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Abstract

Routing in vehicular ad-hoc networks (VANETs) is based on the contacts
through vehicle-to-vehicle communications. Due to the high probability and
long duration, contacts on the overlapped trajectories among vehicles play an
important role during routing. However, both the stochastic vehicular mo-
bilities and non-ignorable road distances lead to high spatio-temporal fluc-
tuations for the probabilistic contacts on the overlapped trajectories, which
can diversify routing decisions. In this paper, we propose a novel Sampling-
based Estimation Scheme (SES), which discretizes the probabilistic contacts
on the overlapped roads into a small number of segments, and abstracts each
segment as a sample. The contact duration between two vehicles moving
in opposite directions on their overlapped road is lower, but their contac-
t probability is higher. By contrast, the duration of the contact between
two vehicles moving in the same direction on their overlapped road is high-
er, but their contact probability is lower. The proposed SES can achieve
efficient routing by considering the above properties of stochastic contacts.
Furthermore, we investigate the content transmission among the probabilis-
tic contacts, through the flow model with probabilistic capacities. Extensive
experiments validate the competitive performance of the proposed SES with
the probabilistic contacts in VANETs.
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1. Introduction

With the increasing demands for various applications on vehicles, both
academic researchers and automotive industries have been paying a lot of
attention to vehicular ad-hoc networks (VANETs). The vehicle-to-vehicle
(V2V) communications achieve information exchange among vehicles, result-
ing in an increased range of data dissemination and connectivity to road-
side access points (vehicle-to-AP). Many applications have been proposed in
VANETs, such as road condition sensing, traffic management, location-based
services, and so on [1]. As presented in [2], although the aforementioned
services can be supported by wireless infrastructures (e.g., LTE), the corre-
sponding cost is unacceptable. Moreover, these services may be unavailable
when such infrastructures do not exist or are damaged. In VANETs, a ve-
hicle first stores the routing message, carries it while moving randomly or
on a controlled path, and then forwards it to either an intermediate node or
the destination. This is known as a store-carry-forward paradigm [3, 4]. A
pairwise V2V contact happens when the two vehicles are within each other’s
communication range. The places, where the contacts happen among vehi-
cles, are on their overlapped trajectories. These trajectories can be obtained
through fixed schedules, navigation systems, and historical trajectory-based
predictions [4, 5, 6, 7].

Due to the stochastic vehicular mobilities, the time when a vehicle appears
at the vehicles’ overlapping trajectories is uncertain, resulting in probabilistic
contacts among vehicles. As shown in Figure 1(a), although the trajectories
of vehicles A and B are overlapped at intersections 1 and 4, their contacts at
the intersections are uncertain due to their stochastic mobilities. Moreover,
even if A and B have contact at the intersection, the contact duration should
be short. This is because A and B will leave each other after the intersection.
Compared with intersections, the probability of a contact between two vehi-
cles moving in opposite directions on overlapped roads is higher. An example
includes the road between intersections 2 and 3 shown in Figure 1(a). On
the other hand, the duration of a contact between two vehicles moving in the
same direction on the overlapped roads is longer. An example is the road
between intersections 2 and 3 shown in Figure 1(b). Therefore, the contact
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Figure 1: Probabilistic contact on the overlapped road along the vehicles’ trajectories

on the overlapped roads plays an important role in the data delivery among
vehicles.

The distance of the overlapped road is vital for making routing decisions,
which is non-ignorable. A previous work by Liu and Wu [8] models the
opportunistic routing as a probabilistic state-space graph, and discretizes
each probabilistic contact between two nodes as a point associated with a
time slot and a contact probability. Since the distance of the overlapped
road is non-ignorable, the probabilistic contact on this road has high spatio-
temporal fluctuation, which provides more possible routing paths. Let us
consider the scenario in Figure 1(a), where A wants to send a message to an
AP as soon as possible. If A meets B near intersection 2, it will forward the
message to B, which has a shorter travel distance to an AP. In contrast, if A
meets B near intersection 3, it will keep on carrying the message to a nearer
AP.

In this paper, we study the probabilistic contacts in the DieselNet trace
[9], and discuss stochastic vehicular mobility model. Then, by involving
the fluctuation of the contacts on the road with non-ignorable distance, we
propose a Sampling-based Estimation Scheme (SES) for routing with proba-
bilistic contacts on the overlapped roads. The basic idea is that we discretize
the probabilistic contacts on the overlapped road into a small number of
segments, and abstract each segment as a sample, such as the red points in
Figure 1. Different from the one-point solution in [8], each sample provides a
possible routing decision on the overlapped road, and all the samples togeth-
er can involve all the possible routing paths with different distance informa-
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tion. Meanwhile, SES filters the illegible samples by the spatio-temporal con-
straints of contacts on the overlapped roads. Note that more samples bring
a higher accuracy of the delay estimation, as well as a higher computational
cost. Therefore, we will discuss the number of samples (i.e. discretization
level) in order to leverage the tradeoff between the accuracy and the cost.

Furthermore, the probabilistic contact durations have significant impacts
on the throughput between two inter-contact vehicles. Consequently, we in-
vestigate maximum content transmission among the probabilistic contacts,
under a flow model with probabilistic capacities. Since the maximum flow
problem under probabilistic capacities is NP-hard [10], we propose a heuristic
algorithm to approximate the maximum flow for a reliable content transmis-
sion. We conduct intensive simulations for discussing the data forwarding
with the probabilistic contacts on the overlapped roads in VANETs, which
are based on the combination of NS-2, SUMO, and MOVE [11, 12, 13]. The
simulation results imply that an accurate estimation for the probabilistic con-
tacts can affect the performance of contact-based data delivery in VANETs.

Our technical contributions are multi-fold, including:

• We propose a Sampling-based Estimation Scheme (SES) for routing
with probabilistic contacts on the overlapped roads, in order to increase
the accuracy of the delay estimation. It discretizes the probabilistic
contacts on the overlapped road into a small number of segments.

• Due to the probabilistic contact durations on the overlapped roads, we
investigate maximum flow among the probabilistic contacts for the con-
tent transmission, through the flow model with probabilistic capacities.

• By the combination of NS-2, SUMO, and MOVE, we conduct intensive
simulations for evaluating the performance of SES with the probabilis-
tic contacts in VANETs.

This paper is organized as follows: Section 2 introduces the assumptions
and analyzes probabilistic contacts. Section 3 proposes the Sampling-based
Estimation Scheme (SES). Section 4 investigates the content transmission
with the probabilistic contacts. In Section 5, we describe the results from
our simulations. In Section 6, we discuss related work in this area. Finally,
in the last section, we conclude the paper.
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Table 1: Notations
Notation Description

rij The road between the intersection i and j.
tij The travel time from the place point i to j.
lij The Euclidean distance from the place point i to j.
v The speed of a vehicle.
R Communication range of the vehicle node.
AB The contact between the vehicle A and B.
TAB The starting time of the contact AB.
PAB The probability of the contact AB.
DAB The duration of the contact AB.

2. Probabilistic Contact

In this section, we first give the assumptions and definitions. We analyze
a real trace, and then set up a model of the probabilistic contacts.

2.1. Assumptions and Definitions

Notations used in this paper are listed in Table 1. We assume that each
vehicle knows its location by the GPS service, which is already available in
most new cars, and will be common in the future. Vehicles can obtain the
trajectories of others by some existing approaches: (1) The vehicles have
fixed routes (such as buses) [9], which can be obtained by their schedules
[5]; (2) The trace of a node can be obtained through the navigation system
equipped onboard in the vehicle [6]; (3) Due to the spatio-temporal regularity
with vehicle mobility, the future contacts and trajectories of vehicles can be
predicted [4, 7]. We assume the speed of vehicles (denoted by v) in the
mobility model follows a Gaussian distribution.

Vehicles communicate with each other through short-range wireless chan-
nels. Let R denote the communication range of each vehicle node. Here, we
make the assumption that two vehicles would have a contact opportunity if
their locations are within the communication range. For simplification, we
assume each vehicle can communicate with only one other vehicle on the same
road, due to the obstacles (such as the buildings) on the roadside. The V2V
contact between vehicles A and B is denoted by AB. We use the probability,
starting time, and duration to describe such contact.

Definition 1 (Probability of Contact). We define probability of contact
as the chance that a vehicle can encounter another vehicle on their overlapped
road. Let Pab denote the probability of contact between nodes a and b.
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Figure 2: Probabilistic contacts on the overlapped road in DieselNet

Definition 2 (Starting Time of Contact). We define the starting time
of a contact as the time slot when a vehicle contacts another one. We simply
assume the initial time is 0. Let Tab denote the starting time of contact
between nodes a and b.

Definition 3 (Contact Duration). The contact duration is the total time
that a couple of vehicles are within communication range of one another. Let
Dab denote the duration of contact between nodes a and b.

The relationship between routing and content transmission is the prob-
abilistic contact (Definition 1). In this paper, we investigate not only its
time (Definition 2) for estimate delay, but also its duration (Definition 3) for
estimate throughput.

2.2. Analysis with DieselNet Trace

We investigate the probabilistic contacts with the trace from DieselNet
[9]. The trace records the contacts among the buses in UMass, which includes
the starting time, position, and duration of each contact. We choose the trace
of the bus with ID 3007, and analyze its contacts with the buses on route
31 along N Pleasant Street, as shown in Figure 2(a). During each occasion
of traveling on the street, we sum the durations of the contacts with each
other. For example, during one travel on the street, there are three records
of contacts with bus 3118, whose durations are 7.63, 3.38, and 13.77 seconds;
so the total duration of the contact for this travel on the street between buses
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3007 and 3118 is 24.78 seconds. Thus, we obtain the contact durations of
bus 3007 with other buses. The probability of contact durations is shown in
Figure 2(b).

We notice that the probability of the short duration, which is less than
20 seconds, has the highest probability (about 0.35). Short durations of
contact may be caused by the buses with different directions on the road or
at an intersection. The probability of the duration being between 20 and
100 seconds is about 0.53, which may be caused by buses heading in the
same direction on the road. The duration of the contact occurring in the
same moving direction is related to their travel time spent together on the
mutual overlapped road. Studies on traffic engineering have demonstrated
that the travel time of a vehicle along a fixed distance follows the Gamma
distribution [14]. We notice that between 20 and 100 seconds of duration,
the probability of duration between 40 and 60 seconds is the highest (about
0.27). The probability of long duration, which is more than 100 seconds, is
about 0.12. This may result from the long waiting time at a bus stop.

2.3. Model of Probabilistic Contact

Traffic engineering has widely agreed that the speed of vehicles follows
a Gaussian distribution [15, 16], i.e., v ∼ N(µv, σ

2
v). Due to the stochastic

vehicular mobilities, the time when a vehicle appears at the vehicles’ overlap-
ping trajectories is uncertain, resulting in probabilistic contacts among ve-
hicles. We discuss the probabilistic contacts under the two situations shown
in Figure 1.

First, let’s consider the situation that the vehicle A may meet B on their
mutual overlapped road rij with the opposite moving directions, such as the
road r23 in Figure 1(a). Let lA(t, rij) and lB(t, rij) denote their travel dis-
tances on the road rij at time t, respectively. We assume the travel distances
of two vehicles at a given time are independent from each other. If A con-
tacts B with the opposite moving direction on the road rij, then the sum of
their travel distances on the road before the contact is equal to the length of
the road (the length of rij is denoted by lij) minus the communication range
(denoted by R). Let pAB(t, x) denote the probability distribution function
of the contact AB at time t, where the travel distance of A on the road rij
is x (0 ≤ x ≤ lij). Thus, we have:

pAB(t, x) = P [lA(t, rij) = x] · P [lB(t, rij) = lij −R− x] (1)

where P [X] denotes the probability for X to be true.
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Due to the stochastic vehicular mobility, the contact AB with opposite
moving directions on the overlapped road rij can happen at any place on the
road. The probability of this contact can be calculated as:

PAB =

∫ ∞

0

∫ lij

0

pAB(t, x)dxdt (2)

The expected starting time of the contact AB on the road rij can be
calculated as:

E[TAB] = (1/PAB) ·
∫ ∞

0

∫ lij

0

pAB(t, x) · t dxdt (3)

where the normalization coefficient 1/PAB means that the expected value is
calculated under the conditional event of contact.

The duration of the contact AB with opposite moving directions is from
the starting time of the contact to the time when one of them moves out of the
road, or to another’s communication range. For approximate calculation, we
assume that the speed of A is the same as B during their contact (denoted by
v), and the contact at the ends of the overlapped road is ignored. Thus, the
contact duration of vehicles with opposite directions can be approximately
calculated by:

DAB = R/v (4)

Let’s consider another situation that the vehicle A may meet B on their
mutual overlapped road rij with the same moving direction, such as the road
r23 in Figure 1(b). Since A and B have the same speeds, the contact AB
on the road rij should be satisfied that, when the later vehicle moves onto
the overlapped road, the travel distance of another vehicle on the road is
less than the communication range R. When they start to contact each
other, their travel distances on the overlapped road rij should be satisfied
0 ≤ lA(t, rij), lB(t, rij) ≤ R. Thus, the probability distribution function of
the contact at time t, where the travel distance of early vehicle is equal to x
(0 ≤ x ≤ R), can be calculated as follows:

pAB(t, x) =P [lA(t, rij) = 0] · P [lB(t, rij) = x]

+P [lB(t, rij) = 0] · P [lA(t, rij) = x]

−P [lA(t, rij) = 0] · P [lB(t, rij) = 0]. (5)

However, while these two vehicles A and B, with the same moving direc-
tion, meet on their overlapped road, the distance from the contact point to
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the entrance of the road should be less than their communication range. The
probability of the contact AB can be calculated as:

PAB =

∫ ∞

0

∫ R

0

pAB(t, x)dxdt (6)

The expected starting time of the contact AB on the road rij (tc) can be
calculated as:

E[TAB] = (1/PAB) ·
∫ ∞

0

∫ R

0

pAB(t, x) · t dxdt (7)

The duration of the contact AB with the same moving speed is from
the starting time of the contact to the time when one of them moves out of
the road. Thus, the road distance increases the contact duration, and the
expected duration of contact AB on the overlapped road lij can be calculated
as follows:

E[DAB] = (1/PAB) ·
∫ ∞

0

∫ lij

0

lij − x
v
· pAB(t, x) dxdt. (8)

Based on the analysis of the probabilistic contacts with the stochastic mo-
bility model, we notice that the road distance increases both the probability
and the duration of the contact between vehicles. Therefore, the contacts on
the overlapped roads plays an important role in routing among vehicles.

3. Sampling-based Estimation Scheme

In this section, we show an overview of the routing scheme, the objec-
tive of which is the expected minimum delay. By considering the temporal
and spacial probabilistic contacts on the overlapped roads, we propose a
Sampling-based Estimation Scheme (SES) for evaluating the data delivery
among the probabilistic contacts with high accuracy. Furthermore, in order
to increase the accuracy of estimation, we generalize SES to use k samples.

3.1. Probabilistic State-space Graph

We utilize a metric of expected minimum delay (EMD) [8] to evaluate
the data delivery among the probabilistic contacts as follows:
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Figure 3: An example of three vehicles with cyclic trajectories

Definition 4 (Expected Minimum Delay). The expected minimum de-
lay is the expected time an optimal opportunistic forwarding scheme takes to
deliver a message, given a starting time and a source-destination pair.

We abstract each contact between pairwise vehicles as a point on their
overlaps. This point is denoted as a tuple of (T ,P ,D), where T , P , and D
denote the starting time, probability, and duration of the contact, respec-
tively. A simple example of three vehicles (A, B, and C) is shown in Figure
3(a), which move along the cyclic trajectories at different speeds. Although
their mobilities are stochastic, we assume they can be re-synchronized at
their beginning points by the waiting time (such as buses in city [5]), and
the duration of the cycle is 100 time slots. The vehicle A wants to send a
message to an AP, which can be met by vehicles B and C. We assume B and
C connect to an AP at the 80th and 75th time slots, while the durations of
the connections are 25 time slots. Through statistics or mobility prediction,
the contacts are listed in Table 2. The starting time in the table lists its
variation, for example, 10-32 means the variation of the starting time of the
contact AB is from 10 to 32 time slots. Thus, the expected value of the
contacts of AB, BC, CA are (21, 0.8, 15), (25, 0.6, 10), and (29, 0.7, 18),
respectively. We use an evolving graph [17] to describe the contacts among
the three nodes, which captures the dynamic characteristics of each node and
link, as follows:

Definition 5 (Evolving Graph). Let us be given a graph G ′(V , E) and an
ordered sequence of its subgraphs, SG′ = G ′1,G ′2, · · · ,G ′T such that ∪Ti=1G ′i = G ′.
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Table 2: An example of the probabilistic contacts
Contact Starting time (T ) Probability (P) Duration (D)
AB 10-32 0.8 15
BC 20-30 0.6 10
CA 18-40 0.7 18

Let ST = t0, t1, t2, · · · , tT be an ordered sequence of time instants. Then
the system G = (G ′, S ′G, ST ), where each G ′i is the subgraph in place during
[ti−1, ti), and is called an evolving graph. Let VG = V and EG = E.

Figure 3(b) shows the evolving graph (G) of the given example, and each
edge has a weight with the tuple of (T ,P ,D) for describing the contact
between the two vertices.

In order to remove the time dimension from the evolving graph G, we
generate a probabilistic state-space graph G = (V,E), where V is the set
of states and E is the set of links which are time-independent, as shown in
Figure 3(c). For each vehicle u, we create a set of states {ti/u} in G for
each time slot ti when the vehicle u has one or more discretized probabilistic
contacts. For example, three states 0/A, 21/A and 29/A are created in G
for the vehicle A. There are two types of links in G: directional link and
bidirectional link. The directional link connects the consecutive states of a
node into a ring. The bidirectional link in G is created corresponding to each
discretized probabilistic contact. Different from the graph introduced in [8],
we use c/p for labeling both types of links, where c is the capacity and p is the
probability of the transition. We consider a simple wireless communication
model with the bandwidth of 1 Mb per time slot, and the buffer size of each
node is 100 Mb. For example, the link of the contact between A and B is
15/0.8, which means its capacity is 15 Mb with the probability of 0.8.

However, the approach in [8] abstracts the contact on each overlapped
road as a point, and thus, the contacts among the vehicles have only one
temporal sequence. Take the example in Figure 3(c): the temporal sequence
of the contacts is AB → BC → CA. However, as listed in Table 2, due to
the probabilistic contacts on the overlapped roads, the starting time of each
contact is varied, and the temporal sequence of the contacts is not fixed. For
example, consider when the starting time of the contacts AB, BC, and CA
are 32, 20, and 18 time slots, respectively, and the temporal sequence changes
as: CA → BC → AB. Therefore, the drawbacks of this approach are that
it misses some available routing paths under different temporal sequences of
contacts. On the other hand, as aforementioned in the discussion of Figure
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Figure 4: V2V contacts with two samples

1(a) in Section 1, the routing is different when two vehicles contact each
other at different places on their overlapped road. In the next subsection,
we will introduce a novel approach for estimating EMD by considering the
temporal and spacial probabilistic contacts on the overlapped roads.

3.2. Discretization with Two Samples

As in the aforementioned discussion, the approach used in [8] discretizes
each contact as a point. Take the example of the probabilistic contact be-
tween A and B on an overlapped road, as shown in Figure 3(a); we discretize
the contact as a point in the middle of the overlapped road. We denote it
as a sample of the probabilistic contact. The sample of the contact between
the vehicles A and B is denoted by sAB(T ,P ,D), where T , P , and D denote
the starting time, probability, and duration, respectively. As shown in Figure
3(c), if we only generate one sample for each contact, then we may miss some
possible routing paths.

To solve the above problem, we propose a Sampling-based Estimation
Scheme by spatio-temporally discretizing the probabilistic contacts on the
overlapped roads. Figure 4(a) shows an example of SES with two samples.
The two samples for the probabilistic contact on the overlapped road are
at both ends of the road, which are denoted by s

(1)
AB(T (1)

AB ,P
(1)
AB,D

(1)
AB) and

s
(2)
AB(T (2)

AB ,P
(2)
AB,D

(2)
AB) for the contact AB. Since A carries the message onto

the overlapped road and contacts with B, the starting time of the sample at
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the entrance of the road along A’s trajectory is set as the minimal starting
time of AB; the starting time at the exit of the road is the maximum. Here,
we simply assume the probability of contact AB is uniformly distributed on
the overlapped road, so the probabilities of the two samples are the half of
the probability of AB. In the next subsection, we will discuss the allocation
of contact probability with non-uniform distribution. The duration of each
sample is equal to the expected duration of the contact. Thus, the two
samples in the example are s

(1)
AB(10, 0.4, 15), and s

(2)
AB(32, 0.4, 15), respectively.

By combining the samples for each contact, we can obtain 2n state-space
graphs with different states of nodes and directions of edges, where n denotes
the number of vehicles. As in the aforementioned example, the two samples of
each contact are as follows: s

(1)
AB(10, 0.4, 15), s

(2)
AB(32, 0.4, 15), s

(1)
BC(20, 0.3, 10),

s
(2)
BC(30, 0.3, 10), s

(1)
CA(18, 0.35, 18), and s

(2)
CA(40, 0.35, 18). Figure 4(b) shows

the obtained eight (23) state-space graphs with two samples. We notice
that different graphs have different states of nodes, i.e., starting times of the
contacts. Since the direction of the edge between two contacts is from the
early one to the later one, the states of nodes result in different directions of
edges in these graphs.

By considering the moving directions and overlapped roads of the vehi-
cles, a potential problem is that some illegible state-space graphs need to be
filtered. As in the example of the contacts AB, BC, and CA with different
contact times, there are six possible sequences among the contacts. Figure
5(a) shows an example where the three pairwise contacts (AB, BC, and
CA) are spatially independent. We assume there exists an temporal overlap
of starting time among the contacts, due to fluctuation of the probabilistic
contacts. By considering the moving direction of each vehicle, their contacts
should be satisfied: TAB < TAC , TBC < TBA, and TCA < TCB. Figure 5(b)
shows another example where the trajectories of three vehicles have a mutual
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overlapped road. We can filter some illegible sequences of contact events on
the mutual overlapped road with a space-time graph, which is widely used in
traffic engineering. We assume the moving directions of the three vehicles A,
B, and C on their mutual overlapped roads are known, and that the speed
of C is larger than that of B, which means C can catch up with B. Given
two pairwise contact times (e.g. AB, CA), we can obtain the legible contact
sequence with the third contact (e.g. BC) by a space-time graph, as shown in
Figure 6. In the graph, the horizontal axis denotes the space of the road, and
the vertical axis denotes the time. Thus, a point (x, y) in the graph denotes
that the position of a vehicle is at x on the road when the time is y, and each
line denotes the mobility of a vehicle with a speed as its slope. When the
horizontal distance between two lines is less than the communication range
R, a contact between the two vehicles happens. By a given TAB and TCA,
we can obtain the lines of the three vehicles. Thus, the legible sequence of
contacts is determined, i.e. the contact time between B and C should be
satisfied: TBC > TCA > TAB. Then, we can filter the illegible sequences of
contact events.

The expected delays of the nodes in each state-space graph can be cal-
culated by the model proposed in [8]. The probability of each state-space
graph is equal to the joint probability of the probabilistic contacts in the
graph, and we normalize the probabilities of all legible state-space graphs.
Based on the expected delay of nodes in each state-space graph, and the
normalized probability of each graph, we can obtain the expected delay of
each probabilistic contact in the networks for calculating the routing path
by the shortest path algorithm.
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Figure 7: Assignment of weights with k samples

3.3. Discretization with k Samples

In this subsection, we discuss the discretization of SES with k (k ≥ 2)
samples on an overlapped road. In the scheme with k samples, the positions
of two samples are at each end of the road for involving all possible routing
paths, and the rest of samples are uniformly distributed on the road to in-
creasing its accuracy. The distance between two adjacent samples is equal to
lij/(k − 1), where lij is the length of the road rij.

Take three samples as an example (see in Figure 7(a)), two samples are
at two ends of the road, and the remaining sample is at the middle of the
road. For five samples as shown in Figure 7(b), two samples are at the ends
of the road, and the rest of three samples are uniformly distributed on the
road. As discussed in discretization with two samples, since the message is
delivered from one vehicle (e.g. A) to another (e.g. B) on their overlapped
road, the starting time of the sample at the entrance of the road along A’s
trajectory is set as the minimal starting time of AB; the starting time at
the exit of the road is the maximum. Thus, the starting time of the k
samples are also uniformly distributed in the range of the starting time of
contact between the vehicles A and B, which is denoted by [Tmin, Tmax].
Thus, the starting time of the mth (1 ≤ m ≤ k) sample s

(m)
AB is calculated

as: T (m)
AB = Tmin + (Tmax − Tmin) · m−1

k−1
. We set the place of a boundary

between two adjacent samples in the middle of them, such as the solid lines
in Figures 7(a) and 7(b), and each end of the road also has a boundary. Thus,

the probability of contact for each sample P(m)
AB is the cumulative probability

between its two adjacent boundaries. The contact duration of each sample
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Figure 8: Entropy of sample-based contacts on the overlapped roads

is equal to the expected duration of the contact on the road DAB.
To determine a feasible k, we look into the information theory, where

entropy is a measurement of the uncertainty in a random variable. The term
usually refers to the Shannon entropy, which quantifies the expected value
of the information contained. Thus, we examine the information contained
in the probabilities of contacts with k samples, by computing the entropy
and conditional entropy of multiple contacts. We use the mobility model
introduced in Section 2.3. As in the aforementioned discussion, the entropy
of the probability of contact AB can be calculated as follows:

H(AB) = −
k∑

i=1

P(i)
AB · log2P(i)

AB. (9)

Figure 8(a) shows the entropy of an overlapped road between two sequen-
tial contacts. We notice that the entropy is increasing with the number of
samples (k ≥ 3). This is because a large number of samples includes the
data delivery delay at different positions of contact on the overlapped road.
However, the entropy when k = 2 is larger than that when k = 3, since the
speed of vehicles in the mobility model follows a Gaussian distribution. The
joint entropy of the probability of contacts AB and BC on the two sequential
overlapped roads is:

H(AB,BC) = −
∑

0≤i,j≤k
[P(i)

AB · P
(j)
BC ] · log2 [P(i)

AB · P
(j)
BC ], (10)

where P(i)
AB ·P

(j)
BC is the joint probability for the ith sample of contact AB and

the jth sample of contact BC, which are assumed to be independent of each
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Figure 9: Expected delivery delay with different numbers of samples (k)

other. With H(AB) and H(AB,BC), the conditional entropy of contact of
BC with AB can be calculated as follows:

H(BC|AB) = H(AB,BC)−H(AB). (11)

Figure 8(b) shows the conditional entropy of the contact BC. We notice
that the entropy increases exactly while k is increasing, which means a larger
number of samples can involve more information for routing.

Let us consider the scenario in Figure 1(a), the vehicles move with the
mobility model introduced in Section 2.3. Figure 9 shows the difference of
expected delays obtained by k samples under different road lengths. The
results include short road from 100 to 1,000m, shown in Figure 9(a), and
long road from 1,000 to 10,000m, shown in Figure 9(b). We notice that the
expected delay obtained by 2 samples is much closer to the delay obtained
by 10 samples. Because all contacts in the networks have k samples by SES,
the number of state-space graphs with n vehicle contacts is kn. A large
number of samples k can result in a state explosion problem. Therefore, by
considering the trade-off between accuracy and computational cost, we adopt
two samples in our sampling-based estimation scheme.

4. Content Transmission with Probabilistic Contacts

Due to the probabilistic contacts on the overlapped roads, the contact
duration between two vehicles moving in the opposite directions on their
overlapped road is lower, but with higher probability of contact; meanwhile,
the duration of the contact between two vehicles moving in the same direction
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on their overlapped road is higher, but with lower probability of contact. By
utilizing the contact duration, we investigate the content transmission based
on the probabilistic contacts on the overlapping roads.

4.1. Problem of Content Transmission

As shown in Figure 10, the source node S, which can be a vehicle or a
road side unit (RSU), has a content file to send to the destination D. For
efficient transmission, the content file is divided into several packets with
fixed sizes. The contact between two vehicles has a probability, a duration,
and a delay time, which are denoted by P , D, and T , respectively. The
probability of the contact represents the reliability of the packet delivery P ,
the duration of the contact D represents the capacity of transmission, and
the delay of the contact T affects the its delivery delay.

As discussed in the previous section, SES generates a set of probabilistic
state-space graphs, by discretizing the probabilistic contacts. In each state-
space graph, the contact duration of each sample is equal to the expected
contact duration on the overlapped road, while its probability is equal to the
probability of contact. Thus, each edge for a contact is associated with a
probabilistic contact duration, termed as probabilistic capacity.

4.2. Flow Model with Probabilistic Capacities

The maximum flow in the probabilistic state-space graph is calculated
through a flow model with probabilistic capacities [10]. Here, the probabilis-
tic graph can be viewed as a combination of subgraphs, where each subgraph

18



A

B

C

D

(10,0.5) (5,0.5)

(5,0.5)(10,0.7)

(5,0.8)S (10,1)

(Capacity, Probability)

(a) Probabilistic flow in G

A

B

C

D

2.5/2.5

2.5/2.5

2.4/5.0

1.0/4.0

2.6/7.0

S 5/10

Actual flow / Expected capacity

(b) Deterministic flow in G′

Figure 11: Transform the probabilistic flow into a deterministic flow with upper bound

has a corresponding probability (i.e., the joint probability of the edge capac-
ities). Meanwhile, the maximum flow of each subgraph can be calculated by
a classic algorithm (such as the Ford-Fulkerson algorithm). The maximum
flow in the probabilistic graph is defined as the mathematical expectation of
the maximum flows among these subgraphs.

Let’s consider the single commodity flow problem in a two-terminal di-
rected network N = (G,S,D, c). G = (V,E) is the probabilistic state-space
graph, which is a connected directed graph. S ∈ V denotes the source node,
and D ∈ V denotes the destination node (S 6= D). c denotes a capacity
function. Edge failures are assumed to be mutually independent. The failure
probability and survival probability of an edge e ∈ E is denoted by p(e) and
[q(e) = 1 − p(e)], respectively. Let (N, p) denote the resulting probabilistic
network, and let f̄(N, p) denote the expected value of the maximum flow in
it. As discussed in [10], we consider f̄(N, p) that is subject to random edge
failures.

However, calculating the probability distribution of the maximum flow
for the probabilistic graph is NP-hard [10]. To approximate the expected
maximum flow under the probabilistic networks, we investigate the upper
bound and the lower bound of the maximum flow under the networks with
probabilistic capacities. The authors in [18, 10] have discussed that the upper
bound of the maximum flow f̄(N, p) is satisfied by:

f̄(N, p) ≤ f(p ·N), (12)

where f(p·N) is the maximum flow value in the deterministic network p·N =
(G′, s, t, c′). G′(V ′, E ′) is a deterministic graph transformed from G, where
V ′ = V and E ′ = E. The capacity function of such deterministic graph G′ is
defined as c′(e) = q(e)c(e) for the edge e ∈ E ′. Therefore, f(p·N) provides an
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Algorithm 1 Maximal Packets Allocation

Input: Let V1, · · · , Vm be vehicular nodes
Output: Packets allocation

1: if Node Vi meets Vj then
2: Vi transmits the packets to Vj as frequently as possible under the their

contact duration;
3: end if

upper bound on f̄(N, p). This means that the upper bound of the maximum
flow is equal to the maximum flow of the deterministic networks.

Let P(S,D) denotes the set of paths from S to D in such network. As
discussed in [18, 10], the lower bound can be calculated by a feasible flow h
along the path π ∈ P(S,D) as follows:

f̄(N, p) ≥ fh(N, p) ≡
∑

π∈P(S,D)

{h(π) ·
∏

e∈E′(π)

q(e)}. (13)

To transform the probabilistic model (shown in Figure 11(a)) into a de-
terministic model, we utilize the upper bound f(p · N) to find a maximum
flow in the deterministic graph G′ shown in Figure 11(b). With the help of
the Ford-Fulkerson algorithm, we can calculate the maximum flow on the
graph G′ and obtain the flow on each edge, i.e., f(e) for e ∈ E ′.

4.3. Algorithm of Packets Allocation

Due to the limitation of the bandwidth and contact duration, the original
content file is divided into several packets with the same size. For example,
the source node S divides a content file into 100 packets. There are 100
packets needed to be delivered from the source node S to the destination
node D, as shown in Figure 11. During each cycle, the node A receives
10 packets from the source node S. Due to the probabilistic contacts with
nodes B and C, the problem is how to assign the packets to these nodes. We
consider three types of assignments:

(1) Maximal packets allocation (Max): as shown in Algorithm 1, when
two nodes contact, they transmit the data packets as frequently as possible
during their contact. For example, when A contacts with B, it will transmit
the maximum number of packets according to their contact duration, i.e., 10
packets. However, the simple algorithm does not consider the flow under the
network, which may cause the problem of local maximum. For example, there
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Algorithm 2 Off-time Packets Allocation

Input: Let V1, · · · , Vm be vehicular nodes
Let f be the value of the maximum flow
Let xi,j be the flow on the contact between i and j
Let Np denote the total number of packets

Output: Packets allocation
1: for Each node Vi do
2: Allocate the total quota Qi as Np · xi,j

f
;

3: end for
4: for Each round do
5: while Node Vi keeps contacting with Vj do
6: if Qj > 0 then
7: Vi transmits a packet to Vj;
8: Qj = Qj − 1;
9: end if

10: end while
11: end for

are only two paths from A to D, which are A → B → D and A → C → D.
The capacity of A→ B is 10 packets, and the capacity of B → D is 1 packet.
The capacity of A→ C is 5 packets, and the capacity of C → D is 5 packets.
If the contact between A and B is earlier than the contact between A and
C, many packets could be blocked at B due to the bottleneck of the contact
between B and D.

(2) Total quota-based packets allocation (Off-time): as shown in Algo-
rithm 2, the source assigns the quota of each node, according to the total
number of packets and the flow. When a vehicle contacts another vehicle
carrying the packets, the number of the transmitted packets is equal to the
minimal value of their contact capacity and the remaining quotas of the ve-
hicle. If a node receives one packet, it will reduce its quotas by 1. While a
node runs out of its quotas, it will no longer receive any packets from the
source S. For example, B has 100 · 2.4

2.4+2.6
quotas, and C has 100 · 2.6

2.4+2.6

quotas. When A meets B, the number of the packets transmitted from A to
B during this contact is equal to the minimal value between their capacity
(i.e., 10 packets) and the remaining quotas of B. Under this algorithm, in the
beginning, earlier nodes can receive more packets and consume their quotas
faster. When they each run out of their quotas, the later nodes can have
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Algorithm 3 On-time Packets Allocation

Input: Let V1, · · · , Vm be vehicular nodes
Let f be the value of the maximum flow
Let xi,j be the flow on the contact between i and j
Let Nr denote the number of packets during each round

Output: Packets allocation
1: for Each round do
2: for Each node Vi do
3: Allocate the quota Qi as Nr · xi,j

f
during each round;

4: end for
5: while Node Vi keeps contacting with Vj do
6: if Qj > 0 then
7: Vi transmits a packet to Vj;
8: Qj = Qj − 1;
9: end if

10: end while
11: end for

more opportunities for transmitting packets.
(3) Round quota-based packets allocation (On-time): as shown in Algo-

rithm 3, the source assigns the quota of each node based on the number of
packets during each round. When a vehicle contacts another vehicle carrying
the packets, the number of the transmitted packets is equal to the minimal
value between their contact capacity and the remaining quotas of the vehicle.
While a node runs out of its quotas, it will no longer receive any packets from
the source S during this round. For example, during each round, the vehicle
A receives 10 packets from source node. Therefore, during each round, A
assigns 10 · 2.4

2.4+2.6
for B, and assigns 10 · 2.6

2.4+2.6
for C. If a node receives one

packet, it will reduce its quotas by 1. When A meets B, the number of the
packets transmitted from A to B during this contact is equal to the mini-
mal value between their capacity (i.e. 10 packets) and the remaining round
quotas of B. This algorithm balances the consumption of quotas of different
nodes, but under the probabilistic contacts, it may miss many opportunities
for content transmission.
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Figure 12: A simple example for illustrating the algorithm HARM

4.4. Reliable Content Transmission

A reliable network is one in which each arc has a certain probability
of being functional [19]. Reliable networks are observed in different states,
where each state is a conventional network defined on a subset of arcs in
the reliable network, which are functional at the point of interest. Since
the maximum flows in different states vary, the maximum flow through a
reliable network is a random variable, rather than a constant, as in the case
of conventional networks.

Expected maximum flows are often computed in reliable networks in order
to compare two or more reliable networks defined on the same node set,
and to have the same source and terminal nodes. This problem is NP-hard
and its solution approaches can be broadly classified into two classes: exact
approaches and estimation through Monte Carlo simulations. There is also
a literature on generating bounds for this problem.

The problem of reliable content transmission is defined as follows: Given
the probability distribution of the maximum flow, we need to determine the
flow allocation for content with size F transmitted to the destination; we
require this allocation to satisfy that its probability is larger than a thresh-
old called confidence level (denoted by δ), i.e. P [f ≥ F ] ≥ δ. Again, P [X]
denotes the probability of X is true, and so P [f ≥ F ] represents the proba-
bility of the maximum flow f , which is larger than its allocation F . During
the content transmission, when a vehicle A meets B, it makes a decision of
allocating the content F for the two vehicles (FA and FB). Let fA denote
the maximum flow from the vehicle A to the destination, and the allocation
decision is based on the maximum flows with the two vehicles as the sources,
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Algorithm 4 HARM

Input: Probabilistic graph G(V,E)
Output: PDF of max-flow

1: Calculate the expected capacities of edges in E ′

2: Obtain a deterministic graph G′(V ′, E ′)
3: Find the minimum cut in G′ by marking the edges
4: Recover the probabilistic capacities of marked edges
5: Generate a mixed graph G′′(V ′, E ′′)
6: Calculate PDF of max-flow with marked edge in G′′

7: return PDF of max-flow

respectively. The optimization problem is defined as follows:

maximize
FA,FB

P [fA ≥ FA] · P [fB ≥ FB]

s.t. P [fA ≥ FA]≥δ,

P [fB ≥ FB]≥δ,

FA + FB=F.

This problem can be solved through flow capacity scheduling, i.e., dis-
cretize fA, fB, FA, and FB. For example, if F = 10, we can solve these
variables by approximating them to be integers in the interval between 1 and
10, and then compare all combinations of FA and FB. If F is discretized to
∆ stages, the time complexity of solving the above problem is O(∆2). Since
capacity scheduling has been discussed in many works [20], here, we do not
further discuss its approximation performance.

Since calculating the probability distribution of the maximum flow for
the probabilistic graph is NP-hard [10], we propose a Heuristic Algorithm for
the Reliability of Max-flow (HARM). Given a probabilistic state-space graph
G(V,E), HARM is shown in Algorithm 4. Figure 12(a) shows an example of
a probabilistic state-space graph G for calculating the maximum flow from S
to D with the algorithm HARM. We obtain a deterministic graph G′(V ′, E ′)
shown in Figure 12(b) from the probabilistic graph G, where the capacity of
each edge in E ′ is equal to the expected capacity of its corresponding edge
in E. Then, we calculate a minimum cut in the deterministic graph G′, and
mark the edges on the cut, as the thick edges in Figure 12(b). We obtain a
mixed graph G′′(V ′, E ′′) by recovering the capacity of each marked edge as
the probabilistic capacity in G, and keeping the capacity of each unmarked

24



(a) Manhattan streets in NYC

Pennsylvania
Convention Center

Pennsylvania
Convention Center

75

8382

24
25

67
68

69 70

66

76
77

26

36

42

51

63

78

60

27

32

2018

13

19

5

6

7
8

11 14

17

87

95

38

35

(b) SEPTA system in Philadelphia

Figure 13: Maps used in Simulations

edge as their expected value, as shown in Figure 12(c). Thus, we calculate the
probability density function (PDF) of the maximum flow in G′′ by combining
the capacities of the marked edges, as the approximated PDF of maximum
flow in the probabilistic graph G. In the example, the four maximum flows
are 10, 6, 4, and 0, whose probabilities are 0.42, 0.18, 0.28, and 0.12.

5. Performance Evaluation

In this section, we evaluate the performance of routing and content trans-
mission with our proposed Sampling-based Estimation Scheme (SES). First,
we introduce the methodology used in our evaluations. Then, we present the
results of performance compared with other protocols.

5.1. Methodology

For evaluating the performance of algorithms under different conditions,
we use two types of traces. One type of trace is generated by SUMO (Sim-
ulation of Urban Mobility) [12], which is a well-known open-source traffic
simulator to model realistic vehicle behavior. The speed of vehicles in the
trace generated by SUMO follows a Gaussian distribution of N(µv, σv). We
use a combination of MOVE [13], SUMO, and NS-2 [11], which we term as
MSN, for the simulations of VANETs. MOVE is an extension to SUMO
that allows its vehicle mobility traces to be imported into NS-2. NS-2 is an
open-source discrete event network simulator that supports both wired and
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Table 3: Simulation parameters
Parameter NS-2 Setting Value

Channel type Channel/WirelessChannel
Radio propagation model Propagation/TwoRayGround
Network interface type Phy/WirelessPhy
MAC type 802.11
Interface queue type Queue/DropTail/PriQueue
Link layer type LL
Antenna model Antenna/OmniAntenna

wireless networks, including most MANET routing protocols and an imple-
mentation of the IEEE 802.11 MAC layer.

Under the MSN-based simulations, we use the road topology of Manhat-
tan streets in New York City, as shown in Figure 13(a). We choose the area
of 1.7mile × 1.7mile in Manhattan with 100 intersections (10 × 10). The
average length of each road segment is 0.2 mile. Five APs are uniformly
distributed in the area and there are 20 vehicles.

Inspired by the DieselNet bus trace [9] and MobiSpace [8], we generate a
set of synthetic bus traces from maps and schedules of the SEPTA system in
Philadelphia [5], as shown in Figure 13(b). We develop a tool to extract the
routes from the maps and schedules of buses. The speed of vehicles in the
trace also follows a Gaussian distribution of N(µv, σv).

The communication range of each vehicle (R) is 100 meters and the band-
width is 5 Mb/s. The source of data delivery is a randomly chosen vehicle
to generate a data packet to the destination, which is one of the APs. SES
is used to find an optimal routing path with expected minimum delay. With
probabilistic contact durations, our SES-based content transmission scheme
can find the reliable maximum flow in the networks, which cannot only guar-
antee the reliability of content transmission, but also reduce its delay during
each cycle. For comparison with other algorithms, we choose to evaluate
them according to the following two important metrics: (1) Data delivery
delay : the duration of the data delivery from the moment it is generated
by the source to the arrival time at the destination; (2) Data arrival ratio:
the ratio between the portion of the data received by the sink at the final
destination and the total amount of the data originated by the source.

5.2. Performance of Routing

In this subsection, we evaluate the performance of routing by the pro-
posed scheme SES with two samples. The protocols chosen for evaluating
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Figure 14: Data delivery delay in Manhattan

include: (1) RCM in [8] which discretizes each probabilistic contact between
two nodes as a point associated with a time slot and a contact probability;
(2) Flooding: we assume there is no transmission conflict under a sparse node
distribution, and vehicles have an infinite buffer to store packets, based on
which a vehicle simply forwards packets to every other vehicle it meets. With
these assumptions, the flooding protocol achieves minimal delivery delay.

We compare the performance of the three protocols by the MSN-based
simulations with the road topology of Manhattan. Figure 14(a) shows the
results of the average data delivery delay under different derivations of vehic-
ular speed σv. The average speed of vehicles is 5 m/s. Due to the assumption
of the infinite buffer and collision-free, flooding can achieve the minimal de-
lay. The data delivery of SES-based routing protocols is lower than that
of RCM. This is because the estimation with the contacts by the proposed
protocol SES has more available routing paths and higher accuracy than the
RCM. Figure 14(b) shows the results of the average data delivery delay un-
der different derivations of vehicular speed σv, and the average speed of each
vehicle is 10 m/s. Under the higher vehicular speed, the data delivery delays
with different protocols are reduced. We notice that the delay with SES is
much lower than that of RCM and is also closer to flooding.

Meanwhile, we also compare the performance of the three protocols with
the bus traces from maps and schedules of the SEPTA system in Philadelphia
[5]. Due to the fixed schedules of buses on their routes, the average speed is
fixed. We choose two groups of buses: The first group includes 10 buses that
have a short duration of each cycle (less than 60 minutes), and the second
group includes 10 buses that have a long duration of each cycle (more than
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Figure 15: Data delivery delay with SEPTA

60 minutes). Five APs are uniformly placed in the area. Figures 15(a) and
15(b) show the results of the data delivery delay of the buses in the short
cycle group and long cycle group, respectively. We notice that flooding has
the minimal delay with different derivations of vehicular speed. The average
delay obtained by SES-based routing is lower than that under RCM.

5.3. Performance of Content Transmission

For evaluating the performance of our proposed SES-based reliable con-
tent transmission scheme, two protocols are chosen as the benchmarks as
follows: (1) Flooding: when a vehicle contacts another vehicle, it transmits
the maximal amount of data within the constraint of their contact duration;
(2) Binary spray: when a vehicle contacts another vehicle, it transmits half
of the amount of the content data which it carries to the contacting vehicle.
The setup of the simulations is the same as above.

We compare the three protocols with MSN-based simulations to the map
of Manhattan. Figure 16(a) shows the results of the content arrival ratio
under different demands during one cycle of the vehicles’ trajectories. The
derivations of vehicular speed is 3 m/s. The protocol of flooding only consid-
ers the duration of current contact, which does not consider the maximum
flow from the contacting vehicle to the destination. Thus, it will cause the
loss of content, if the duration of one of the next several contacts is less than
the current one. When the demand is small, the amount of transmitting da-
ta during a contact is less than the capacity, and it causes a slight increase.
While the amount is larger than the capacity, it will cause the loss of content
and reduce its arrival ratio. Binary spray does not utilize the maximum flow
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Figure 16: Arrival ratio of content transmission in Manhattan

of each branch to the destination, so it has the lowest arrival ratio while the
demand is increasing. The proposed SES-based algorithm has the highest
arrival ratio, even when the demand is larger than the maximum flow of the
vehicles. Figure 16(b) shows the results in which derivations of vehicular
speed is 7 m/s. Our proposed algorithm also has the highest arrival ratio.
We notice that the arrival ratio of content approaches 1 by SES under a small
value of demand for content transmission. This is because a small demand
has a higher reliability of transmission with maximum flow.

The large size of content transmission needs to be transmitted during sev-
eral rounds with cyclic trajectories (such as buses). Our SES-based scheme
transmits content with a high probability of maximum flow, so it can reduce
the number of rounds. We evaluate the delay of content transmission with
the trace of SEPTA compared with the other two protocols, i.e., flooding and
RCM. In RCM, the content is always transmitted along the shortest rout-
ing path. Figure 17(a) shows the results of the content transmission delay
with different demands, while derivations of vehicular speed is 3 m/s. The
protocol of flooding only considers the duration of current contact, which
does not consider the content transmission delay along the flow from each
branch to the destination. Thus, it will cause higher content transmission
delay by some branches with higher delay. RCM does not utilize multiple
flows to the destination, so it also has higher delay while the demand increas-
es. The proposed SES-based algorithm has the lowest content transmission
delay while the demand increases. Figure 17(b) shows the results under the
case in which derivations of vehicular speed is 7 m/s. We notice that the
SES-based algorithm also has the lowest content transmission delay.
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Figure 17: Average delivery delay of content transmission with SEPTA
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Figure 18: Average delivery delay of content transmission with SEPTA

We evaluate the performances of different schemes for content transmis-
sion, which are Max, On-time, and Off-time, with MSN-based simulations
and the trace of SEPTA. Figure 18(a) shows the results of the content trans-
mission delay with different demands, while derivations of vehicular speed is
3 m/s. Figure 18(b) shows the results under the case in which derivations
of vehicular speed is 7 m/s. We notice that the average delivery delay is
increasing, while the demand of the content transmission is increasing. The
protocol of Max only considers the duration of current contact, which does
not consider the content transmission delay along the flow from each branch
to the destination. Thus, it will cause higher content transmission delay by
some branches with higher delay. The protocol of off-time has the lowest
data delivery delay.
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6. Related Work

Many vehicular applications have become available based on the vehicle-
to-vehicle communications. Ahn et al. [21] present the road information
sharing architecture, a distributed approach to road condition detection and
dissemination for vehicular networks. SignalGuru [22] relies solely on a col-
lection of mobile phones to detect and predict the traffic signal schedule,
where multiple phones in the vicinity use opportunistic ad-hoc communi-
cations to collaboratively learn the timing patterns of traffic signals, and
then to predict their schedules. MARVEL [23] utilizes the communications
among vehicles to determine their relative locations. Forster et al. in [24]
present a approach (CADAS) which connects vehicles via VANETs and lets
them exchange recent and relevant traffic information, to eliminate upstream
shock wave formation even with low system penetration rates. Hu et al. in
[25] propose a fully deployed smartphone-based vehicular mobile sensing sys-
tem in which automatic phone-to-phone communication is achieved and is
compatible with existing wireless infrastructure.

In [26], authors describe the pair-wise contacts as follows: Pair-wise con-
tacts between users/devices can be characterized by the means of two param-
eters: contact durations and inter-contact times. The duration of a contact is
the total time that a tagged couple of mobile nodes are within reach of each
other, and thus have the possibility of communicating. An inter-contact
time is, instead, the time between two contact opportunities between the
same couple of tagged devices. While the contact duration directly influ-
ences the capacity of opportunistic networks, because it limits the amount
of data that can be transferred between nodes, the inter-contact time affects
the feasibility of opportunistic networks, and the delay associated with them.

Many studies have investigated the contact-based forwarding scheme with
the knowledge of vehicles’ trajectories. Jeong et al. in [27] investigate how
to effectively utilize vehicles’ trajectory information in a privacy-preserving
manner, where the trajectory information is used to improve the performance
of data forwarding in road networks. Xu et al. in [28] propose a data for-
warding scheme, which utilizes shared vehicle trajectory information. For
calculating multi-hop encounter events, they approximate each encounter
event, based on the previous encounter as one point on the road. Zhu et al.
in [4] study three large sets of Global Positioning System (GPS) traces of
more than ten thousand public vehicles, collected from Shanghai and Shen-
zhen. By mining the temporal correlation and evolution of contacts between
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each pair of vehicles, they use higher order Markov chains to characterize
urban vehicular mobility patterns. Wu et al. in [7] show that there is strong
spatio-temporal regularity with vehicle mobility, and they also develop multi-
ple order Markov chains for predicting future trajectories of vehicles. Then,
the next hop for message forwarding is determined based on the previous
contacts. Zhu et al. in [4] use higher order Markov chains to characterize
urban vehicular mobility patterns, by mining the temporal correlation and
the evolution of contacts between each pair of vehicles.

The content transmission in VANETs, such as media applications, is
based on the contact durations among vehicles, which typically boils down to
the consecutive transmissions of content files from the source to the destina-
tion. Luan et al. in [29] focus on provisioning the efficient media applications
in highway vehicular networks through the framework of integrity-oriented
content transmissions; in order to ensure the successful presentation of on-
top media applications, digital contents are required to be fully transmitted
in their entirety.

7. Conclusion

Data delivery in VANETs is based on the contacts among the vehicles.
Contacts among vehicles happen on the overlapped roads of their trajecto-
ries. Due to the stochastic vehicular mobility, the contacts on the overlapped
roads are probabilistic. The contacts on the overlapped roads play an impor-
tant role of routing in VANETs, due to the high probability and long duration
of the contact on it. In this paper, we investigated the probabilistic contacts
on the overlapped roads of the trajectories, which have high spatio-temporal
fluctuation. Thus, we propose a novel Sampling-based Estimation Scheme
(SES) by leveraging the accuracy and computational cost. Moreover, the
contact durations are also stochastic, which affects the throughput between
two inter-contact vehicles. For the content transmission, we investigate max-
imum flow among the probabilistic contacts, through the flow model with
probabilistic capacities. For the probabilistic duration of contact, we pro-
pose a reliable content transmission scheme with a probabilistic flow model,
and propose a heuristic algorithm HARM for approximately estimating the
distribution of maximum flow. We conduct intensive simulations for evaluat-
ing the performance of SES for the probabilistic contacts on the overlapped
roads in VANETs.
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The highlights of this manuscript include: 

1. We propose SES for routing with probabilistic contacts on the overlapped roads. 
2. We investigate the content transmissions among the probabilistic contacts. 
3. We conduct intensive simulations for evaluating the performance of SES. 


