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Abstract—Roadside units (RSUs), which enable vehicles-to-infrastructure communications, are deployed along roadsides to handle

the ever-growing communication demands caused by explosive increase of vehicular traffics. How to efficiently utilize them to enhance

the vehicular delay tolerant network (VDTN) performance are the important problems in designing RSU-aided VDTNs. In this work, we

implement an extensive experiment involving tens of thousands of operational vehicles in Beijing city. Based on this newly collected

Beijing trace and the existing Shanghai trace, we obtain some invariant properties for communication contacts of large scale

RSU-aided VDTNs. Specifically, we find that the contact time between RSUs and vehicles obeys an exponential distribution, while the

contact rate between them follows a Poisson distribution. According to these observations, we investigate the problem of

communication contact-aware mobile data replication for RSU-aided VDTNs by considering the mobile data dissemination system that

transmits data from the Internet to vehicles via RSUs through opportunistic communications. In particular, we formulate the

communication contact-aware RSU-aided vehicular mobile data dissemination problem as an optimization problem with realistic VDTN

settings, and we provide an efficient heuristic solution for this NP-hard problem. By carrying out extensive simulation using realistic

vehicular traces, we demonstrate the effectiveness of our proposed heuristic contact-aware data replication scheme, in comparison

with the optimal solution and other existing schemes.

Index Terms—Mobile date dissemination, vehicular delay tolerant networks, communication contact, data replication

Ç

1 INTRODUCTION

1.1 Background

NOWADAYS, as more and more vehicles are equipped
with devices to provide wireless communication capa-

bility, interests on vehicular communications and networks
have grown significantly [1]. Newly emerged vehicular
communication networks are seen as a key technology
for improving road safety and building intelligent transpor-
tation system (ITS) [2]. Many applications of vehicular
networks are also emerging, including automatic collision
warning, remote vehicle diagnostics, emergency manage-
ment and assistance for safe driving, vehicle tracking, auto-
mobile high speed Internet access, and multimedia content
sharing [1]. In USA, Federal Communications Commission
has allocated 75 MHz of spectrum for dedicated short-range
communications in vehicular networks [3], and IEEE is also
working on related standard specifications. Many consortia

and standardization bodies are actively developing technol-
ogies and protocols for information transmission between
vehicles and roadside unit (RSU) infrastructure equipments,
known as vehicles to infrastructures (V2I), as well as
between vehicles, known as vehicles to vehicles (V2V) [4].
Although the third generation and forth generation mobile
cellular networks with broad coverage and high bandwidth
are able to provide multimedia content downloading
services for the moving vehicles, with the increase of the
services and user demands, cellular networks will very
likely be overloaded and congested in the near future.
Especially during peak time and in urban central areas, cel-
lular-based vehicular communications will face extreme
performance hits in terms of low network bandwidth,
missed calls, and unreliable coverage [12]. In terms of the
data in the mobile content sharing, some data items are
popular and needed by a large amount of users [30]. Thus,
benefiting from the common interests among the users and
properties of free of cost, efficient utilization of the spare
capacity of local sharing links, V2I and V2V communica-
tions becomes more inevitable for the application of mobile
content dissemination.

In vehicular networks, V2I communications between
vehicles and RSUs play an important role in enhancing the
networking performance since V2V communications are
inherently opportunistic and stochastic [5]. In RSU-aided
vehicular networks, RSUs deployed along the roadside offer
more ‘steady’ connections for data transmission [6]. In such
kind of vehicular networks, data traffic demands initiated
from vehicles are random and bursty by nature, and RSUs
act as gateways to the Internet and to other infrastructure
systems, such as ITS. Vehicles transmit their access requests
and information to RSUs, and RSUs then send responses to
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the Internet for querying the data and information on the
behalf of vehicles [5]. Usually, the communication coverage
of an RSU is limited in the case of utilizing the range-limited
wireless technologies like WiFi or millimetre wave commu-
nications. On the other hand, vehicles are highly mobile and
sometimes sparse by nature. Therefore, it is difficult to
maintain a connected network between the RSUs and
vehicles to communicate. Opportunistic contacts between
RSUs and vehicles, however, are capable of providing high-
bandwidth communication capacity for data transmission,
which forms the basis of RSU-aided vehicular delay tolerant
networks (VDTNs) [7], [8], [9], [10]. Within a VDTN, a RSU
will store the data in its buffer, and forwards them to an
appropriate vehicle when a transmission opportunity is
available along this vehicle’s movement, which is referred
to as a communication contact [11]. By exploiting the delay-
tolerant nature of non-realtime applications, the service pro-
viders can delay and even shift large amount of the data
transmissions to VDTN. Compared with the broadly cov-
ered cellular networks, although this RSU-based VDTN
approach may bring extra deployment cost and induce tol-
erable delay for the data dissemination, it helps to cope
with the explosive traffic demands and mobile data growth
with the limited cellular network capacity.

1.2 Challenging and Related Work

Many challenging and open problems exist in designing
RSU-aided VDTNs [12], and currently many consortia and
standardization bodies are actively developing technologies
and protocols for efficient data transmission in VDTNs [2],
[12]. Recent works have focused on how to deploy RSU
infrastructure to handle the growing communication
demands as the number of vehicles increases, and have pro-
posed optimal RSU placement schemes with the consider-
ation of the vehicular traffic and city structures [5], [12],
[13], [14], [15]. With an optimal RSU deployment, which
dramatically enhances the VDTN’s performance in terms of
data transmission delay and ratio [12], one of the major
remaining problems is how to efficiently utilize the RSUs to
improve the data dissemination performance. In vehicular
sensor networks, existing works [16], [17], [18], [19], [20]
investigate the schemes of data replication using RSUs. For
example, Ref. [16] identified a set of design choices of
content-addressed storage and mobility-assist storage to uti-
lize the resources of RSUs, while Ref. [17] proposed multi-
hop data replication schemes to deal with the opportunistic
mobility. However, these works do not take the mobility
patterns of the vehicular with the RSU into the consider-
ation of data replication design. In a VDTN, data dissemina-
tion efficiency depends on how the RSUs replicate the
mobile data and, furthermore, the vehicular mobility
critically influences the opportunistic data transmission.
Therefore, how the mobile data are replicated to the tar-
geted RSUs by considering the vehicular mobility and data
requirements as well as the RSUs’ data storage policy is a
critically important problem to be solved. For high-speed
vehicles, the wireless link from a vehicle to a RSU is highly
dynamic and subject to opportunistic contact, which makes
the decision for the data replication among the deployed
RSUs extremely challenging [1]. Therefore, a fundamental
understanding of the underlaying patterns of the network

dynamics existing in the vehicles to RSUs communications
is essential to solve this challenging problem.

Thus, the mobile data dissemination performance of an
RSU-aided VDTN depends on how often the opportunistic
communication contacts between the vehicles and RSUs
occur and how long these contacts last, which are referred
to as contact rate and contact time, respectively. The contact
rate defines how many times the vehicles can communicate
with a RSU within a certain time window, which is related
to the inter-contact time or contact interval. The contact
time, also known as the contact duration, is another impor-
tant factor that directly affects the amount of data that can
be transferred between vehicles and RSUs when they can
communicate. Therefore, contact interval and contact dura-
tion influence the throughput and capacity of RSU-aided
VDTNs. Due to lack of realistic models for opportunistic
contacts between RSUs and vehicles, the current proposed
data forwarding protocols can only be investigated based
on the synthetic mobility model [21], which may lead to the
misleading results that are unachievable in realistic vehicu-
lar environments. Therefore, it is critical to design efficient
data replication schemes based on an accurate understand-
ing of the communication contacts for large-scale urban
vehicular mobility environments.

1.3 Contribution Summary

In this paper, we investigate contact-aware data replication
for RSU-aid VDTNs by considering the application of
mobile data dissemination. More specifically, we study the
problem of how the system replicates mobile data to the
deployed RSUs to enhance the mobile data sharing and dis-
semination efficiency. In order to solve this problem, we
first modeling the patterns of opportunistic communication
contacts between vehicles and RSUs based on two large-
scale urban vehicular mobility traces, and we then propose
an efficient data replication scheme for the system to repli-
cate mobile data. Our novel contribution is threefold which
are summarized as follows.

� We collect real mobility traces from about 27,000
operational taxis for one month in Beijing city, which
records the mobility contact patterns between the
RSUs and vehicles in a large city. By analyzing the
large volume of realistic urban vehicular mobility
traces to investigate contact rates, we find that the
distribution of inter-contact time is exponential,
which reveals that the contact rate between the
vehicles and RSUs exhibits strong Poisson property.
In terms of the contact time, we find that it obeys an
exponential distribution with high accuracy. This is
contrast to the existing findings of a power law
exhibited in human mobility.

� We formulate the communication contact-aware
data replication into an optimization problem with
the realistic VDTN settings that 1) the network con-
tains heterogeneous vehicles in terms of data prefer-
ence, 2) the mobile data items are multi-types of
different size and delay sensitivity, and are erasure
coded [22] to increase the dissemination efficiency,
and 3) the RSUs’ storages for content sharing are lim-
ited in size. These realistic conditions were not taken
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into account in the previous works [6], [10] for sim-
plicity reasons.

� We provide an efficient solution for this NP-hard
problem of optimal contact-aware data replication by
proposing a heuristic algorithm to replicate the
mobile data to RSUs’ buffers. By reformulating the
problem, we also propose a benchmark algorithm
that attains the optimal system performance, albeit at
the cost of high computational complexity. Through
extensive realistic trace-driven simulations, we dem-
onstrate that our heuristic algorithm achieves ex-
cellent system performance in comparison to the
optimal and several other existing schemes.

1.4 Paper Structure

The rest of the paper is organized as follows. Section 2
describes the communication contact-aware mobile data dis-
semination system and presents the associated optimization
problem. In Section 3, we model the communication contact
in terms of contact interval and contact duration. Based on
the obtained communication contact model, we specify the
optimization problem and design a heuristic algorithm to
solve it in Section 4. In Section 5, we re-formulate the prob-
lem in order to obtain an optimal solution as the benchmark.
Section 6 introduces the experimental environment for per-
formance evaluation and provides extensive simulation
results. Our conclusions are drawn in Section 7.

2 SYSTEM DESCRIPTION AND PROBLEM

STATEMENT

2.1 System Overview

The network topology is shown in Fig. 1, where vehicles
travel around the city roads, and RSUs are deployed, each
providing coverage over a certain area. Since current opti-
mal placement algorithms usually place the RSUs in the
intersections of main roads [5], in our system, we assume
that the RSUs are placed at the intersections. The RSUs are
connected to the content servers in Internet through wired
links. Vehicular stations requiring mobile data send their
data requests to the corresponding content servers via the
RSUs. Then, the requested data are proactively delivered
from the corresponding content servers to some chosen or
targeted RSUs via the wired links under the guidance of the
data replication policy. Since usually these connected wired
links provide relatively large bandwidth, the data could be

delivered successfully before the delay-tolerant dissemina-
tion between the RSUs and vehicles. RSUs will further dis-
seminate the mobile contents to the vehicular users that
request the data through opportunistic communication
which occurs when the vehicles move into the communica-
tion coverage of the RSU. After the vehicle stations receive
the requested data, as usual, they will send acknowledge-
ments to the content servers via the RSU.

A central controller is deployed for this integrated
mobile data dissemination system, and it can communi-
cate with the RSUs and content servers. The central con-
troller is tasked to make data replication decisions for the
content servers to distribute the data into the buffers of
RSUs based on the vehicular mobility patterns and
mobile data demands. The mobility patterns are related
to the communication contact patterns between the
vehicles and RSUs. Two important metrics are the aver-
age contact interval, which is related to how often a vehi-
cle will enter into a RSU’s coverage area, and the average
contact duration, which is the average time that the vehi-
cle will stay in the coverage area. Many vehicles travel
on predetermined routes and schedules. Examples
include city buses and people traveling by cars to and
from work. Therefore, daily mobility patterns may exhibit
certain regularity, and communication contact interval
and duration are often quasi-statistic. Thus, the informa-
tion of contact patterns can often be obtained by the cen-
tral controller in advance with high accuracy. Moreover,
new contact information can be collected regularly from
vehicles. On the other hand, the content demands are
sent by the vehicles to the central controller directly.
Therefore, the central controller has the necessary infor-
mation to make the data replication decision.

2.2 Data Replication and Networking Modelling

In our RSU-aided mobile data dissemination system
depicted in Fig. 2, the content servers first replicate the
mobile data to the RSUs, and these RSUs further disseminate
the data to the vehicles that are interested in them by vehicle-
to-RSU opportunistic communication. Specifically, in order
to increase the data dissemination efficiency, mobile data
items are encoded into dissemination packets by erasure
coding [22]. Then, the encoded packets are replicated to the
RSUs where they are buffered in the RSUs’ local storages.
Finally, when the vehicles meet the RSUs, they receive their
requested data. We consider realistic multiple data dissemi-
nation, where the system disseminates multiple data items,

Fig. 1. Illustration of the mobile data offloading system integrating cellu-
lar network and opportunistic communications.

Fig. 2. Mobile data offloading in RSU-aided VDTNs.
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and a RSU need to store multiple data packets of different
data items, depending on its buffer size, Furthermore, a
vehicular usermay also be interested in different data items.

In this RSU-aided mobile data dissemination system,
there are Rþ U nodes. More specifically, there are R RSUs
buffering the data and U vehicular users requesting the
data, respectively. We use R and U to denote the sets of
RSUs and vehicles, respectively, where jRj ¼ R and
jUj ¼ U . We also refer to a vehicle as a vehicular user or sim-
ply a user throughout the discussion. For the RSUs, the sys-
tem requires their storages to buffer the mobile data, which
may include multimedia content of very large size, such as
movies. Even though RSU devices may have large storage,
it is impossible to ask a RSU to contribute all its storage
solely for the data dissemination purpose. Therefore, we
should take the storage that each RSU is willing to share as
one of our constraints, which directly influences the number
of data items that can be stored. Considering this realistic
condition, we assume that RSU r, r 2 R, can at most buffer
Lr size of data items.

2.3 Mobile Data Modelling

Since there are many different types of mobile data, for
example, multimedia newspapers, weather forecasts, movie
trailers, etc., we model the mobile traffics of C different data
items, labelled as C. For any c 2 C, its data length is lc, and
its lifetime is Tc, which means that all the RSUs will stop dis-
seminating the mobile data c after the deadline Tc.

Because the contact duration between a vehicle and a
RSU is usually very limited in VDTNs, a complete mobile
data may not be transmitted in one contact. The most
straightforward way is using simple fragmentation, but it
will result in the coupon collector’s problem [23] that will
significantly decrease the data recovery efficiency. To miti-
gate this problem, we adopt the erasure coding technique
[22], [24] to encode the mobile data into a large set of small
coded packets, and any sufficient subset of the coded pack-
ets can be used to reconstruct the mobile data. Specifically,
the coding process takes the original data c of size lc and a
given coding rate as the input, and outputs the packets of
size gc. Any vc ¼ ð1þ �Þlc=gc coded packets can be used to
reconstruct the mobile data c back, where � is a small con-
stant determined by the exact erasure coding algorithm
employed [24]. In general, gc < lc. Occasionally, a mobile
data c may have a very large size, and in this case gc � lc.
The size gc is data dependent as different data c may be
encoded with different packet sizes.

2.4 Interests Modeling

We now characterize the user behaviors of accessing to dif-
ferent data items in the mobile data dissemination system.
In a system with multiple data items, a user will have differ-
ent interests in different data items, and different users will
have different dynamic accessing behaviors. Moreover,
some data items are popular data that are interested by
many users, while some other data items are not popular
data which may only be interesting to a small number of
users. We describe the user’s interests to different mobile
data by a subscriber profile, and model the popularity of
mobile data by an interest distribution on keywords, which

is a widely used approach to model user interest distribu-
tion on different data items in diverse applications [25].
Specifically, for all the mobile data, the system have K key-
words, denoted by the set K, to describe them. Any data
item c 2 C is described by a subset of keywords, denoted by
Kc � K, and weight %kc which indicates the importance of
keyword kc 2 Kc. In this way, we can define the popularity
of mobile data items. Without loss of generality, we assumeP

kc2Kc
%kc ¼ 1. To model the interests of different subscrib-

ers on different data, we define Pk
u as the degree of how

user u 2 U is interested in keyword k 2 K. In this way, we
can compare the interests of user u to two different key-

words k1; k2 2 K by Pk1
u and Pk2

u . Thus, the interest profile of

user u is defined by the set Pu ¼ fPk
u : k 2 Kg. Without loss

of generality, we assume
P

k2K Pk
u ¼ 1. The interest proba-

bility of user u 2 U in mobile data c 2 C, defined by wu;c, can
then be obtained as

wu;c ¼
X
kc2Kc

%kcP
kc
u : (1)

For any user u 2 U , we further let wu ¼ ½wu;1wu;2 � � �wu;C �
represent its ‘affection’ to all the data.

2.5 Communication Contact

A RSU can communicate with a vehicle to disseminate data
only when the vehicle moves into its communication cover-
age, which is referred to as communication contact. During
the communication contact, RSU can transmit the mobile
data in the rate of h bytes per second to vehicles. Consider
generic RSU and vehicle, denoted by r and u, respectively.
The vehicle moves according to its mobility trajectory that

covers the region V � R2, and the RSU is deployed in a
fixed position. Let xr 2 V and xuðtÞ 2 V be the positions of
RSU r and vehicle u at time t, respectively, where t is in
continuous-time scale. We assume that the RSU has a circu-
lar coverage with the radius of RTx. When the vehicle is
within the communication range RTx with the RSU, com-
munication may occur. In a practical system, since usually
the RSUs will buffer different mobile content, we need to
consider the contact interval by telling the difference of
each RSU. Thus, we define the contact interval of each RSU-
vehicle pair, and then obtain the contact rate of each pairs.
With the above consideration and notations, the contact
interval and contact duration of RSU r and vehicle u can for-
mally be defined as follows.

Definition 1 (Contact Interval). The contact interval of RSU
r and vehicle u, denoted as CIr;u, is defined as the time interval
that takes the vehicle to come within the coverage of the RSU
again from the last time, denoted as t0, when the vehicle was
moving out of the coverage, that is,

CIr;u ¼ min
t

�
t� t0

�
: kxr � xuðtÞk 	 RTx; t > t0

� �
:

Definition 2 (Contact Duration). Assume that user u comes
within the communication coverage of RSU r at time tc, that
is, kxr � xuðt�c Þk > RTx and kxr � xuðtcÞk ¼ RTx, where t

�
c

denotes the time before tc. The contact duration of r and u is
defined as the time during which the user is in contact with the
RSU before moving out of its coverage, that is,
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CTr;u ¼ t� tc with min
t�tc

ft : kxr � xuðtÞk > RTxg;

where both t and tc are in the continuous-time scale.

The contact interval and duration directly influence the
throughput and capacity of the RSU-aided mobile data dis-
semination system. Higher contact rate and longer contact
time usually result in higher network throughput and larger
capacity. Clearly, how to replicate the mobile data to the
RSUs depends on the underlying system’s communication
contact properties. Thus, revealing fundamental laws and
properties of these communication contacts can greatly
benefit the data replication problem analysis and provides
important hints regarding the optimal system solution.
After formulating the optimal mobile data replication prob-
lem in the RSU-aided VDTN, we will turn to modeling the
communication contact with the aid of two large-scale real-
istic urban vehicular mobility traces. The result of this
modeling will help us to solve the challenging mobile data
replication problem.

2.6 Problem Formulation

For the mobile data dissemination system with R RSUs,
U vehicles and C mobile data items, the system optimiza-
tion goal is to maximise the expected interests satisfaction
of all the users in this RSU-aided VDTN, which depends on

the mobile data replication policy. DenoteX ¼ �xr;c

�
, where

r 2 R and c 2 C, as the data replication policy, in which
xr;c 2 f0; 1; . . . ; vcg, and xr;c ¼ a, a 6¼ 0, indicates that RSU
r stores a coded packets of date c in its buffer, while xr;c ¼ 0
indicates that r does not store any packet of data item c.
Since a lifetime Tc is assigned to each data item c, if a user
does not receive the required item from RSUs after the life-
time is expired, the data dissemination to this particular
user fails or the mobile data dissemination system does
not meet this user’s interest. On the other hand, in the sys-
tem with limited RSU buffer and limited communication
contact, some of users will not be guaranteed to obtain the
mobile data before its deadline, and it is impossible to meet
all the users interests. Therefore, we set the objective as
maximizing the expected overall interests satisfaction of all
the users. Since this objective function depends on the data
replication policyX, it is denoted as J Xð Þ.

Maximising the system’s expected interests satisfaction
for all the users and over all the mobile data items can be
specified as the following optimisation problem

max JðXÞ
s:t: xr;c 2 f0; 1; . . . ; vcg; 8r 2 R; c 2 C; xr;c 2 X;

and
X
c2C

gcxr;c 	 Lr; 8r 2 R;
(2)

where
P

c2C gcxr;c 	 Lr is the buffer size constraint of RSU r.
For the ease of reference, we now summarize the commonly
used notations and variables throughout the paper in
Table 1.

3 MODELING THE COMMUNICATION CONTACT

Although the model for the opportunistic contacts between
vehicles is already proposed by Ref. [11], the contact
patterns of the contacts between the vehicle and RSU is still
unknown, and it is an open problem to model the opportu-
nistic communication contacts between the vehicle and
RSU. Thus, in this Section, we investigate it based on two
large-scale urban vehicular mobility traces of Beijing and
Shanghai. Specifically, we use the taxis mobility traces to
study and model the contact patterns between the vehicles
and RSU, which should be different from that of human
mobility like walking.

3.1 Description of the Two Data Sets

Shanghai trace was collected by SG project [26], where 2,019
operational taxis continuously covered one month of
February 2007 without any interruptions in Shanghai city.
In this trace, a vehicle sends its position report by GPRS to
the central database every 1 minute when it has passengers
on-board and every 15 seconds when it is vacant for the rea-
son of real-time scheduling. The different intervals of
reporting however may distort the records of the physical
movements of the vehicles, since most of vehicles are not
vacant most of the time. Even though Shanghai trace is large
among the existing vehicular mobility traces, the number of
the vehicles involved still may not be sufficient to record the
statistical features of contact interval and duration in a
high-speed large urban environment.

In collecting Beijing trace, we used the mobility track logs
obtained from 27,000 participating Beijing vehicles carrying
GPS receivers during the whole May month in 2010. Most of
the vehicles involved are taxis. The reason for us to utilize
taxis as vehicular devices is that most taxis in Beijing already
have GPS systems installed for service monitoring, and

TABLE 1
List of Commonly Used Notations and Variables

Notation/Variable Description

R, U , C The numbers of RSUs, vehicles and data items in the system, respectively.
R, U, C The sets of RSUs, vehicles and data items, respectively.
r, u, c The indexes for RSUs, vehicles and data items, respectively.
lc, Tc The size and lifetime of data item c 2 C, respectively.
gc, vc The size of a coded packet, and the number of the coded packets that can reconstruct data c 2 C.
Lr The buffer size of RSU r 2 R.
uu;r, �u;r The contact rate and contact duration parameters between RSU r 2 R and vehicle u 2 U.
h The transmission rate between a RUS and a vehicle during communication contact.
wu;c The interest probability of vehicle u 2 U in mobile data c 2 C.
X ¼ ðxr;cÞ The data replication policy of the system.
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collect their traceswill not induce privacy and cost problems.
Although taxis mobility may be different from other vehicles
due to different driver behaviors, taxis are more sensitive to
urban environments in terms of underlying road topology,
traffic control and urban planning, and they have broader
coverage in terms of space and operation time than buses
and private cars. Thus, using the taxi to reveal the contact
patterns and study the data dissemination problem is mean-
ingful. Specifically, we utilized the GPS devices to collect the
vehicles locations and timestamps and GPRS modules to
report the records every 15 seconds for moving vehicles. The
specific information contained in such a report includes: the
vehicle’s ID, the longitude and latitude coordinates of the
vehicle’s location, timestamps, instant speed and heading.
Beijing trace is the largest vehicular data trace available.

3.2 Empirical Data Processing

To obtain an accurate contact interval and contact duration,
we need to know the exact beginning and ending times of
each opportunistic contact. However, GPS reports were col-
lected in discrete time and they may be collected at different
time intervals as in the case of Shanghai trace. Therefore, the
times that an opportunistic contact starts and ends, respec-
tively, may not be recorded in timestamps. Consequently,
the traces need to be processed in order to extract the
contact duration. In extracting the contact from a GPS trace,
we assume that a vehicle is able to communicate with a RSU
if their estimated locations are within the given communica-
tion range and within the same specific time duration,
which is called a contact. In reality even if a vehicle is within
a RSU’s coverage range, they may not be able to successfully
transfer data due to physical layer signal issues and MAC
layer association time. However, vehicular communication
protocols like IEEE 802.11p [36] aim to make the new stan-
dard more robust in the real-world vehicular scenarios [40].
For example, in IEEE 802.11p, the vehicles are allowed to
transmit and receive data frames with the wildcard setting,
which means the vehicles can immediately communicate
with the RSU upon encounter without any additional over-
head [40], [41]. Consequently, since we focus on the
distribution of contact, we only investigate the potential
communication opportunities between vehicles and RSUs,
and we leave the issues related to how to ensure successful
data transmissions during contacts as future work.

3.2.1 Location Adjustment

By collecting the GPS information of longitude and latitude
coordinates, we obtain the vehicles’ moving traces that indi-
cate the vehicles’ locations varying with time. Since these
locations are measured by GPS devices, the data may be
corrupted by noise due to the inaccuracy of GPS devices.
Furthermore, the vehicles may not all report their location at
the same time slots with the same fixed frequency, as in the
case of Shanghai trace. Therefore, we need to process the
data trace to obtain accurate locations of all the vehicles in
the same time slots and with the same frequency, and also
deal with the special taxis behavior of stopping at a place
waiting for passages, which would influence the contact pat-
terns when the locations of taxis just happen to be close to a
RSU. In order to achieve these goals, we first use the city
maps of Shanghai and Beijing for the respective traces to

delete the traces of stopping taxis of both occupied and
unoccupied, which both records the contact patterns
between the vehicular mobility the RSU, by detecting their
locations that are not in the regions roads, and then also cor-
rect all the moving vehicles’ locations so that they are in the
regions of related city roads. Then, we insert location points
in the turning place based on the information of map to
make sure any two sequenced location reports are in the
same linear road. Finally, we use the method of linear inter-
polation (LI) to insert location points so that all the vehicles
have location information at every 15-second interval. To
illustrate how this LI method works, consider that we have
the location information of a vehicle in the original trace
with the locations l1; l2; . . . ; ln recorded at the time points
t1 < t2 < � � � < tn, and we want to insert the location infor-
mation lt at the time point t which is calculated according to
the 15-second frequency. We just need to find tm that satis-
fies tm 	 t < tmþ1, and then estimate the location lt by the
following LI

lt ¼ tmþ1 � t

tmþ1 � tm
� lm þ t� tm

tmþ1 � tm
� lmþ1:

In order to verify that this data preprocessing does not
introduce artificial and inaccurate information into the orig-
inal data trace, we use the data obtained by this preprocess-
ing method for the one-day vehicles’ locations to plot the
trajectories of all the vehicles, and it can be concluded that
the data sets are sufficiently large and even only using one-
day data we can recover the whole city maps. In order to
further demonstrate the accuracy of our data preprocessing,
we compare the recovered maps of Beijing and Shanghai
with the true Beijing and Shanghai maps. It can be verified
that all the vehicles’ trajectories determined by the prepro-
cessing are in the related city roads, and the two city maps
drawn by these one-day trajectories are very similar to the
corresponding true city maps.

3.2.2 Contact Extraction

To extract communication contacts from the GPS traces, the
work [11] uses a time window to measure the contact. How-
ever, as reported in [11], it is difficult to select a suitable
time window, since a large time window may result in false
contacts while a small window may miss some real commu-
nication opportunities. To overcome this difficulty, in this
work, we also use the LI method to extract the opportunistic
contact, which is illustrated in Fig. 3. Firstly, we select the
time points near and inside the chosen communication
contact, which should at least include one time point during
the communication contact, one point before the contact
and one after the contact. Then, we use the selected time
points to estimate the communication contact beginning
and ending times. In Fig. 3, we have selected t1, t2 and t3 as
the three such time points recorded in the trace. The
communication contact’s beginning time tc and ending time
td can be estimated by the LI expressed as follows

tc ¼ t1 þ �xðt1Þ �RTx

�xðt1Þ � �xðt2Þ
�
t2 � t1

�
;

td ¼ t2 þ �xðt3Þ �RTx

�xðt3Þ � �xðt2Þ
�
t3 � t2

�
;
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with �xðtkÞ ¼ kxr � xuðtkÞk. Consequently, the contact dura-
tion can be obtained by td � tc. Then, the contact interval
can be obtained as the time interval of two successive com-
munication contacts.

We note that the LI method is based on the approximate
assumption that the distance between RSU and vehicle
changes linearly closed to and during the communication
contact. Since in real urban vehicular environments, a con-
tact occurs often when the vehicle moves nearby the RSU,
e.g., the vehicle is passing the intersection where the road is
usually straight. Therefore, an LI is sufficient for us to extract
the communication contact. In order to obtain more accurate
results, we use several different sets of times points and three
different communication ranges in the LI based estimation.
More specifically, in the communication contact extraction,
we choose three sets of time points near and within the con-
tact concerned to obtain three LI estimates, and use the aver-
age value as the final contact time and inter-contact time. We
also consider four different coverage ranges of 50, 100, 150
and 200meters for both Shanghai and Beijing traces.

3.2.3 Acquisition of Results

To pre-process the empirical data and to extract the commu-
nication contacts, we place the RSUs in the intersections of
the main roads, extract the contacts from the trace and
investigate the distributions of the contact duration and
contact interval. Specifically, we study the complementary
cumulative distribution functions (CCDFs) of the contact
interval and duration. In particular, we focus on the aggre-
gate CCDF of all the vehicles and all the deployed RSUs,
which is the CCDF per contact sample over all the distinct
pairs of RSU and vehicle.

3.3 Modelling Result of Contact Interval

The aggregated empirical distributions of contact interval
between RSUs and vehicles are examined, and the obtained
empirical CCDFs of contact interval during entire trace col-
lection time are plotted in Figs. 4a and 4b for Beijing and
Shanghai traces, respectively, given four different coverage
ranges of R ¼ 50, 100, 150 and 200 m. Here, we display
90 percent of the distribution in the linear-log scale. By
observing the empirical distribution curves of Fig. 4, we
find that they are close to straight lines. Since we plot the
distribution in the linear-log scale, these empirical curves
showing in Fig. 4 clearly offer the insight that the contact
interval distribution exhibits exponential property.

In order to verify the accuracy of the exponential distri-
bution model for the contact interval of urban vehicular
mobility, we fit the exponential curves to all the 100 percent
empirical CCDFs of contact interval obtained for both
Beijing and Shanghai traces with the four different coverage
ranges. The goodness of fit is measured quantitatively by
the R-square statistics [27], which is defined as the percent-
age of the variation between the empirical CCDF and the fit-
ted distribution. The results are summarised in Table 2,
where the adjusted R-square statistics are computed with
Matlab Curve Fitting Toolbox. It can be seen from Table 2
that the average adjusted R-square statistics are all over
96 percent for both Shanghai and Beijing traces. This con-
firms the accuracy of the exponential distribution model for
contact interval. In Fig. 5, we compare the 100 percent
empirical CCDFs with the corresponding exponential fit-
tings for both Beijing and Shanghai traces, given the coverage
ranges of R ¼ 50 and 200m.

3.4 Modelling Results of Contact Duration

We next examine the aggregated empirical distributions of
contact duration between RSUs and vehicles extracted from
the two vehicular mobility traces. The 90 percent empirical
CCDFs of contact duration during entire trace collection
time are displayed with the linear-log scale in Figs. 6a

Fig. 4. Empirical contact interval patterns for Beijing and Shanghai
traces in the linear-log coordinate: (a) Beijing, and (b) Shanghai.

Fig. 3. Extract communication contacts from the GPS reports of RSU
r and vehicle u. Two arc lines are the trajectory of u and the coverage
boundary of r, and R is the communication range. t1, t2 and t3 are three
timestamps in the GPS records, and the positions of the vehicles at t1, t2
and t3 are reported by GPS. tc is the time that the communication con-
tact begins, and td is the end of the communication contact. Since both
tc and td are not recorded, they have to be estimated to obtain the con-
tact interval and contact duration.

TABLE 2
The Adjusted R-Square Statistics of the Exponential
Fittings to the Empirical CCDFs of Contact Interval

Obtained from Beijing and Shanghai Traces

Transmission range R 50m 100m 150m 200m

Beijing trace 98:36% 97:37% 96:90% 96:59%
Shanghai trace 98:61% 97:24% 96:79% 96:55%

Fig. 5. Empirical contact interval patterns and their exponential fit-
tings for Beijing and Shanghai traces in the linear-linear coordinate:
(a) Beijing, and (b) Shanghai.
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and 6b for Beijing and Shanghai traces, respectively, again
given four coverage ranges of R ¼ 50, 100, 150 and 200 m,
where the exponential fittings to the corresponding empiri-
cal CCDF curves are also shown for comparison. The
100 percent empirical CCDF curves and their corresponding
exponential fittings are depicted in Fig. 7 with the linear-lin-
ear scale. The results of Figs. 6 and 7 qualitatively show that
the contact duration exhibits a very clear exponential distri-
bution. To quantitatively measure the accuracy of the expo-
nential model for the contact duration of RSU-aided
VDTNs, Table 3 lists the adjusted R-square statistics of
the exponential fittings to the empirical data of contact
duration. It can be seen from Table 3 that the average
adjusted R-square statistics are all over 97 percent for all the
exponential fittings. This confirms the accuracy of the expo-
nential model of contact duration.

4 PROBLEM SPECIFICATION AND HEURISTIC

SOLUTION

Based on the results of modeling Beijing and Shanghai vehic-
ular traces presented in the previous section, we can justifi-
ably assume that the communication contact rate between
RSU r and vehicle u obeys the Poisson process with contact
rate uu;r and the duration of their contact follows an expo-
nential distribution with rate parameter �u;r.

4.1 Problem Specification

In order to solve the optimization problem (2), we need
the explicit expression for the objective function JðXÞ.
We note that JðXÞ depends on the system dynamics of
communication contact as well as the data replication
policy and buffer size of the RSUs. Recall that our goal is
to maximize the expected interest satisfaction. Let us first
define Qu;c as the probability that user u has successfully

received mobile data c before its lifetime. Then, we can
express the objective function as

JðXÞ ¼
X
u2U

X
c2C

Qu;c: (3)

In other words, we need to calculate the probability for user
u to successfully receive mobile data c before its lifetime.

Note that the condition for user u to recover mobile data
c back from the encoded packets is that it has received at least
vc packets before the deadline of Tc. Therefore, we first con-
sider howmany packets on average a RSU r 2 R can dissemi-
nate to vehicle u 2 U. Because u encounters rwith the Poisson
contact rate of uu;r and the contact event is independent on the
user interests, we can model the dissemination opportunity
as the Poisson process with rate uu;rwu;c if r stores data c in its
buffer. Consequently, the times that the communication con-
tact between u and r occur for transmitting mobile data c
before the deadline Tc, denoted by Nc

u;r, obeys the following

probability function

P Nc
u;r ¼ j

� �
¼ e�uu;rwu;cTc uu;rwu;cTc

� �j
j!

; 0 	 j < þ1:

Consider a generic contact, say m, in the Nc
u;r contacts,

where 1 	 m 	 Nc
ur. Denote its distribution function as

tcu;rðmÞ, which follows the exponential distribution of

ftcu;rðmÞðxÞ ¼ �u;re
��u;rx ¼ G 1;

1

�u;r

� 	
;

where Gð1; 1
�u;r

Þ is the Gamma distribution with parameters

of 1 and 1
�u;r

. More generally, a random variable X that has

the Gamma distribution with parameters a > 0 and b > 0 is
denoted by X 
 Gða;bÞ, and its probability density function
is given by

fG x;a;bð Þ ¼ 1

baG að Þx
a�1e

�x
b; x > 0;

where G að Þ is the ordinary gamma function defined as

G að Þ ¼ G a; 0ð Þ ¼ R10 ta�1e�tdt. The cumulative distribution

function ofX 
 Gða;bÞ can be expressed as

FG x;a;bð Þ ¼
Z x

0

fG u;a;bð Þdu ¼
g a; x

b

� �
G að Þ ;

where gða; xÞ ¼ R x0 ta�1e�tdt is the lower incomplete gamma
function.

We now derive the total contact duration between u and
r for transmitting mobile data c before its deadline Tc

by considering all the Nc
ur contacts together. Since they are

independent identically distributed, we can express the

Fig. 6. Empirical contact duration patterns and their exponential fittings
for Beijing and Shanghai traces in linear-log coordinate: (a) Beijing, and
(b) Shanghai.

TABLE 3
The Adjusted R-Square Statistics of the Exponential Fittings

to the Empirical CCDFs of Contact Duration Obtained
from Beijing and Shanghai Traces Shown in Fig. 7

Transmission range R 50m 100m 150m 200m

Beijing 97:83% 98:90% 99:34% 99:53%
Shanghai 97:91% 99:42% 99:92% 99:97%

Fig. 7. Empirical contact duration patterns and their exponential fittings
for Beijing and Shanghai traces in linear-linear coordinate: (a) Beijing,
and (b) Shanghai.
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total contact duration, denoted by TðNc
u;rÞ, as follow

T Nc
u;r

� �
¼
XNc
u;r

m¼1

tcu;rðmÞ ¼ G Nc
u;r;

1

�u;r

� 	
:

After obtaining the cumulative contact duration, we turn
to how many packets that u is able to receive from r. Denote
pc
u;r as the number of coded packets for data c that RSU

r can disseminate to user u before the lifetime Tc, where
0 	 pc

u;r 	 xr;c. For 0 	 i 	 xr;c � 1, we have

P pc
u;r ¼ i Nc

u;r ¼ j



� �

¼ P
igc
h

	 T
�
Nc

u;r

�
<

ðiþ 1Þgc
h

Nc
u;r ¼ j




� 	
¼ FG

ðiþ 1Þgc
h

; j;
1

�u;r

� 	
� FG

igc
h

; j;
1

�u;r

� 	

¼
g j;

�u;rðiþ1Þgc
h

� �
� g j;

�u;rigc
h

� �
GðjÞ :

(4)

For i ¼ xr;c, we have

P pc
u;r ¼ xr;cjNc

u;r ¼ j
� �
¼ P T

�
Nc

u;r

� � xr;cgc
h

Nc
u;r ¼ j




� 	
¼ 1� FG

xr;cgc
h

; j;
1

�u;r

� 	

¼ GðjÞ � g
�
j;

�u;rxr;cgc
h

�
GðjÞ :

(5)

From the law of total probability, we have

P
�
pc
u;r ¼ i

� ¼Xþ1

j¼0

P
�
Nc

u;r ¼ j
�
P
�
pc
u;r ¼ ijNc

u;r ¼ j
�

¼

Pþ1
j¼0

e�$$j

j!

g
�
j;
�u;rðiþ1Þgc

h

�
�g
�
j;
�u;rigc

h

�
GðjÞ ;

0 	 i 	 xr;c � 1;Pþ1
j¼0

e�$$j

j!

GðjÞ�g
�
j;
�u;rvcgc

h

�
GðjÞ ; i ¼ xr;c;

8>>><>>>:
(6)

where$ ¼ uu;rwu;cTc.
Let us define the following generating function

Gc
u;rðyÞ ¼

Xxr;c
i¼0

P
�
pc
u;r ¼ i

�
yi:

In probability theory, Gc
u;rðyÞ is called the probability gener-

ating function of pc
u;r, where P ðpc

u;r ¼ iÞ ¼ Gc
u;r

ið Þð0Þ
i! and

Gc
u;r

ið Þ yð Þ is the ith derivative of Gc
u;rðyÞ. Define pc

u ¼P
r2R pc

u;r as the total number of packets of data c that user

u can receive from all RSUs before the lifetime Tc. The prob-
ability generating function of pc

u can be written as

Y
r2R

Gc
u;rðyÞ ¼

Xn
i¼0

aiy
i;

in which n is the order of the power series expansion and

P pc
u ¼ i

� � ¼ Q
r2R Gc

u;r

� �ðiÞ
ð0Þ

i!
¼ ai: (7)

Therefore, the probability for user u to receive the data c,
Qu;c, can be expressed as

Qu;c ¼ 1� P pc
u < vc

� � ¼ 1�
X

0	i<vc

ai: (8)

Thus, we can transfer the optimization problem (2) into
the following form

max JðXÞ ¼
X
u2U

X
c2C

1�
X

0	i<vc

ai

 !
s:t: xr;c 2 f0; 1; . . . ; vcg; 8r 2 R; c 2 C; xr;c 2 X;

and
X
c2C

gcxr;c 	 Lr; 8r 2 R:

(9)

4.2 Heuristic Algorithm Design

Since our objective function in the optimization problem (9)
is the sum of some coefficients and each of these coefficients
is the product of derivative of some probability generating
function, we cannot derive a closed-form expression for this
objective function. Consequently, it is difficult to analyze its
properties, and the optimization problem (9) is NP-hard.
Therefore, it is hard to design optimal algorithms for our
optimal contact-aware data replication problem by solving
the optimization problem (9), and furthermore, even an
optimal algorithm is designed, its computational complex-
ity may be unacceptable in practice. Thus, we first consider
to design an heuristic non-optimal algorithm with an
acceptable computational complexity to solve the problem
(9). For this purpose, we define the objective function JðXÞ
over the subset of R� C. For A � R� C, we define the data
replication policyX as

X ¼ FðAÞ : xr;c > 0; ðr; cÞ 2 A;
xr;c ¼ 0; ðr; cÞ =2 A:

�
Since FðAÞ is bijection, we have the objective function over

the subset A given by eJðAÞ ¼ JðFðAÞÞ.
Greedy approach is employed as a heuristic solution to

the optimisation problem (9) in the way that data allocation
is determined one by one. When one more encoded packet
of a data item is stored in a RSU, which is in accordance
with the constraints, the objective function is enhanced. The
gain of the objective function is generally different for dif-
ferent choices of data item and RSU. We use an allocation
pair

�
r; cjp

�
to denote allocating one packet of data c to RSU

r, where c 2 C and r 2 R. We also define G ¼ ��r; cjp� :
r 2 R; c 2 C; Lr � gc

�
, which is the collection of available

allocation pairs satisfying the storage constraint. Note that
we assume that the number of packets for each data is suffi-
ciently large so that we do not run out of the packets to be
allocated. We also use the setsA and B to denote the replica-
tion strategies, which are the collections of allocation pairs
that we have chosen. There may be multiple identical pairs
in A and B, which indicates that multiple packets of the
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same data are replicated to the same RSU. eJðAÞ gives the
objective function value according to allocation strategy A.

As our first greedy strategy, we select the packet and
RSU that maximise the gain on the objective function at
each stage, that is, select

�
r0; c0jp

�
as

ðr0; c0jpÞ ¼ arg max
ðr;cjpÞ2G

ðeJðA [ ðr; cjpÞÞ � eJðAÞÞ: (10)

The length of each data item packet is also important.
This is because a data item packet may offer a large gain but
it may also have a large length such that other items’ pack-
ets cannot be stored. Thus, our second greedy strategy is to
calculate the gain per unit data length for each choice of
data packet and RSU, and select the pair

�
r0; c0jp

�
that maxi-

mizes this per-unit-length gain

ðr0; c0jpÞ ¼ arg max
ðr;cjpÞ2G

eJðB [ ðr; cjpÞÞ � eJðBÞ
gc

: (11)

Note that eJðA [ ðr; cjpÞÞ � eJðAÞ ¼ 0 if the number of total
packets of data c allocated in all the RSUs so far is less than
vc, since no user can recover data item c yet. Therefore, in
the initialization phase, we allocate the first vc packets of
each data c randomly on the RSUs. Since vc is much smaller
than the number of total packets that can be allocated, this
random initialization will hardly influence the performance
of our greedy strategies.

Each of the two greedy strategies has its advantage and
drawbacks. Thus, a combination of these two strategies is
used to enhance the overall performance. In our algorithm,
these two strategies are both performed and we choose the
better result from the two solutions. We present this heuris-
tic algorithm in Algorithm 1. In Line 1 of the algorithm, we
first allocate the first vc packets of each data c randomly and
initialize the allocation sets to this initialisation result. Then,
from Line 2 to 9, we choose the data packet and RSU that
maximizes the gain on the objective function among all the
legitimate choices, and save the result in the set A. From
Line 10 to 17, we select the data packet and RSU that maxi-
mizes the gain per unit data length, and save the result in
the set B. Finally, we choose a better solution by comparing
the objective function values of A and B from Line 18 to 23.
From the algorithm procedure, we can show that it is a
pseudo-polynomial-time algorithm with the computational
complexity in the order of

O R3
XC
c¼1

vc

 !2

U

0@ 1A: (12)

This complexity is acceptable for current RSU-aided
VDTNs, because the number of RSUs, R, is typically lim-
ited. For example, even in the case of most density deploy-
ment of large-scale cities of Beijing and Shanghai, the
number of RSUs is about 200-300 [33]. Moreover, the central
controller has the sufficient computational capacity with the
current technologies of clod computing [34] to run this heu-
ristic algorithm.

Remark 1.Our proposed heuristic algorithm is a centralized
algorithm which is run at the central controller. The

central controller requires the data related information,
including the data packet lengths gc, the data lifetimes Tc

and the numbers of data packets vc for recovering data,
as well as the VDTN related information, including the
storage sizes of RSUs Lr, the users’ content interests wu;c,
the contact rates uu;r, and the contact duration rate �u;r.
Note that we do not collect these information via the
VDTN. Since the central controller is connected to the
content servers via the wired Internet, it can obtain the
content-related parameters of gc, vc and Tc with ease, and
the required communication overhead is negligible com-
pared with the bandwidth of the wired Internet. Simi-
larly, the central controller can directly obtain the storage
sizes of RSUs Lr with little effort via wired links. On the
other hand, vehicles are equipped with communication
interfaces to connect to the wireless infrastructure net-
work, such as the cellular network. Therefore, they are
able to send the vehicle-related parameters of wu;c, uu;r
and �u;r through the uplink channel of the infrastructure
wireless network, not by the channels of transmitting the
content items, to the central controller, and this signaling
overhead is also insignificant compared with the band-
width of the wireless infrastructure network. Basically,
there already exist certain amount of signaling between a
vehicle and the infrastructure network, and the required
vehicle-related parameters may take “piggybacking” in
these existing signalings. Moreover, gc, vc Tc, Lr and wu;c

are statistic parameters, which are well-known by the
content servers or the central controller in advance.
Many vehicles travel on predetermined routes and
schedules and their daily mobility patterns exhibit cer-
tain regularity. Therefore, the contact patterns of many
vehicles with the RSUs are often quasi-statistic, which
can often be obtained by the central controller in
advance. Moreover, any new contact information may be
collected regularly from vehicles. On the other hand, the
current technology of cloud computing is able to provide
powerful storage and computation ability by the data
center network connected servers, which is easy to han-
dle such kinds of information collection and storage [34].

5 RE-FORMULATION FOR OPTIMAL SOLUTION

In the previous section, we have obtained an heuristic algo-
rithm to solve the NP-hard problem (2). Although the
computational complexity of this heuristic algorithm is
acceptable, how close this heuristic solution to the optimal
solution of the problem (2) remains unknown. In order to
quantitatively evaluate the goodness of our heuristic solu-
tion, it is necessary to design an algorithm that is capable of
obtaining the optimal solution of the optimization problem
(2), albeit the associated computational complexity will be
very high. In the objective function analysis carried out in
Section 4, we note that the data replication policy xr;c and
the communication contact are tightly coupled. This makes
it impossible to obtain an explicit and closed-form expres-
sion for Qu;c, the probability for user u to successfully
receive data c before the data lifetime Tc. However, if we
only consider the communication contact, we can easily
obtain the explicit expression of how many packets that
each user can receive. Based on this explicit expression, we
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can then further consider the data replication policy xr;c

together with the optimization constraints. Following this
idea and the insights of formulation in Ref. [8], we now re-
formulate the optimization problem (2) into an integer pro-
gramming form.

Algorithm 1.Heuristic algorithm for the data replication.

1: Initialize: allocate the first vc packets of each data c ran-
domly and denote this random allocation result as Ari.

Then setm ¼ j ¼ 0 andA ¼ A0 ¼ B ¼ B0 ¼ Ari;
2: whilem ¼ 0 or eJðAÞ � eJðA0Þ > 0 do
3: m ¼ mþ 1
4: ðrm; cmjpÞ ¼ arg maxðr;cjpÞ2GAðeJðA [ ðr; cjpÞÞ � eJðAÞÞ
5: A0 ¼ A
6: A ¼ A [ ðrm; cmjpÞ
7: LA

rm
¼ LA

rm
� gcm

8: UpdateGA

9: end while
10: while j ¼ 0 or eJðBÞ � eJðB0Þ > 0 do
11: j ¼ jþ 1
12: ðrj; cjjpÞ ¼ argmaxðr;cjpÞ2GB

eJðB [ ðr; cjpÞÞ � eJðBÞ
gc

13: B0 ¼ B
14: B ¼ B [ ðrj; cjjpÞ
15: LB

rj
¼ LB

rj
� gcj

16: UpdateGB

17: end while
18: if eJðAÞ > eJðBÞ then
19: OPT
 ¼ A
20: else
21: OPT
 ¼ B
22: end if
23: ReturnOPT
 and eJðOPT
Þ

Firstly, regardless of how many encoded packets of data
c are stored in the buffer of RSU r, we consider the maxi-
mum number of packets that can be transmitted from r to
user u within the data lifetime Tc, and denote it as pc

u;r. Fol-

lowing the same derivation of (6) given in Section 4, we can
obtain the following expression for its probability function

P
�
pc
u;r ¼ i

� ¼Xþ1

j¼0

P
�
Nc

u;r ¼ j
�
P
�
pc
u;r ¼ ijNc

u;r ¼ j
�

¼
Pþ1

j¼0
e�$$j

j!

g
�
j;
�u;rðiþ1Þgc

h

�
�g
�
j;
�u;rigc

h

�
GðjÞ ; 0 	 i < vc;Pþ1

j¼0
e�$$j

j!

GðjÞ�g
�
j;
�u;rvcgc

h

�
GðjÞ ; i ¼ vc:

8><>:
(13)

Each user u can receive the packets of data c from the R pos-
sible RSUs. Each pc

u;r related to RSU r 2 R has the vc þ 1

possible integer values, ranging from 0 to vc. Specially, as
shown in (13), if the aggregated contact duration between
u and r is sufficiently long to transmit enough packets for
data recovery, pc

u;r ¼ vc; otherwise, pc
u;r < vc. If we consider

all the RSUs R together, the numbers of packets for data
c that user u can receive from all the R possible RSUs form a

1� n vector denoted by fu;c ¼
�
pc
u;1p

c
u;2 . . .p

c
u;R



, where

0 	 pc
u;r 	 vc. Note that there are total

�
vc þ 1

�R
possible pat-

terns of fu;c, and we define Fu;c as the set containing all

these patterns. Since the contact process is independent, for

any fu;c ¼
�
pc
u;1 ¼ i1p

c
u;2 ¼ i2 � � �pc

u;R ¼ iR

 2 Fu;c, the proba-

bility of observing it can be calculated as

P ðfu;cÞ ¼
Y
r2R

P
�
pc
u;r ¼ ir

�
: (14)

Thus, we have the probability of the maximum num-
ber of packets for data c that can be transmitted from
all the RSUs to user u, without considering the packet
replicate policy. We now jointly consider this maximum
number of packets fu;c with the packet replicate policy

xr;c together. For each fu;c 2 Fu;c, given the data replica-

tion solution xr;c, define

ycu;r;f
�
xr;c

� ¼ min fu;cðrÞ; xr;c

� �
;

where fu;cðrÞ is the rth element of fu;c and 1 	 r 	 R.
Clearly, ycu;r;fðxr;cÞ is the actual maximum number of packets

for data item c that user u can receive from r. Thus, user

u can receive
P

r2R ycu;rf
�
xr;c

�
packets all together from all

the R RSUs. Note that if user u receives less than vc packets
in total for data item c, it cannot recover data c and thus it
fails to obtain data c. On the other hand, if it receives vc or
more packets together, it can successfully recover the data c
from any of vc encoded packets. Therefore, given the data
replication solution X, we can define the binary variable
hc
u;fðXÞ that indicates whether the contact pattern fu;c can

facilitate user u successfully obtaining the mobile data c,
which can be expressed as

hc
u;f ¼ hc

u;fðXÞ ¼ I
X
r2R

ycu;r;f
�
xr;c

� � vc

 !
: (15)

Here IðXÞ is the indication function which is equal to 1 if X
holds, otherwise it is equal to 0.

Further considering all the users and all the contents
together, it can readily be seen that the objective function
can be written as

JðXÞ ¼
X
u2U

X
c2C

X
fu;c2Fu;c

P
�
fu;cÞhc

u;fðXÞ: (16)

Therefore, the optimal communication contact-aware data
replication problem expressed in (2) can be re-defined as
follows

max JðXÞ ¼
X
u2U

X
c2C

X
fu;c2Fu;c

P
�
fu;c

�
hc
u;fðXÞ (17)

s:t: xr;c 2 f0; 1; . . . ; vcg; 8r 2 R; c 2 C; xr;c 2 X; (18)X
c2C

gcxr;c 	 Lr; 8r 2 R; (19)

hc
u;f 2 f0; 1g; 8u 2 U; c 2 C;fu;c 2 Fu;c; (20)X
r2R

min fu;cðrÞ; xr;c

� � � vch
c
u;fðXÞ;

8u 2 U; c 2 C;fu;c 2 Fu;c:

(21)

As stated in the original optimization problem (2), the objec-
tive is to maximize the average probability that the users’
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interests are satisfied. The objective function given in (17)
is expressed in an explicit and closed form, and it is
monotonically increasing with the variable hc

u;f. The con-
straints (18) and (19) are related to the number of stored
packets and the buffer size of each RSU, which are the
two basic constraints in the original optimization problem
(2). The constrains (20) and (21) are transformed from the
condition of

P
r2R ycu;r;fðxr;cÞ � vc, and they ensure that

hc
u;f ¼ 1 if and only if

P
r2R minffu;cðrÞ; xr;cg � vc; other-

wise, hc
u;f ¼ 0. Obviously, the optimisation problem speci-

fied in (17) to (21) is NP-hard.
Note that constraint (21) is nonlinear. In order to formu-

late the optimal communication contact-aware data replica-
tion problem into a linear programming form, we further
replace this constraint by including the variable ycu;r;f in the
formulation and rewrite the above optimization problem,
(17) to (21), as the following integer linear programming
problem

max JðXÞ ¼
X
u2U

X
c2C

X
fu;c2Fu;c

P ðfu;cÞhc
u;fðXÞ (22)

s:t: xr;c 2 f0; 1; . . . ; vcg; 8r 2 R; c 2 C; xr;c 2 X; (23)X
c2C

gcxr;c � Lr 	 0; 8r 2 R; (24)

hc
u;f 2 f0; 1g; 8u 2 U; c 2 C;fu;c 2 Fu;c; (25)

vch
c
u;f �

X
r2R

ycu;r;f 	 0; 8u 2 U; c 2 C; fu;c 2 Fu;c; (26)

ycu;r;f 	 fu;cðrÞ; 8u 2 U; c 2 C;fu;c 2 Fu;c; (27)

ycu;r;f � xr;c 	 0; 8u 2 U; c 2 C;fu;c 2 Fu;c: (28)

As the above optimization is an integer linear program-
ming problem, it can be solved using the existing optimi-
zation tool kits, such as CPLEX [28] and YALMIP [29]. As
expected, solving this NP-hard problem is expensive,
requiring the computational complexity at least in the
order of

O R!
XC
c¼1

vc

 !
!U!

 !
; (29)

which is unacceptable in practical system. In the following
performance evaluation, we will use this optimal solution
as the reference to assess the performance of our proposed
heuristic algorithm.

6 PERFORMANCE EVALUATION

We used two realistic vehicular mobility traces to evalu-
ate our proposed heuristic algorithm for the data replica-
tion, and the goals of our performance evaluation were:
a) validating that the results obtained by our heuristic
algorithm are close to the optimal solution for the integer
linear programming problem specified in (22) to (28),
b) demonstrating that our heuristic scheme of contact-
aware data replication achieves competitive performance

of data dissemination under real-world vehicular mobil-
ity traces, compared with other existing schemes, and
c) analyzing the influence of different parameters on the
system performance. In order to achieve these aims, we
compared the performance of our heuristic scheme,
labelled as Heuristic Coding Data Replication (HCDR), with
the following schemes:

a) Optimal Coding Data Replication (OCDR), representing
the optimal solution of the investigated problem, which is
obtained by solving the optimisation problem specified in
(22) to (28) using the tool kit CPLEX.

b) Coding and Random Data Replication (CRDR), in which
the mobile data are coded and the coded packets are uni-
formly and randomly replicated to the RSUs’ buffers until
no more packets can be stored.

c) Non-coding and Greedy Data Replication (NGDR) [30],
[31], where the system allocates the RSUs’ buffers with the
original uncoded mobile data by the heuristic based greedy
algorithm. This algorithm represents the most up-to-date
work in the area of data replication [30].

6.1 Simulation System Set Up

Our evaluation was conducted on the real vehicular mobil-
ity traces of Beijing. For these traces, by focusing on the
downtown area, we sorted the intersections according to
their average numbers of passing vehicles recorded in the
GPS traces, and selected top 25 intersections as the positions
to deploy the RSUs, which is a widely used RSU deploy-
ment strategy [5]. At the same time, since there were some
vehicles that rarely appeared in the selected downtown
area, we only selected the vehicles that had frequently
contacts with the deployed RSUs as simulation nodes. In all
the experiments, the network simulation of the whole trace
was divided into the warm-up period and the data dissemi-
nation period. We used the first half of the trace as the
warm-up period for the central controller to accumulate the
contact statistics based on the contact counts and other nec-
essary network information in order to obtain the contact
durations and contact rates of all the RSU-vehicle pairs.
During the warm-up period, the controller also collected
the information of the vehicles’ interests, content sizes and
buffer sizes from the users, content servers and RSUs. After
collecting all these information, the central controller made
the decision on the network resource allocation using
the data replication algorithm to be evaluated, and then
obtained the mobile data storage or buffer allocation policy.
In the process of mobile data offloading which consisted of
the second half of the trace, the mobile data were generated
from the content servers, stored in the RSUs’ buffers, and
transmitted during the data dissemination period. After the
simulation of the entire trace, we collected the system per-
formance results.

In practical vehicular networks, the physical layer speci-
fication for wireless environment is the dedicated short
range communication (DSRC) technology [36], the infra-
structure-to-vehicle communication standard of IEEE
802.11p (WAVE) [36]. According to the data transmission
requirements of the emerging vehicular applications of in-
vehicle entertainment [37] and augmented reality assisted
safety driving [38], [39], we generate the sizes of data items
randomly and uniformly distributed in the range of
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½50; 500�MB. The RSUs’ buffer sizes for the data buffering
were randomly and uniformly generated in the range of
½1; 10�GB. We used the well-developed Tornado Z code
[24] for erasure coding, which is a class of erasure codes
that have extremely fast encoding and decoding algorithms.
Since Tornado Z code has an average decoding inefficiency
of 1.054, we set � ¼ 1:054 for the erasure coding. As the vehi-
cles’ interests are highly heterogeneous in practice, we used
the Zipf distribution to generate different user interests for
each simulation. Zipf distribution is widely used in content
population modeling [25], in which most of the users’ inter-
ests concentrate on the popular data. To generate the Zipf
interest distribution of realistic data sets, we set the number
of keywords to K ¼ 205 under the requirements of our
interests model, which is comparable with the number of
considered node, and we assumed that the keywords k1 to
kK were ranked according to their popularity. For keyword
kj, we assumed that the average interest of all the users

was Ij, and used the Zipf distribution with rank exponent 1

following true Zipf’s law [35] to generate Ij, which was

defined as Ij ¼ 1=jPK

q¼1
1=q

. For each data item c, c 2 f1; 2; . . . ;
Cg, its describing subset of keywords was given by
Kc ¼ fkc; kcþ1; . . . ; kcþ4g with the equal weighting %kj ¼ 1=5

for each keyword kj. By using (1), we obtained the interest

probability of user u 2 U in data item c 2 C.
To illustrate the property of the Zipf interest distribution,

we plot the interest probability of each keyword and the
average interest probability of all the users on each data
item in Figs. 8a and 8b, respectively, for a simple case of 30
keywords and 10 data items, where the results of the
uniform and exponential distributions are also shown for
comparison. From the results depicted in Fig. 8, we observe
that for the exponential distribution, most of the user inter-
ests concentrate on the popular data items, while for the
Zipf distribution, the difference between high popular data
and low popular ones is smaller than the case of exponential
distribution. Thus, the Zipf interest probability distribution
lies between the uniform and exponential distributions.
This type of user interest is also demonstrated to fit the real-
istic mobile data downloading applications well [32].

In a generic mobile content dissemination system, the
most important performance metrics include the average
probability of the users receiving their mobile contents and
the data dissemination delay. For our RSU-aid vehicular
delay tolerant data dissemination system, however, the data

dissemination delay becomes a secondary issue. In our
investigation, we consider the data dissemination delay as
the system constraint by imposing the requirement of
delivering each mobile data item c before its lifetime Tc.
Therefore, we mainly focus on the overall data interests
satisfaction (ODIS) of all the users, which is clearly the opti-
mization objective in our problem (2). Thus, we define the
observed utility function of overall data interests satisfac-
tion in the simulation, defined by

ODIS ¼
X

8u2U;8c2C
wu;cGu;c; (30)

as our performance evaluation metric, where

Gu;c ¼ 1; vehicle u receives data c before Tc;
0; otherwise:

�
(31)

6.2 Results and Analysis

We first evaluated the performance gap between our pro-
posed heuristic scheme HCDR and the optimal solution
OCDR. It is worth pointing out again that the computational
complexity of the OCDR is very high, as given in (29), and it
may not be practical to implement it in real systems. We var-
ied the number of deployed RSUs from 5 to 25 and set the
data lifetime Tc to 100 and 120, respectively. From the simula-
tion,we observe that the performance of the heuristic scheme
HCDR is always close to that of the optimal solution OCDR
under the various scenarios of different numbers of
deployed RSUs and two different data lifetimes. To quantita-
tively analyze how close the HCDR solution to the optimal
OCDR solution, we calculated the average performance
deviation between the HCDR and the OCDR, which is under
7 percent over the utilized traces and two data lifetimes,
which means that the performance of the heuristic scheme
HCDR is only 7 percent worse compared with the optimal
solution. This confirms the excellent performance achieved
by the low-complexity HCDR scheme.

After the quantitatively evaluation to demonstrate that
the performance our HCDR is very close to the optimal
solution OCDR, we enlarged the number of deployed
RSUs to 50, and compared the performance of the two
existing CRDR and NGDR schemes with our HCDR by
varying the data lifetime Tc under the vehicular environ-
ment of Beijing trace. The results obtained are shown in
Fig. 9a. For each selected lifetime, we re-generate the user
interest distribution according to the introduced approach

Fig. 8. (a) Interest probability of each keyword, and (b) average interest
probability of each data item, where the number of keywords K ¼ 30
and the number of data items C ¼ 10.

Fig. 9. Performance comparison of three different schemes under the
vehicular environment of Beijing trace: (a) varying the data lifetime, and
(b) different number of data items.
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to capture the interest changes in the evaluation. As
expected, as the data lifetime increases, the data interest sat-
isfaction increases too. Intriguingly, each ODIS metric curve
in Fig. 9a shows step increase as the data lifetime increases.
The reason is because in a large-scale urban vehicular envi-
ronment, the contact duration is much smaller than the con-
tact interval, as can be clearly seen from the modelling
results of Section 3. Data transmission occurs during the con-
tact, which does not happen very often in time, and data
transmission opportunities do not increase continuously
with the increase of data lifetime. The results of Fig. 9a con-
firm that our HCDR significantly outperforms the two exist-
ing schemes, the CRDR and NGDR. More specifically, in
terms of the average ODIS metric over the range of data life-
times simulated, our HCDR is about 49:2 and 350 percent
better than the CRDR and NGDR, respectively. It is worth
noting that when erasure coding is applied, even the ran-
dom data replication scheme, the CRDR, performs much
better than the non-coding greedy based data replication
scheme, the NGDR. Thus, applying erasure coding in a
RSU-aided data dissemination system is a good idea. On the
other hand, in order to investigate the influence of the num-
ber of data items on the system performance, we set it to be
200, 2,000, and 20,000, and obtain the performance of the
three schemes in Fig. 9b. From the results, we can observe
that when the number of data items is enlarged, the perfor-
mance of CRDR drops quickly since it replicates the data
uniformly and randomly; while NGDR achieves better per-
formance since it utilizes the proposed greedy replication
algorithm. Among them, our HCDR scheme is the most
robust solution with the increase of the data items. These
results further demonstrate that the efficiency of the com-
bined utilization of erasure coding and greedy replication.

In order to further analyze the influence of some
important parameters on the performance of the data dis-
semination system, we observe the system performance
obtained by the proposed HCDR scheme under different
numbers of deployed RSUs by varying the selected
parameters. Since how much redundancy that the data
are encoded is vital to the data dissemination as observed
before, we first investigated the influence of the data
coding redundancy. For a data c 2 C with length lc, after
erasing coding with the given coding rate, it is coded to
cc packets with length of gc. Obviously, cc � vc. Thus its
data coding redundancy, denoted by @c, can be expressed

as @c ¼ ccgc
�
lc. The overall system coding redundancy,

denoted by @, can then be expressed as

@ ¼
P

c2C ccgcP
c2C lc

: (32)

We varied the system coding redundancy @ from 1.5 to 6,
and depict the results obtained in Fig. 10a. From the results
of Fig. 10a, we observe that the system performance is
significantly enhanced when @ increases from 1.5 to 3, while
for @ > 4, the increase in the system performance is slow
down, or even becomes saturated as in the case of
25 deployed RSUs. This reveals that there exists a limit in
using the coding redundancy to increase the data dissemi-
nation efficiency. In designing practical systems, therefore,

a suitable data coding redundancy should be chosen to
trade off the performance gain and the data dissemination
cost. Next, we investigated the influence of the data trans-
mission rate h on the system performance by varying h from
2 to 64 Mbps, and the results obtained are shown in
Fig. 10b. As expected, the higher the data transmission rate
is, the higher the achievable data interest satisfaction. How-
ever, there seems to exist a performance enhancement limit
with the increasing of h. For example, in the case of
25 deployed RSUs and with h ¼ 32 Mbps, the link transmis-
sion capacity seems already to be sufficient to maximise the
achievable system performance.

7 CONCLUSIONS AND FUTURE WORKS

We have investigated the problem of communication con-
tact-aware mobile data replication for the mobile data off-
loading system in RSU-aided vehicular delay tolerant
networks. We have studied this problem in a realistic
VDTN environment, where the communication contact is
modelled based on real vehicular mobility traces, the RSUs’
buffers for storing the mobile data are limited, and the
vehicles have different interests on different data items.
Extensive simulation results obtained based on real large-
scale vehicular traces have demonstrated that our heuristic
scheme significantly outperforms other existing algorithms
for mobile data offloading.

Our work has also revealed the exponential models for
both inter-contact time and contact duration between the
RSUs and vehicles in the large-scale urban vehicular mobil-
ity environments of Beijing and Shanghai, two of the largest
cities in China. This is different from the existing results
found in human mobility where the contact time obeys
power law distribution. Thus, the contact time decays more
quickly in RSU-aided vehicular delay tolerant networks
than in human based networks. This result also suggests
that the existing forwarding schemes based on power law
distribution are possibly over pessimistic.

Our investigated mobile data replication scheme is based
on the statistic distributions of the contact interval and
duration between the RSU and vehicle. Thus, the designed
data dissemination strategy is quasi-statistic. On the other
hand, since vehicular mobility would exhibit patterns, using
specific prediction algorithm is able to make explicit predi-
cation based on vehicular historical mobility trajectory. In
this case, microscope mobility models are need by investi-
gating these taxis mobility traces via geometric model or
hidden Markov model based map matching to extract more

Fig. 10. The influence of (a) coding redundancy, and (b) data transmis-
sion rate on the system performance with different number of deployed
RSUs under Beijing trace.
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precision information about the inserted positions. With
these kinds of models and algorithms to predict their mobil-
ity trajectory, RSUs can intelligently pre-fetch the mobile
data to enhance the data dissemination efficiency. These are
interesting problems for our future works.
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