the road. In VANETS, vehicles can commu-
nicate directly without the need of expensive infrastruc-
ture. VANETSs have some characteristics that distinguish
them from the other MANETS, such as having intermit-
tent connectivity due to traffic density variation and re-
stricted mobility pattern, largely one dimensional (1D) or
stripe-like topology due to the nature of roadway geome-
try. Applications of VANET are classified as traffic safety,
traffic efficiency and value-added applications!!. Safety ap-
plications aim to improve the safety of passengers by ex-
changing relevant safety messages. Examples are coopera-
tive collision avoidance and other hazard detection warning
systems. Traffic efficiency applications aim to optimize the
traffic flow (better route selection, better traffic balance,
shorter travel time, etc.). Examples for value-added appli-
cations include announcement of roadside business (hotels,
restaurants, gas stations, etc.) and entertainment appli-
cations (collaborative gaming, web surfing, on-line media
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streaming, etc.).

VANETS encounter two different types of network den-
sities (i.e., density of equipped vehicles) depending on the
time of the day and on the market penetration rate (MPR):

1) Dense network is formed by high density of equipped
vehicles. In these networks, since connectivity is satisfac-
tory, message propagation is not a challenge and MAC-
related problems such as collision and contention are of
more concern.

2) Sparse network is formed by low density of equipped
vehicles. In these networks, since instantaneous connectiv-
ity between vehicles is not always available, message propa-
gation is a big challenge and MAC-related problems are less
important due to network sparsity. A store-and-forward
scheme is proposed as an option for message propagation
in sparse mobile environments. In this paradigm, when a
vehicle (node) receives a message, it stores the message in
the memory and carries it. Whenever connectivity to the
next hop is available, it forwards the message to the new
nodes.

Hereinafter, we refer to vehicle trajectory as the moving
path from the vehicle’s starting position. We refer to sta-
tionary traffic state as a traffic state when it does not change
over time. In this case, vehicles share the same speed and
trajectories are straight and parallel lines and no overtaking
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is allowed in this case. And we refer non-stationary traffic
state as a traffic state when trajectory lines intersect one
another and overtaking is allowed? . In unidirectional high-
way scenarios, which we peruse in this paper, if all vehicles
move at the same speed (i.e., stationary traffic), then the
inter-vehicle distances remain unchanged. If this distance
is greater than the transmission range, then message prop-
agation stops. Therefore, non-stationary traffic is necessary
for the message propagation in one-way road scenarios!®.

In this paper, we focus on informing vehicles of a road
hazard as they enter the hazard segment on a unidirec-
tional highway with store-and-forward inter-vehicle com-
munications. The nodes enter the hazard segment following
a Poisson distribution and move with their chosen speeds.
Most of the studies assume a constant number of nodes in a
time (space) interval to find the joint distribution of arrival
times (distances from the origin). However, in our model
the number of nodes is assumed to be random as in reality
in our model. Based on this assumption, we find the joint
distribution of arrival times, then we obtain the marginal
distribution of arrival times which helps us to find the con-
tact probability (i.e., the probability that a vehicle is able
to communicate with other vehicles in front of it when it
enters the highway segment). We also obtain the proba-
bility that a node becomes an informed node as it enters
the segment. We also find a simple approximated formula
for the contact probability which can be used in finding
the average time taken to inform all vehicles in a platoon.
Furthermore, we investigate the impacts of some network
and traffic parameters such as transmission range, speed of
nodes, and road speed limits on the message propagation
process.

The remainder of this paper is organized as follows. Sec-
tion 2 reviews the related works. Section 3 proposed the
analytical model. Section 4 presents some numerical and
simulation results, followed by conclusions in Section 5.

2 Related works

Recently, the study of connectivity in MANETSs has at-
tracted considerable interest. VANETS can be considered
as 1D MANETSs with all nodes distributed along a straight
line, so the results of the studies on 1D mobile networks
can be applied to VANETSs. Some important performance
measures of connectivity in VANETS include: expected con-
nected distance (i.e., cluster length), expected number of
vehicles in a connected path (i.e., cluster size), the proba-
bility of having at least one communication path between
two nodes, the k-hop connectivity, and the critical trans-
mission range[4]. Some researchers studied the connectivity
aspects of VANETS in static networks. The exact connec-
tivity probability of 1D networks with uniformly distributed
nodes was obtained with two different approaches!® . But
a number of studies exist in relation to network connec-
tivity with mobile nodes. In [7], the distribution of inter-
vehicle distance was found. Based on it, we studied the
connectivity metrics such as connectivity distance using the

equivalent infinite server queuing model. The impact of
speed on connectivity was studied and shown by stochastic
ordering techniques. Under the assumption that vehicles’
speeds vary according to the wide sense stationary (WSS)
ergodic random process, Wul®! revealed that the distribu-
tion of variable speed nodes asymptotically converges to
the distribution of constant speed nodes as t — co, and an
exact closed-form connectivity probability expression was
obtained. Moreover, some works studied connectivity pa-
rameters under more complicated mobility models. Con-
nectivity properties of mobile VANETS were studied in [9]
which assumed that vehicles arrive and depart at prede-
fined entry points along a highway. A mobility model using
queuing network was proposed in [10] by considering the
topology of the road and behavior of vehicles. And at the
end, the lower and upper bounds for connectivity probabil-
ity were presented.

Information propagation in a sparse VANET is typically
based on a store-carry-forward scheme!' =14 alike that in
a delay-tolerant network!'®!. More recent works consider
this scheme in their model. By assuming a Poisson distri-
bution of nodes along a line of length L, the probability
of network connectivity on two-way street scenarios using
sore-carry-forward routing was investigated in [16]. Based
on measured empirical traffic data in [17], the connectivity
parameters such as cluster size and cluster length were stud-
ied in sparse networks, and the average time taken to deliver
a message to the neighboring cluster with the assistance of
the opposite traffic was obtained. Kesting et al.'®] investi-
gated message propagation in a store-and-forward scheme
called transversal message hopping. Messages are trans-
ported by vehicles traveling in the opposite direction when
communication link is not available in the original direc-
tion and return to the original direction when communica-
tion link appears. They found the probability distribution
for transmission time and the related message propagation
speed between two vehicles driving in a same direction in
this mode. In [19], the upper and lower bounds for av-
erage information propagation speed were presented for a
bi-directional highway scenario. Below the lower bound,
which is a function of the traffic density in each direction,
data propagated at vehicle speed. In other word, above the
upper bound average, message speed quickly increases as a
function of traffic density and approaches radio propagation
speed. However, as discussed in the previous section, these
models are not suitable for one-way street scenarios because
they assume all nodes maintain a same constant speed in
their models. Considering VANET as a partitioned net-
work with nodes having random speeds, Wu et al.l® stud-
ied the message propagation along a specific road segment
of unidirectional highway by informing downstream vehi-
cles in sparse and dense networks. Then, they extended
their model for two-way scenarios. However, their model
is not appropriate for safety applications where messages
(e.g., road hazard messages) are more useful for upstream
traffic rather than the downstream traffic. In this paper, we
focus on message propagation to upstream vehicles which
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enter the hazardous road segment after the vehicle creating
the initial message about the hazard in the segment. On
the other hand, for upstream vehicles, the vehicles nearby
must receive the message immediately to make decisions in
time (e.g., slowing down or changing the lane) as they en-
ter the hazard segment. Other vehicles which are further
from the hazard segment also need to receive the message to
make decisions based on their distance to the hazard (e.g.,
detouring). Informing the nearby vehicles which we study
in this paper is of more concern, because they have short
time to react due to the short distance to the hazard. A dis-
tance threshold from the hazard is defined, which depends
on the human/vehicle reaction time and travel speed. Vehi-
cles must get informed of the road hazard as they pass the
distance threshold and enter the hazard segment. This dis-
tance threshold gives drivers a reasonable time to react in
time. Here, we aim at informing vehicles of the road hazard,
and study of drivers’ reactions is out of scope of this paper.
However, when a shock wave is generated on the highway
(due to leading vehicles’ reactions, e.g., slowing down), chal-
lenges such as collision between simultaneous transmissions
must be addressed in the vehicular communications.

Although there are a number of works on connectivity
and message propagation in VANETS, most of them only
consider spatial connectivity metrics in their models. In this
paper, we also study a temporal metric in our model. The
use of vehicles’ trajectory lines in a time-space plane simpli-
fies studying spatial-temporal connectivity metrics which is
not considered in the aforementioned work.

3 Analytical model

3.1 Definitions and assumptions

Suppose that N(t) nodes enter a highway segment in
the time interval [0,¢]. MPR is 100%. The first vehicle
which enters the highway segment in this time interval is
the message source and its arrival time is Si. This vehi-
cle is equipped with sensing abilities and generates a mes-
sage about the road hazard as it enters the hazard segment.
Other vehicles, with only communicating abilities, arrive at
Si,i=2,3,-+-,N(t). Also, no two vehicles have the same
arrival time, i.e., S1 < S2 < --- < Si < ---. The vehicles
which have received the message are referred to as informed
vehicles, other vehicles are uninformed. A sequence of in-
formed vehicles forms an informed platoon. The informed
platoon head is referred to the informed vehicle with the
largest position coordinate. We also refer to the informed
platoon tail as the informed vehicle with the smallest po-
sition coordinate form the segment entrance point. The
transmission range of each vehicle is 7. We assume that the
vehicle length is negligible in terms of its impact on con-
nectivity. At a light traffic load, corresponding to free-flow
state in traffic theory!2’!
a very low connectivity, collision between the simultane-
ous transmissions is trivial. Therefore, we do not consider
the MAC-related problemsm. This assumption helps us

, since the network is sparse with
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to simplify our analysis of message propagation in sparse
VANET. Also, we only consider vehicle-to-vehicle commu-
nication (V2V) for the message propagation in our model,
which benefits from the low cost and easy deployment. In
other word, we do not use base stations for broadcasting
messages, albeit we can easily deploy the model to study
the message propagation in hybrid architecture, i.e., with
the existence of base stations along the roadside.

Since all vehicles share a same speed in a stationary traf-
fic state, when vehicle k,k < N(t), enters the highway seg-
ment, it receives the message only of the predecessor vehicle
(i.e., k — 1) is in its transmission range”. But, in a non-
stationary traffic state, due to random vehicle speeds, posi-
tions of the vehicles change, and a vehicle other than vehicle
k — 1 delivers the message to it when vehicle k£ enters the
high way. Consider the example illustrated in Fig. 1, where
the message source carries the message, the horizontal line
shows the entrance point of the highway, solid lines are ve-
hicle trajectories and positions of the predecessor nodes at
a new arrival are depicted with = along the vertical dashed
line. Suppose that k is 7, as node 7 enters the segment, it
cannot communicate with its predecessor node because due
to overtaking node 6 moved out of node k’s transmission
range. But node 4 which has lower speed than node 6 (see
dashed line at node 7’s arrival) falls in node 7’s transmission
range and the two nodes can communicate directly.

In sparse networks, the mobility of nodes is considered
independent of each other. However, in dense networks,
such an assumption is not valid!®. Consider the following
assumptions:

1) Nodes enter the hazard segment following a Poisson
distribution with arrival rate A (vehicles/s).

2) Node mobility is random and independent.

We assume that node speeds are uniformly distributed in
[Umin, Umax), Where Umin and vmax represent the minimum
and the maximum speeds on the highway, respectively.

3.2 The proposed model

Focusing on the instant a vehicle enters the hazard seg-
ment, we evaluate the following metrics in our analytical
model:

1) Joining probability, which is defined as the probability
that a vehicle receives the message and joins the informed
platoon.

2) Expected informed platoon size, which is defined as
the expected number of consecutive informed vehicles.

3) Expected message propagation delay in the platoon,
which is defined as the expected time to propagate the mes-
sage to all the vehicles in the informed platoon using the
store-and-forward scheme.

The first one is important, because a higher joining prob-
ability means a higher chance for a vehicle to get informed
of the condition in the hazard region. The second one is
important, because it shows how many informed vehicles
enter the hazard segment. Studying the last metric gives
us an insight into the parameters affecting the propagation
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delay in store-and-forward inter-vehicle communication,
which is discussed in Subsection 3.2.3.

3.2.1 Joining probability

In this subsection, we obtain the joining probability of
node k as follows!?!):

Let T;,4 = 1,2,--- , N(¢) be a random variable (RV) de-
noting inter-arrival time between nodes i and i—1. Accord-
ing to the Poissonly distributed arrival of nodes assumed in
Subsection 3.1, we know that T;s are independent and iden-
tically distributed exponential RVs with E[T}]

/1\ given by

frot) =Xe M, i=1,2,-- N(t),t:>0. (1)

Assuming that N(t) nodes enter the hazard segment in
[0, t], first we find the joint probability density function
(PDF) of k arrival times, where k < N(t), meaning that we
release the condition N(t) = k on the joint PDF of arrival
times which is assumed in Theorem 5.2 of [22]. According
to [22], it is known that

k< N(t)< Sy <t (2)
The following lemma holds:

The joint PDF of arrival times
-, Sk, k < N(t) can be expressed as

Lemma 1.
S1, S,

k. _—X
fslaSQ»“‘»Sk(Sl7827”' 78k) = A'e %k

0<s1 < <81 < s <t

)

®3)

Proof. We know that the inter-arrival times until node
k's arrival (i.e., T;,4 = 1,--- ,k) are independent and iden-
tically distributed with a PDF given by (1). Thus, the joint

PDF of these RVs can be expressed as
stk) = fro (1) frp (t2) - - fry () =
Ae Mixe M2 \eT M

0<t; <t

fT11T2:”‘ T (tlat2a c

(4)

The arrival times until node ks arrival (i.e., S;,i =

1,---,k) can be defined as
S1="T1
So=T1+1T>

Se=T1+To+ -+ T (5)

The joint PDF of arrival times is a multivariate linear
transformation of the joint PDF of inter-arrival times hav-
ing an absolute value of the Jacobian of the transformation
1. It means

y8k) = [y 1o,y (b1, 82,00 S )

(6)

fSIaSQ»“‘»Sk (81782’ T

where
tl = S1
t2 = S92 — 81
ty = Sk — Sk—1- (7)
Therefore,

[51,80, .5y (s1,82,- -+ ,5K)

)\e—Asle—/\(52—Sl) N

e_/\(sk_sk—l) _ )\ke—/\sk

0<sy <sa<---< s <t

(8)
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g
Let Xi—; be an RV representing the waiting time from
the i-th entrance until the k-th entrance, i.e.,

Xk_i = Sk - Sz (9)

In order to have a linear transformation from a k-
dimensional space to a k-dimensional space, we introduce
an additional new RV as

Xy, = Sg. (10)

The corresponding X;,i = 1,--- , k for the example shown
in Fig. 1 is illustrated in Fig. 2. As can be seen, the X;s are
arranged in an ascending order as S;s are.

Time (s)

Entrance point

Fig.2 X;,i=1,2,--- ,k for the example shown in Fig. 1

Since the absolute value of the Jacobian of the transfor-
mation is 1, the joint PDF of waiting times (i.e., X;_;) is
the same as (3) and can be defined as

fX1»X2»“‘ Xk (1‘1, T2, :rk) = )‘ke_)\lka
O0<or < - <ap—1 < < L (11)

The marginal PDF of Xj,_; is obtained as
Ixp i (Th—i) =
/~ oo ANeTMR gy o dag s dak iy - - - da
D
(12)

where D = {(z1, 2, -
Define

o) 10 < a1 <o < - < <t}

Zik = Xi—k Vi (13)

where Z; 1, is an RV representing the distance between node
i and node k, and V; is an RV representing node i’s speed
having a PDF given by
1
fVi (UZ) = ,

Umax — Umin

Umin S v S Umax (14)

which is identical for all the nodes. Let P(k.,) denote
the contact probability of node k& with a predecessor node
i,t =1,2,--- ,k — 1, i.e., the probability that node k com-
municates with node ¢ when it enters the highway segment.
Let P(k.) denote the total contact probability of node k,
i.e., the probability that node k finds at least one predeces-
sor node in its transmission range when it enters the high-
way segment. Since V; and Xj_; are independent RVs, the
probability that node i is in the transmission range of node

@ Springer

k, i.e., P(Z;x <) by applying the conditional distribution
formulal??!| is obtained as

P(kci) =P(Zix<r)=
P(XyiVi <7) =

+oo
/ P(Xy—iVi <7|Vi =) fv, (vi) dvs; =

/ CP(Xei < ) x ! dvi,i < k. (15)
Vmin Vs Umax — Umin
P(Xy—i < ) can be obtained by using (12), and P(k.) is
obtained as

Plk) =P {uf;fAi,k} = (1)

P{A1x UAsx U---UAp 11} =
Z P(Aix) — Z P(A; kAj )+
i i<j
Z P(A; g AjpArg) +--+
i<j<l
(—1)"P(Ay pAop - Ak k), k=2,3,---,N(t)
(16)
where A; i denotes event Z; , < r,i=1,--- ,k—1, P(A;x)
can be obtained by (15), and P(A; k- - Ajk - Amk),t <
< j < -+ < m can be obtained by

(17) at the next page.
independent, we have (18) at the next page,

Since node speeds are

where P{X,H-gv’;,...,Xk,jg;j,...,xk,mgvm

is obtained from (19) at the mnext page,
where ka—ilec—ja‘“ Kioom (Thmiy 3y Th—jy oo+ s Thomm)
is the marginal PDF of n-dimensional RV
(Th—iy ** ,Th—yj,*** ,Tk—m), and D" is a subset of D’ shown

by (20) at the next page.

Node k becomes an informed node and joins the in-
formed platoon if nodes 2, 3, ---, k contact with at least
one informed node as they enter the highway segment (i.e.,
Jeyj = 2,3,--- k). The informed node stores and carries
the message for a while and hands it to the approaching
vehicle as it appears on the highway segment. For exam-
ple in Fig. 1, node 2 is an informed node since it has the
message source in its transmission range. It stores and car-
ries the message and forwards it when a new node appears
on the highway segment. When node 3 enters the high-
way segment, it has 2 informed nodes in its transmission
range. Therefore, it joins the informed platoon. It carries
the message and forwards it when a new communication
link appears. Finally, node 7 joins the informed platoon,
since it has node 4 in its transmission range, which is an
informed node. Thus, the probability that node k receives
the message and joins the informed platoon can be obtained
as

P(kiom) = P { (i) } =

p {ﬂﬁzz(Uf;fAi,j)} =
P{A12N(A13UAdz3)N---} (21)
where P(kjoin) denotes the probability that node k joins the
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n
-~ e ~
P(Aig-Aji-Amp) =P(Zip <71, Zj < Ty Die <) =

VUmax Umax
/ / P{kai‘/iST,"'7Xk7j‘/j§T7"

VUmin Umin

f('Uiy"' ,Uf, e 7Um)d1)~;,"' 7d’l}j,"

: 7Xk7mvm S T|‘/7, = Vi,

v, i<

7‘/j:7~)j,"',vm:7~)m}><

<j<--<m<k (17)

VUmax Umax r r r
P(Ai,k7"'aAj,ka"'aAm,k):/ / P{kaié gy Xp—j <y Xpem < X
Umin VUmin Ui Uy Um
1 n
( ) dvg, -+ ,dvj, -, dun, (18)
Umax — Umin
r r r
P{Xk—iS oy Xp—j < Xeem < }:
(V7 (] Um
/ P Xy X @iy Ty ) Ay -+ Az, - dTpem (19)
D//
, r . roo
D =< (1,22, ,@p—1):0< 21 <22 <+ < Tp—1526—1 < ;2 < min =1, k—2p. (20)
V1 J=t, k=1 Vg—j

informed platoon. The above equation can be obtained by
using (16).

Approximated formulas. In this subsection, we pro-
pose simple approximated formulas for (16) and (21) which
are difficult to obtain especially when the number of nodes
increases. Simulation results show that contact probability
of node k, i.e., P(k.) greatly depends on node k — 1, slightly
on node k — 2 and very slightly on the other nodes. If we
assume that only node k—1 has impact on P(k.), then (16)
can be approximated by

Plke) ~ P(An_1.0). (22)

where P(Ax_1,) denotes event Z_1 ; < r (when the dis-
tance between two consecutive nodes k — 1 and k is less
than or equal to the transmission range). It is concluded
that vehicle contact can be assumed as an independent RV,
thus
k
P(kjoin) ® P{A12NA23NA34N---} = H P(Aj-1,5)
j=2

(23)

This approximation is useful for further analysis of the mes-
sage propagation process especially in finding the expected
message propagation delay in the platoon.

3.2.2 Expected informed platoon size

Using the approximated formulas obtained in the previ-
ous subsection, we find the expected informed platoon size,
i.e., the expected number of consecutive informed nodes
that enter the highway segment. As discussed earlier, if
node k contacts with an informed node with probability
of P(kc) it becomes informed as well. Otherwise, with
1 — P(k.) it is an uninformed node and the informed node
chain breaks. The number of informed nodes can be ex-
pressed as an RV having a geometric distribution with
P,. = 1 — P(k.). Based on the approximation in Sub-

section 3.2.1, P(kc) =~ P(Ak—1,x). Since node contact is an
independent and identically distributed RV, the probability
mass function (PMF) of the number of informed nodes can
be written as

P(NI :nz) :Pnc(l_Pnc)niil (24)

where Ny is an RV denoting the number of informed nodes,
and the expected informed platoon size is

1
E[Nr]= P (25)
3.2.3 Expected message propagation delay in the
platoon
In this subsection, we find the average time to propagate
the message to all the vehicles in the platoon. Clearly, the
average time to deliver the message to the informed pla-
toon tail gives us the expected message propagation delay
in the informed platoon. The message propagation delay
in a mobile network using store-and-forward consists of two
parts: 1) communication delay, when communication path
is available between two nodes; 2) carry delay, when the
message is carried by a vehicle until a new communica-
tion path appears. In VANETS, the carry delay is several
orders-of-magnitude larger than the communication delay.
Therefore, we ignore the communication delay and consider
the carry delay in order to find the expected message prop-
agation delay in the platoon. The desired metric can be
obtained as follows.
The PDF of inter-arrival time between two consecutive
informed nodes can be obtained as

ifo<t< v

— Ymin

T )
)=14 Fr(y)
v 0, otherwise

Jrie (ting) = fr (T <

(26)

where Tins is an RV denoting the inter-arrival time between

two consecutive informed nodes. Since the inter-arrival
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times as well as the node speeds are independent, in the
above equation, we dropped the subscripts. Fr(y,) can be
obtained using (15), and the average inter-arrival time be-
tween two consecutive informed nodes can be obtained as

r

E [T’inf } = /”min tinff(tinf) dtinf~ (27)
0

The message propagation delay in the platoon, Tp4, is

Ni—1

Tpa =Y Tint;- (28)
1=0

Therefore, the expected message propagation delay in the
platoon is obtained as

E [Tpa | =E [Ny = 1]E [Tinr | = (E [Nr | = DE [Tinr |-
(29)

3.3 Discussion

A typical scenario of our model is presented in Fig. 3.
Since the distance between node 8 (newly entered) and node
7 (informed node) is greater than the transmission range,
the message cannot be relayed to node 8 and it stays unin-
formed and does not join the informed platoon. Therefore,
node 7 is the last informed node that enters the highway
hazard segment (i.e., informed platoon tail). Also, due to
the traffic dynamics, it is possible that node 8 joins the in-
formed platoon later. This phenomenon is not discussed
here and we leave it as future works. Since we do not con-
sider communication delay in our model, the expected sum
of the arrival times conditioned on T' < [
sage source’s arrival to node 7’s arrival gives us the expected
message propagation delay in the platoon. This means that
the message propagation delay with store-and-forward pol-
icy is tightly related to traffic parameters such as traffic flow

, from the mes-

1
g‘\‘\ Infor

med platoon head

g / Informed platoon

w N

/_— Informed platoon tail

rate and node speeds on the highway, also it is related to
the transmission range of communicating vehicles and the
MPR as well.

In bidirectional highway scenarios, in a case that the con-
nectivity is not available in the original direction, vehicles
traveling in the opposite direction can help to restore the
connectivity. In this case, when the message source ob-
serves a hazard on the road, it may transfer the message
to a vehicle driving in the opposite direction. This vehicle
(relay vehicle) carries the message and forwards it to a ve-
hicle in the original direction when the communication link
appears. In safety applications, this piece of information
is of no use for the relay vehicles. Therefore, the message
must return to the original direction before vehicles in the
original direction reach the defined distance threshold. In
sparse networks which we study in this paper, due to low
network density, vehicles in the opposite direction cannot
help message propagation in the original direction remark-
ably and they are more useful in networks between sparse

and densel® 19,

4 Numerical and simulation results

In this section, the theoretical results are validated
through simulation. Using Matlab, entrance to the highway
segment is simulated for a sufficiently large time interval
(i.e., 10005s). The highway is assumed to be unidirectional
and having multiple lanes, but there is no restriction on the
number of lanes, i.e., nodes can overtake without changing
their lanes or maneuvering. Due to the small width of the
lanes, this assumption does not affect the connectivity and
the error is negligible. Traffic flow assumed to be undis-
turbed (i.e., no traffic lights). It is assumed that the

~

5 Uninformed node X

\ N\

a Informed node E

X

L o>y
T

IS7 \ SX

Entrance point
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Fig. 3

Message propagation delay in the platoon

Tllustrative scenario of the proposed model
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highway segment is long enough compared to the transmis-
sion range, i.e., the message propagation is not spatially re-
stricted. According to [7,17], it is known that when the traf-
fic volume is below 1000 veh/h, the network formed by ve-
hicles is sparse. Therefore, the traffic volume is considered
to be 430 vehicles/h which is an empirical value measured
in [17]. As a result, the traffic flow rate A is 0.12 vehicles/s.
Node speeds are uniformly distributed in [Umin, Vmax] inter-
val, where vmin = 20m/s and vmax = 40m/s. Nodes do
not change their chosen speeds over the simulation time.
The simulation is repeated for a sufficiently large number
of trials by allowing random number of nodes enter the
highway segment in the simulation time in each trial, and
statistics of the desired performance measure for node k is
collected. The desired probabilities are obtained from the
ratio Ndesired /Mtotal, WheEre Ndesired is the number of trials in
which the desired event has occurred and niota1 is the total
number of trials.

In Fig. 4, the contact probability of node k with a pre-
decessor node i (i = 1,2,--- ,k — 1) as a function of trans-
mission range, which is given in (15), is evaluated against
the simulation results. In fact, it shows the chance of the
newly entered node being able to communicate with the
predecessor nodes. In Fig.4, k is 7, the 1st predecessor
node is vehicle 6, the 2nd predecessor node is vehicle 5, etc.
Obviously, increasing the transmission range may increase
the chance of having more nodes in the transmission range.
For example, for a transmission range of 300 m, which is the
current feasible transmission range[24], the chance of having
the third predecessor node in node 7’s transmission range is
about 15%, but for a transmission range of 1000 m, which
is the proposed transmission range of the dedicated short-
range communication (DSRC) standard®® 20 it is about
75%.

+=+= Simulation
Analytical

Ist predecessor node
0.9 -

0.8p

0.7p

00160 200 300 400 300 600 700 800 900 1000
Transmissin ranger (m)

Fig.4 Contact probability of node k (k = 7) with a predecessor
node i (¢ =1,2,---,6)

Fig.5 shows the total contact probability obtained in
(16). As can be seen, node 3 (with two predecessor nodes,
i.e.,, nodes 1 and 2) compared to node 2 (with only one

predecessor node, i.e., node 1) benefits from a higher con-
tact probability. In fact, it shows the effectiveness of
non-stationary traffic in the message propagation process.
Hence, as the node number increases, the total contact
probability of the node increases as well. But for nodes
after the third, the total contact probability increases very
slightly, showing that the nodes except the two predecessor
nodes have little impact on the total contact probability.
This fact led us to the approximated formulas in Subsection
3.2.1. However, the node transmission range has a great im-
pact on the total contact probability. As can be observed,
for smaller transmission ranges (e.g., 100 m), approxima-
tion results, obtained by (22), are in good agreement with
the analytical and simulation results. In other word, for
smaller transmission ranges, node k contacts mostly with
node k — 1, while for larger transmission ranges, a disagree-
ment between the approximation results with the analytical
and simulation results is observed. It means that node k
may contact with other predecessor nodes when the trans-
mission range is larger. Thus, an increase in the analytical
and simulation results compared to the approximation re-
sults is observed (see the slope of the line from node 2 to
node 3 for different transmission ranges in Fig. 5).

1 r T T

_ Ivmm =20m/s
F= v =40 m/s
0.9F
e SN S S SR L p— L — L . S—
0.8f r=300m
Y S . S S S F p— L Sp—— L N c—
:
= 0.6
l —— Analytical
—+-- Approximation
05l 4 Simulation
0.4
=3 —3 5 7 g
Vehicle number
Fig.5 Total contact probability of node k,k =2,---,10

Fig. 6 shows the probability that node k joins the in-
formed platoon P(kjoin) when it enters the highway segment
for three different transmission ranges. As can be seen, for
a given transmission range, as k increases, the joining prob-
ability decreases. This is due to the fact that for node k,
to join the informed platoon, all the predecessor nodes and
node k must contact with an informed node. Therefore, as
the number of node k increases, this probability decreases.
On the other hand, increasing the transmission range in-
creases this probability. As can be observed, for smaller
transmission ranges, there is a good agreement between the
analytical and simulation results with approximation re-
sults. But for larger transmission ranges as discussed in
Fig.5, a node may contact with other predecessor nodes
and the independency assumption does not hold any more.
Hence, a disagreement between the analytical and simula-
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tion results with approximation results is evident.

Fig. 7 shows the impact of road speed limits on P(kjoin).
As may be observed, by reducing the road maximum speed
limit to 30m/s, the probability that node k joins the in-
formed platoon increases compared to the maximum speed
limit of 40m/s. As can be seen, there is a good agreement
between the approximation results with simulation and an-
alytical results when vmax is reduced to 30 m/s.

Fig. 8 shows the average informed platoon size for dif-
ferent transmission ranges and different arrival rates (i.e.,
traffic flow) in a sparse network (from 430 vehicles/h to
720 vehicles/h). As may be observed, for small transmis-
sion ranges (e.g., 100 m), small platoons are formed. Even
increasing the traffic flow does not increase the platoon size
very much. But, for larger transmission ranges (e.g., 300 m,
500 m) the contact probability is high, therefore, more ve-
hicles tend to join the informed platoon and larger platoons
are formed. In this situation, even a small increase in the
traffic flow may increase the platoon size. This increase in
the platoon size is more remarkable for much larger trans-
mission ranges (i.e., for r=500m compared to r=300m
in Fig.5). As can be seen, for larger transmission ranges,
there is a disagreement between the analytical results and
the simulation results (e.g., 500 m). This inaccuracy stems
from the fact that for larger transmission ranges, the im-
pact of other nodes on a node’s contact increases and the
approximation in Subsection 3.2.1 does not remain accu-
rate. As a result, the obtained analytical results are not in
good agreement with the simulation results.

0.9

b

0.8

—— Analytical
-+ Approximation
— v - Simulation

=500 m v =20m/s

min

v =40m/s

max

Vehicle number

Fig.6 Probability that node k (k = 2,3,---,10) joins the in-
formed platoon P (kjoin) for three different transmission ranges
(r=100m, 300m, and 500m) with a maximum speed limit of
40m/s

Fig. 9 shows the expected message propagation delay in
the platoon as a function of arrival rate for different trans-
mission ranges. For small transmission ranges (e.g., 100 m)
since small platoons are formed, the expected message prop-
agation delay in the platoon is low. But, as discussed in
Fig.8, for larger transmission ranges (e.g., 300m, 500 m)

@ Springer

larger platoons are the formed. As a result, message prop-
agation in the platoon takes more time and even a small
increase in the traffic flow rate may increase the expected
propagation delay in the platoon, which is more noticeable
for the larger transmission range (e.g., 500 m). Also, we see
a disagreement between the analytical results and the sim-
ulation results as the transmission range increases for the
same reason discussed in Fig. 8.

0.8
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‘=0=- Approximation v =30 m/s
0.7 - A - Simulation v, =30 m/s
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Fig.7 Probability that node k (k = 2,3,---,10) joins the in-
formed platoon, P (kjoin), with transmission range r=300m
for two different road speed limits (i.e., Vmin = 20m/S, Umax =
30m/s and Vmin = 20m/Ss, Vmax = 40m/s)
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Fig.8 Average informed platoon size
5 Conclusions and future works

In this paper, we studied the propagation of road hazard
information to the vehicles which enter the hazard segment
using store-and-forward in a sparse VANET. We obtained
the probability that a given vehicle receives the message
from the message source and joins the platoon of informed
vehicles. In particular, the fact that traffic dynamics in-
creases the reception probability of messages was proven
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Fig.9 Expected message propagation delay in the platoon

here. We found that the total contact probability of a node
largely depends on node k — 1, slightly on node k — 2 and
very slightly on the other nodes.
approximated formula for the total contact probability of a
node. This formula was further used for finding two impor-
tant performance measures, i.e., expected informed platoon

Thus, we proposed an

size and expected message propagation delay in the pla-
toon. We found that the expected message propagation de-
lay is related to traffic parameters such as traffic flow rate,
node speeds on the highway and the transmission range of
equipped vehicles. Results showed that for smaller trans-
mission ranges, smaller platoons are formed and the ex-
pected platoon size and the expected message propagation
delay in the platoon increase very slightly as the traffic flow
increases. But for larger transmission ranges, larger pla-
toons are formed and the expected size and the expected
delay increase noticeably even with a small increase in the
traffic flow.

The future plan is: 1) to extend the model and study
store-and-forward message propagation in VANETS consid-
ering MAC related problems and 2) to study store-and-
forward message propagation in bidirectional and more re-
alistic traffic scenarios.
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