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When 3G Meets VANET: 3G-Assisted Data
Delivery in VANETs
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Abstract— In this paper, we consider a sensory data gathering
application of a vehicular ad hoc network (VANET) in which
vehicles produce sensory data, which should be gathered for
data analysis and making decisions. Data delivery is particularly
challenging because of the unique characteristics of VANETs,
such as fast topology change, frequent disruptions, and rare
contact opportunities. Through empirical study based on real
vehicular traces, we find an important observation that a notice-
able percentage of data packets cannot be delivered within time-
to-live. In this paper, we explore the problem of 3G-assisted data
delivery in a VANET with a budget constraint of 3G traffic.
A packet can either be delivered via multihop transmissions
in the VANET or via 3G. The main challenge for solving the
problem is twofold. On the one hand, there is an intrinsic tradeoff
between delivery ratio and delivery delay when using the 3G.
On the other hand, it is difficult to decide which set of packets
should be selected for 3G transmissions and when to deliver
them via 3G. In this paper, we propose an approach called
3GDD for 3G-assisted data delivery in a VANET. We construct
a utility function to explore the tradeoff between delivery ratio
and delivery delay, which provides a unified framework to reflect
the two factors. We formulate the 3G-assisted data delivery as an
optimization problem in which the objective is to maximize the
overall utility under the 3G budget constraint. To circumvent
the high complexity of this optimization problem, we further
transition the original optimization problem as an integer linear
programming problem (ILP). Solving this ILP, we derive the 3G
allocation over different time stages. Given the 3G budget at each
time stage, those packets that are most unlikely delivered via the
VANET are selected for 3G transmissions. We comprehensively
evaluate our 3GDD using both synthetic vehicular traces and real
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Fig. 1. The system architecture for gathering sensory data from mobile
vehicles and processing at the central server.

vehicular 3G traces. Evaluation results show that our approach
outperforms other schemes under a wide range of utility function
deflations and network configurations.

Index Terms— Vehicular ad hoc networks, 3G, packet
allocation, data delivery, integer linear programming.

I. INTRODUCTION

VEHICULAR ad hoc networks (VANETs) have recently
attracted enormous attention. Equipped with sensors

[1]–[3], every vehicle is a powerful mobile sensor and can
exchange information with each other within the commu-
nication range. Many applications and services have been
envisioned, such as vehicle collision avoidance and road safety
[4], [5], P2P content sharing [6], and intelligent transporta-
tion [7]. Data delivery plays a key role in VANETs, since
almost all applications require efficient data delivery. The per-
formance metrics including delivery ratio, delay and through-
put have been concerned in VANETs [8].

In this paper we consider data gathering [9], [10] in
VANETs. Each vehicle may generate sensory data packets
which are destined to a central server for data analysis and
making decisions. We consider a VANET with an infrastruc-
ture with roadside access points (APs) that are connected to
the Internet, as shown in Fig. 1. As the central server is also
connected to the Internet, it is sufficient for each vehicle to
deliver its packets to one of the APs. It is desirable for the
data gathering application that the central server can collect
data packets from the vehicles with high success rate and low
latency.

However, data delivery in VANETs is particularly challeng-
ing due to the unique characteristics of VANETs, especially
under the circumstance of sparsely connected VANETs [11].
First, the high mobility and uneven distribution of vehicles
make it difficult to find a connected path between a pair of
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Fig. 2. Illustration of data delivery in vehicular networks. There are two
ways for a node to deliver its data packets to the central server: via 3G and
via inter-vehicle communications.

source and destination in VANETs. Second, the link capacity
between two vehicles is typically very limited. Empirical study
has shown that the duration time between two moving vehicles
can be as short as 13 seconds on average [12], and thus
the number of packets that can be transmitted within one
encounter is limited.

Many routing algorithms have been proposed for data
delivery in VANETs. The carry-and-forward paradigm has
been exploited by several opportunistic forwarding schemes
[13], [14]. Some approaches try to exploit vehicle trajectories
[15], [16]. Some approaches also consider infrastructure-based
VANETs, where the infrastructure refers to the roadside units
(RSUs) or access points (APs). It has been shown that the use
of the infrastructure can significantly improve packet delivery
in a VANET [17], [18].

Unfortunately, through empirical study based on real vehic-
ular traces we find that a noticeable percentage of data packets
fail to be delivered within time-to-live (TTL). The main
reason is that infrequent encountering opportunities in sparsely
distributed VANETs pose a bottleneck for data delivery in
VANETs. Even worse, vehicles exhibit very different mobility
patterns. Some of the vehicles have less frequent encounters
than other vehicles. Although the use of the infrastructure can
help packet delivery in VANETs, it is usually insufficient to
guarantee the delivery of all packets.

Nowadays, the third generation (3G) networks have been
widely deployed and used. The 3G provides vehicles with
ubiquitous Internet access and data communication with other
vehicles. Thus, it is highly beneficial to exploit the 3G to
assist data delivery in VANETs. However, the 3G cannot be
used for free. The cost of the 3G traffic is noneligible. For
instance, China Unicom, the telecommunication operator that
provides W-CDMA coverage in China, charges several US
dollars per MBytes. Thus, the 3G can be useful for improving
the performance of data delivery in VANETs. As illustrated in
Fig. 2, when 3G is available for data delivery in a VANET, a

vehicle can either deliver its packets via 3G or via multihop
transmissions of VANET. However, it is clear that the use of
3G must be minimized for cost reduction.

Therefore, this paper explores the data gathering problem
in a VANET where each vehicle has an additional 3G data
channel. More specifically, there is a budget constraint on the
3G traffic, which defines the maximum number of packets
that can be delivered via 3G. The objective is to maximize
the delivery ratio of packets and meanwhile to minimize
the delivery delay. There are two challenges for solving the
3G-assisted data delivery problem in a VANET. First, there
is an intrinsic tradeoff between delivery ratio and delivery
delay when using the 3G. It is preferable to let all packets first
try cost-free multihop transmissions in the VANET. A packet
whose TTL is about to due can be selected to go through the
3G. By this mean, the limited 3G traffic can be well utilized
(hence a better delivery ratio) by first directing the traffic
demand to the VANET, but it may introduce large delivery
delays. Second, it is difficult to decide which packets from
the whole set of packets and when to deliver them through
the 3G.

In this paper we propose an approach called 3GDD for
3G-assisted data delivery in a VANET. We construct a utility
function to explore the tradeoff between delivery ratio and
delivery delay, which provides a unified framework to reflect
the two factors. We formulate the 3G-assisted data delivery as
an optimization problem in which the objective is to maximize
the overall utility under the 3G budget constraint and the main
decision variables characterize which packets at which time
slots to delivery via 3G. 3GDD employs the state-of-the-art
routing algorithm to deliver the rest of data packets to reach
one of the APs. To circumvent the high complexity of this
optimization problem, we further transition the original opti-
mization problem as an integer linear programming problem
(ILP) by simplifying the contact graph model of the VANET.
Solving this ILP, we derive the 3G allocation over different
time stages. Considering the different delivery probability of
each individual data packet via the VANET, we estimate the
probability of each packet and sort the packets in terms of
delivery probability. Given the 3G budget at each time stage,
those packets that are most unlikely delivered via the VANET
are selected for 3G transmissions.

We have comprehensively evaluated our 3GDD by using
both synthetic vehicular traces and real vehicular 3G traces.
In addition, we compare our approach with other alternative
schemes. Evaluation results show that our approach outper-
forms other schemes under a wide range of utility function
deflations and network configurations.

The key technical contributions made in this paper are
summarized as follows.
• This is the first attempt, to the best of our knowledge, to

exploiting the 3G to assist data delivery in VANETs.
• We formally formulate the 3G-assisted data delivery

problem as an optimization problem with constraints.
• We propose an approach called 3GDD to solving the

3G-assisted data delivery in a VANET. This approach
uses a utility function to explore the tradeoff between
delivery ratio and delivery delay and adaptively allocates
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the 3G traffic budget over the whole course of packet
delivery.

• Comprehensive experiments based on both synthetic
traces and real traces have been performed and the results
show that our approach achieves better utility than the
alternative schemes.

The rest of the paper is organized as follows. The next
section shows our empirical study which demonstrates that
a noticeable percentage of data packets fail to be delivered
before their TTLs expire. Section II presents an overview of
related work. Section IV gives the network model and then
formally defines the problem. In Section V, we describe the
design details of our approach. Evaluation results are presented
in Section VI. The paper is concluded in Section VII.

II. RELATED WORK

In this section we review related work. First, we discuss
related work on data delivery in infrastructureless VANETs.
Then, we present some approaches for data delivery in
infrastructure-based VANETs. And finally we look at a few
studies which consider the integration of 3G and VANETs.

There has been a plethora of research work [13]–[16] on
data routing in VANETs. [14] adopts the idea of carry and
forward. A moving vehicle carries a data packet until it con-
tacts another vehicle and forwards its data. In order to further
improve the performance of data forwarding, trajectory-based
routing algorithms have been designed [15], [16]. In [15],
the trajectories of vehicles are predicted by using multiple
order Markov chains. Based on the analytical model, the
contact probabilities and forwarding metrics between different
node pairs can be determined. There are also many other
algorithms trying to exploit many other specific features such
as geographic feature [19]–[21]. [22] considers data delivery
from vehicles to APs and aims at minimizing the communi-
cation overhead under a delay bound. Vehicles leverage local
or global knowledge of traffic to alternate between the data
mining and forwarding. The network model is abstracted from
digital map of the area.

To further improve data delivery performance of VANTEs,
some routing algorithms assume the availability of the
infrastructure consisting of roadside units (RSUs) or APs. In
[23], some RSUs can be selected as relays which can help to
forward data packets to the destination nodes. These roadside
can be regarded as some static nodes in the network and they
are not connected. In [17], roadside APs are employed to
store and forward data packets by communicating with passing
vehicles, which can enhance the connectivity of the network.
The main design focus is on packet forwarding and buffer
allocation at APs. Data dissemination problem is studied in
[24]. RSUs at intersections can buffer packets from source
nodes and then rebroadcast to other vehicles.

In recent years, some have started to explore the integration
of 3G and VANET. In [25], vehicles are dynamically clustered
according to different metrics. A minimum number of cluster
heads are selected which serve as the gateway between a
VANET and the 3G. A gateway has two radio interfaces: 3G
and IEEE 802.11p. The authors assumed that the VANET has

good network connectivity. A multicast protocol is presented
in [26], which assumes that trajectories of vehicles and traffic
demands are known. It solves the issues that how and when
to download data through remote transmissions via 3G to
cover traffic demands from vehicles while keeping remote
transmission cost minimized.

In summary, most related work has not considered the use of
3G to assist data delivery in VANETs. A few existing studies
notice that it is valuable to integrate 3G to a VANET, but they
do not solve the problem how to make the full potential use
of the limited 3G budget.

III. EMPIRICAL STUDY

This section presents our empirical study based on real
vehicular GPS traces, through which we show that there
is a noticeable percentage of data packets which cannot be
delivered before their TTLs through multihop inter-vehicle
transmissions.

A. Methodology and Setup

In our empirical study, the dataset of real vehicle traces were
collected from around 12,000 taxis distributed in Shenzhen,
China. Each of the taxis is equipped with a Global Positioning
System (GPS) receiver and thus is able to know its location.
Each trace records the consecutive locations of a taxi at a time
interval of around 30 seconds to 1 minute. In simulation, we
interpolate the discrete trace to get a continuous trajectory.

We use the digital map of Shenzhen, China to manually
deploy APs on the map. As a result, most of the taxis can
frequently encounter the APs. In simulation, five APs were
deployed in the city. These APs are assumed to be connected
via a wire network thus a packet is delivered as long as
it reaches any one of the five APs. We select a subset of
500 vehicles from the whole set of 12,000 taxis in the trace
dataset. 48 hour-long traces are adopted for simulations. The
default TTL of the data packets is 60 minutes. In total 80 data
packets were generated at randomly selected nodes.

It is well known that the routing algorithm has a great
impact on the delivery performance packets. To show the
significance of undelivered packets in a VANET, we use
the aggressive routing algorithm called Epidemic. Using this
algorithm, a node would actively replicate a data packet
as it encounters another node without holding such packet.
Apparently, the Epidemic routing algorithm is beneficial to
the reduction of delivery delay and to the improvement of
delivery ratio, but at a high cost of network traffic. It can only
be useful when the traffic demand is very light.

B. Empirical Results

We next show the results from our empirical study. First, we
show delivery delays of individual packets in Fig. 3. We can
find that delivery delays of data packets differ significantly,
which range from 0 to 3600 seconds. About 80% packets
are successfully delivered within the TTL of 60 minutes, and
nearly 20% of data packets fail to be delivered.
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Fig. 3. CDF of delivery delays.

Fig. 4. Delivery ratio vs. TTL of data packets.

Fig. 5. Delivery ratio vs. number of vehicles.

We also study the impact of some important system parame-
ters, including number of APs, number of vehicles and TTL
on packet delivery performance.

To investigate the impact of TTL, we vary TTL from
20 to 100 minutes. From Fig. 4, we can see that the delivery
ratio increases as the TTL becomes larger. However, when
the TTL is longer than 80 minutes, the delivery ratio becomes
stable at around 80%. It is easy to understand that the longer
the TTL, the higher delivery probability a data packet has.
However, some data packets cannot be delivered to one of the
APs even if the TTL is long enough. The main reason is that
some source vehicles may rarely encounter other vehicles.

To investigate the impact of number of vehicles, we vary the
number of vehicles in the system from 100 to 300. In Fig. 5,

we can find that the delivery ratio increases as the number of
vehicles increases. However, when the number of vehicles is
between 250 and 300, the delivery ratio is always round 75%.
It is understandable that the increase in the number of vehicles
can enhance the connectivity of the network. However, there
are still some data packets which cannot be delivered in their
TTL even there are a large number of vehicles.

In addition, we can also see from both Fig. 4 and Fig. 5
that a larger number of APs helps increase the delivery ratio in
the network. This is apparent since the deployments of more
APs increase the opportunities of vehicles to encounter APs
and help the delivery of data packets.

In conclusion, we have observed that a noticeable percent-
age of data packets failed to be delivered even with a larger
number of vehicles, more APs and a longer TTL. This strongly
suggests that the use of 3G would greatly improve the packet
delivery performance in a VANET.

IV. NETWORK MODEL AND PROBLEM FORMULATION

In this section, we first present the network model, and then
formally define the problem of 3G-assisted data delivery in
VANETs.

A. System Model

We consider an infrastructure-based VANET consisting of
three parts: the set V of moving vehicles, the set � of APs, and
the central server. The APs are connected via a wired network.
Each vehicle may produce a packet containing sensory data,
which should be gathered to a central server within its time-
to-live (TTL) denoted by T . We assume all data packets
share the same TTL. Data packets are of equal size. We use
P = {p1, p2, . . . , pm} to denote the set of data packets which
need to be gathered.

Equipped with both 3G radio and short-range radio for inter-
vehicle and vehicle-to-AP communications (e.g., DSRC), each
vehicle can directly deliver a packet via 3G or via multi-hop
transmissions to one of the APs in the VANET. A short-range
communication can only occur when two nodes are in the
communication range of each other. When the 3G is used, the
delivery delay is small and can be ignored. When multi-hop
transmissions in the VANET are adopted, there is a significant
delivery delay. Considering the cost of 3G traffic, we consider
that there is a budget of 3G traffic, denoted by B .

We model the VANET as a contact graph G(V , E), where
V denotes the set of nodes in the network, and an edge ei j ∈ E
represents the contact process between two nodes i , and j .
According to some recent studies [27], [28], the contact
process between two nodes i and j can be modelled as a
Poisson process with the contact rate λ. Accordingly, the inter-
contact time between two nodes is exponentially distributed.
Such a model has also been experimentally validated by the
study based on real vehicular traces [28].

In addition, the central server in the system not only gathers
data from the network, but also it deals with 3G budget
allocations. To this end, it needs to collect the current network
information from vehicles via extra 3G communications. With
this information, it can analyze the delivery probability of a
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data packet or decide the 3G budget allocation to each time
slot. We assume the size of such information is small enough
compared to the data packets. Thus the cost of 3G in this case
is negligible.

B. Problem Formulation

The general objective of 3G-assisted data delivery in the
VANET is to maximize the delivery ratio and minimize the
delivery delay of the packets under the budget constraint of
3G traffic. To formally define the 3G-assisted data delivery
problem, we first introduce some important notations.

In our model, time is divided into s equal slots with the
length of τ , and T = s × τ . Let T = {t1, t2, . . . , ts} denote
the set of all the slots. A data packet can go through 3G in any
time slot before the TTL expires. We use an indicator variable
xk

i to denote whether a data packet goes through 3G or not,

xk
i =

{
1, pk goes through 3G in slot ti,
0, otherwise.

(1)

The set of all data packets delivered in slot ti can be divided
into two subsets: one subset includes those packets which are
delivered via 3G and the other subset include those packets
delivered via multihop transmissions in the VANET. Let ni

denote the total number of data packets delivered via 3G in
slot ti , and we have

ni =
m∑

k=1

xk
i . (2)

The number of data packets delivered via VANET is a random
variable, dependent on both node mobility and the routing
algorithm. We use a random variable Zi to denote the number
of data packets delivered in slot ti , and the expected value of
Zi is zi ,, i.e., E[Zi ] = zi . Thus, the total expected number of
data packets delivered in slot ti is ni + zi .

To combine the two performance metrics of delivery ratio
and average delay, we define a utility function as follows.

Definition 1 (Utility): The utility U of the 3G-assisted data
delivery is a function of the delivery ratio and the delivery
delay, which is defined as,

U = α

s∑
i=1

(Zi + ni )

m
+ (1− α)

s∑
i=1

(T − iτ )(Zi + ni )

mT

= α

s∑
i=1

(Zi + ni )

m
+ (1− α)

s∑
i=1

(s − i)(Zi + ni )

ms
, (3)

where i × τ is the delivery delay of each of the data packets
delivered in slot ti and the parameter α ∈ [0, 1].

From the definition of the utility, we can conclude that
to improve the utility we should increase the delivery ratio
and reduce the delivery delay of each individual packet. The
parameter, α, controls the relative importance of the two
metrics and can be customized by application developers.
For those applications which prefer a short delivery delay, a
smaller α can be selected; otherwise, a larger α should be
used. The impact of α is further investigated in Section VI.

Next, we can formally define the problem of 3G-assisted
data delivery problem.

Definition 2 (3G-assisted data delivery problem): The 3G-
assisted data delivery problem is defined as follows. Given
the budget B of 3G traffic and the set P of data packets, we
should determine if a packet p ∈ P is delivered via 3G and
when to deliver it via 3G, i.e., determine xk

i , with the objective
of maximizing the overall utility U.

max U, (4)

s.t.,
s∑

i=1

m∑
k=1

xk
i ≤ B, (5)

s∑
i=1

m∑
k=1

xk
i +

s∑
i=1

Zi ≤ m, (6)

xk
i ∈ {0, 1}, i ∈ {1, 2, · · · , s}, k ∈ {1, 2, · · · , m}, (7)

Constraint (5) guarantees that the total number of packets
delivered via 3G is no more than B , and constraint (7) ensures
that the total number of delivered packets is not greater than m.

This paper aims to investigate the potential increase of data
delivery performances with the assistance of 3G. We assume
the bandwidth is infinite in the network, and the epidemic
routing algorithm is adopted in order to achieve the best
routing performance in VANETs.

V. DESIGN OF 3GDD

In this section we present the design details of our approach
3GDD.

A. Overview

Having formally defined the 3G-assisted data delivery prob-
lem, one could solve it by determining all xk

i . Unfortunately,
this problem formulation is not constructive. The main rea-
son is as follows. The set of packets delivered via VANET
cannot be known in advance and therefore Zi is unknown.
Consequently, it becomes impossible to actually solve the
optimization problem.

In this paper, we propose 3GDD to approach the
3G-assisted data delivery problem. The main idea of 3GDD is
the following. First, it estimates an expected number of each
Zi based on the contact graph model of the VANET. Then, the
original optimization problem is simplified as an integer linear
programming (ILP) problem. Solving the ILP, we essentially
allocate the 3G budget to different time slots. Finally, given
the allocated 3G budget at each time slot, 3GDD then selects
those packets that are most unlikely delivered via VANET to
deliver via 3G.

B. ILP Formulation

This subsection first presents how to estimate the expected
number of packets delivered via VANET at each time slot, i.e.,
zi = E[Zi ], and then give the ILP formulation.

To estimate zi , we have to simplify the network model. We
assume that the contact process between any node i and j
follows the same Poisson process with average contact rate λ.
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Lemma 1: Given the set of APs �, the contacts between
a node and one of the APs form a Poisson process with the
contact rate is |�|λ, where |�| is the total number of APs in
the network.

Proof: As the contacts between a node and an AP in
the network form a Poisson process with the contact rate λ
and the contacts between a node and any one of the APs are
independent, therefore the contact rate between a node and
the total |�| APs forms a Poisson process with contact
rate |�|λ.

Let mi
′ present the expected number of data packets which

have not been delivered yet until time slot ti , excluding the set
of the data packets to be delivered via 3G in slot ti . According
to Lemma 1, it forms a Poisson process that mi

′ node contacts
the APs with the contact rate |�|λmi

′, and then the expected
number of data packets delivered zi in slot ti is |�|λmi

′τ .
Clearly, m1

′ = m − n1, and E[Z1] = z1 = m1
′|�|λτ . The

expected value of mi
′ at time slot ti can be updated as follows:

mi
′ = m −

i∑
j=1

n j −
i−1∑
j=1

z j , (8)

We can deduce zi , i ∈ {1, 2, · · · , s} from z1. In this way, we
can obtain the expression of the expected U , which is only
the function of ni . As ni is required to be an integer, we can
redefine the 3G-assist data delivery problem in VANETs as an
integer programming problem:

Definition 3 (ILP formulation of 3G-assisted data delivery
problem): Given the 3G-assisted data problem as defined in
Definition 7, its simplified ILP formulation is as follows,

max E[U ], (9)

s.t .
s∑

i=1

ni ≤ B, (10)

s∑
i=1

ni +
s∑

i=1

zi ≤ m, (11)

ni ∈ N, (12)

Traditional data delivery problem which aims to maximize
the delivery ratio can be reduced to the classical maximum
disjoint edges problem, which has been proven NP-hard [17].
Our 3G-assisted data delivery problem is more complex since
it has to decide when and which data packet should be
transmitted via 3G, such that the delivery ratio is maximized
and meanwhile the average delay is minimized. We formu-
late the problem as an integer linear programming problem,
and solve it based on Branch and Bound, which implies
implicit enumeration of solution space and unfortunately
is NP-hard.

C. Heuristic Algorithm Design

To tackle the ILP formulation defined in Definition 3,
we develop a heuristic algorithm based on the Tabu search
algorithm [29], [30] which is very efficient for solving ILP.
The main idea of the heuristic algorithm is to search the neigh-
bor or local potential solutions starting from a feasible initial
solution, in the hope of finding an improved solution which

Algorithm 1: Deriving the Optimal Allocation of 3G
Budget

Require: 3G budget B; time slots, s; the number of APs, �; the
number of data packets, m; TTL, T ; contact rate, λ; the
maximum number of iterations, Nmax ; the initial solution, N0;
The minimum distance, dmin ;

Ensure: 3G budget allocation, N ∗ = {n1, n2, .., ns};
1: N ∗ ← N0;
2: tabList ← null ;
3: i = 0;
4: while i < Nmax do
5: candidates ← null ;
6: for nCandidate ∈ nNeighborhood do
7: if nCandidate /∈ tablist then
8: candidates ← candidates + nCandidate;
9: end if

10: end for
11: nCandidate← Find BestCandidate(candidates);
12: if utilti y(nCandidate) > utili t y(N ∗) then
13: tablist ← tablist + nCandidate;
14: N ∗ ← nCandidate;
15: end if
16: i ← i + 1;
17: end while

increases the total utility. Before introducing the algorithm, we
first to define the concept of neighbor.

Definition 4 (neighbor): For an integer a, b is a neighbor
of a if |b − a| < dmin is satisfied, where dmin is a given
distance. For a vector v, u is a neighbor of v if any element
in u is the neighbor of the corresponding element in v.

The detailed algorithm is presented in Algorithm 1. The
algorithm starts from an initial solution N0 and search its local
candidate solutions. To determine the initial solution N0, we
can solve the solution to the LP relaxation of the original
ILP, and then round the entries of the solution. The derived
solution can be served as the initial solution. At first, the
best solution is initialized as N0. Then, the algorithm searches
the neighborhood of the current solution to find an improved
solution which has a higher utility as defined in Section IV.
Next, this improved solution will be further explored. The
algorithm repeats this process and returns a current best
3G budget allocation solution after a maximum number of
iterations Nmax is reached. To improve the performance and
avoid explore those solutions which have already been visited
before, our algorithm use a list tabli st to record visited
solutions.

D. Packet Selection for 3G Transmissions

With the solution of the ILP, we can derive the allocation
of the 3G budget to each time slot, with which we need to
establish the set of packets to be delivered via 3G. Apparently,
it is reasonable to select those packets that are most unlikely
delivered via VANET. Therefore, the main challenge for such
packet selection is to estimate the delivery probability of each
packet before each time slot starts. In this subsection, we
introduce how to estimate the delivery probability of each data
packet at time t . For the simplicity of analysis, we assume that
data packets are generated at time 0.
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Fig. 6. Illustration of a route ϒ from node i to node j via r hops.

For a one-hop path from node i to node j with the contact
rate λi , as the inter-contact time between nodes is exponen-
tially distributed, a data packet can be delivered successfully
from nodes i to j within time x is pi j (x) = λi j e−λi j x , (x > 0).
Then for a route ϒ from node i to node j with r hops (shown
in Fig. 6), denoted by sequence < e1, · · · , er > with the
contact rate < λ1, · · · , λr >, the delivery probability at time
t is

pϒ
i j (T − t) =

∫ T−t

0

r∑
k=1

Cr
k pk(x))dx (13)

=
∫ T−t

0
(

r∑
k=1

Cr
k λke−λk x)dx (14)

=
r∑

k=1

Cr
k (1− e−λk(T−t)). (15)

where Cr
k =

r∏
s=1,s �=k

λs
λs−λk

.

We define φ as the set of all possible routing routes from
node i to j , and then the delivery probability of a data packet
from node i to j at time t is

pi j (T − t) = 1−
∏
ϒ∈φ

pϒ
i j (T − t). (16)

VI. PERFORMANCE EVALUATION

A. Methodology

In this section, we evaluate the performance of 3G-assisted
data delivery algorithm. We mainly consider three performance
metrics:

1) Delivery ratio. It refers to the success ratio of the
number of successfully delivered packets to the total
number of packets at the end of an experiment of certain
time.

2) Average delay. It refers to the average delay for a packet
to be received to its destination. It can be calculated by
accumulating every delay of each hop. We only calculate
end-to-end delay for successfully delivered packets.

3) Utility. It combines both delivery ratio and average
delay, which can be calculated according to Definition 7.

To evaluate the performance of our algorithm, we compare
the performance of our scheme with the following candidate
routing schemes:

• S_Random: At the beginning, randomly select out B data
packets and deliver them via 3G.

• E_Random: Randomly select those data packets which
fail to be delivered at the last second and deliver them
via 3G.

• M_Average: The 3G transmission budget is equally allo-
cated to all time slots before a give TTL.

Fig. 7. Utility under different α values.

• M_Random: The 3G transmission budget is randomly
allocated to all available time slots.

We use the Opportunistic Network Environment simulator
(ONE) [31], which is specifically designed for performance
evaluation of DTN protocols, to simulate these scenarios on
both synthetic and realistic traces collected from 500 taxies in
Shenzhen, a metropolis in China. For each simulation settings,
we run the simulation twenty times and take the average.

B. Real Vehicular Traces

1) Simulation Settings: We evaluate the performances of all
schemes using the real GPS traces collected from 500 taxis
in Shenzhen on October 1, 2009. The average contact rate is
nearly 0.58 per day. We set the communication range to be
300 meters. We generate 500 packets. For each data packet,
we randomly select its source nodes. The number of APs and
TTL are set to 50 and two hours, respectively.

2) Impact of Parameter α: At first, we investigate the
impact of the weight of delivery ratio α in calculating utility
defined in Definition 7. We random choose 400 taxies and
vary α from 0.4 to 0.8 with an increment of 0.2.

Fig. 7 shows the utility as a function of α. It can be seen
that our algorithm can achieve high utility over a wide range
of α values while other schemes shows great instability with
different α values.

3) Impact of 3G Budget: In this set of simulation, we
random choose 400 taxies and vary the 3G budget from
100 to 200 with an increment of 25. The weight of delivery
ratio α is set to 0.6 as suggested in the above simulation.

The simulation results are shown in Figs. 8, 9 and 10.
From Fig. 8, we can see that the E_Random achieves the
best delivery ratio while the S_Random has worst delivery
ratio. It is reasonable that E_Random have such a high delivery
ratio because it always let data packets go through 3G, and
in this case, the 3G can be fully utilized but leading to long
delivery delays. From Fig. 10, it is clear to see that the 3GDD
outperforms all of the other schemes with respect to the utility.

4) Impact of Number of Vehicles: To investigate the impact
of number of vehicles on the performance of the data delivery
schemes, we vary the number of vehicles in the network from
100 to 300 with an increment of 50 while the 3G budget is
set to 150. The weight of delivery ratio α is set to 0.6.
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Fig. 8. Delivery ratio vs. 3G budget (Taxi).

Fig. 9. Delay vs. 3G budget (Taxi).

Fig. 10. Utility vs. 3G budget (Taxi).

The simulation results are shown in Figs. 11, 12 and 13.
It can be seen that, as the number of vehicles in the network
increases, the delivery ratio slightly increases in general.
Similar to the results in Fig. 8, E_Random has the best delivery
ratio while S_Random is the worst. As expected, the total
utility of the 3GDD performs best in a wide range of number
of vehicles. When the number of vehicles is larger than 450,
S_Random outperforms 3GDD by only 0.013% at most.

C. Synthetic Vehicular Traces

1) Simulation Settings: We generate five traces of different
scales with the number of vehicles changing from 100 to 300.
The contact rate is set to 0.002 per minute and the contacts
between two nodes follows an exponential distribution. We
generate 500 data packets randomly at time 0. The number
of APs and TTL are set to five and two hours, respectively.
The weight of delivery ratio α in calculating utility defined in
Definition 7 is set to 0.6.

2) Impact of 3G Budget: To illustrate the impact of the
3G budget on the performance, we use the trace containing

Fig. 11. Delivery ratio vs. number of vehicles (Taxi).

Fig. 12. Delay vs. number of vehicles (Taxi).

Fig. 13. Utility vs. number of vehicles (Taxi).

Fig. 14. Delivery ratio vs. 3G budget.

200 vehicles and vary to the number of 3G budget from
100 from 200 with an increment of 25.

Figs. 14, 15 and 16 show the delivery ratio, average delay
and the utility as the function of 3G budget, respectively. From
Figs. 14 and 15, we can see the delivery ratio of data packets
increases with the 3G budget. The E_Random achieves the
best performance, while its delay is the largest among all the
other schemes. Although our algorithm does not achieve as
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Fig. 15. Delay vs. 3G budget.

Fig. 16. Utility vs. 3G budget.

Fig. 17. Delivery ratio vs. number of vehicles.

Fig. 18. Delay vs. number of vehicles.

high delivery ratio as the E_Random, but the delay is much
smaller than the latter. From Fig. 16, we can find that the utility
of our algorithm outperforms other schemes. This suggests our
algorithm performs better when considering the delivery ratio
and delay comprehensively.

3) Impact of Number of Vehicles: We change to the num-
ber of vehicles from the 100 to 300 to investigate the
impacts on the algorithm performance. The 3G budget is set
to 150.

Fig. 19. Utility vs. number of vehicles.

The results are presented in Figs. 17, 18 and 19. In this
set of simulation, the E_Random still achieves the highest
delivery ratio, and M_Random comes the second. While their
delay is much larger than our algorithm (see Fig. 18). The
average delay of our algorithm is smaller the one third of the
TTL. From Fig. 19, the utility of our algorithm still overcomes
others. When the number of vehicles is 200, the utility of our
algorithm is 16% higher than that of E_Random.

VII. CONCLUSION

Efficient data delivery is crucial for sensory data gathering
applications of VANETs. However, we have observed that a
noticeable percentage of data packets fail to be delivered even
when there is a large number of vehicles in the network and
many APs are deployed using the epidemic routing algorithm.
Thus, it is highly useful to exploit 3G to further improve
the data delivery performance in a VANET. In this paper
we have made the first attempt to exploring the problem of
3G-assisted data delivery in VANETs. We have presented an
approach called 3GDD which first allocates the 3G budget to
each time slot by solving the ILP formulation of the original
optimization problem, and then selects those packets that are
most unlikely delivered via VANET for 3G transmissions. The
packet selection is performed before each time slot starts and
this makes sure that the packet select can reflect the most
update network status. Comprehensive simulations based on
synthetic and real vehicular traces have been performed and
comparative results show that our approach achieves better
overall utility than the other alternative schemes.
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