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Abstract—The recent popularization of hand-held mobile devices, such as smartphones, enables the inter-connectivity among mobile
users without the support of Internet infrastructure. When mobile users move and contact each other opportunistically, they form a
delay tolerant network (DTN), which can be exploited to share data among them. Data replication is one of the common techniques for
such data sharing. However, the unstable network topology and limited contact duration in DTNs make it difficult to directly apply
traditional data replication schemes. In this paper, we recognize the deficiency of existing data replication schemes which treat the
complete data item as the replication unit, and propose to replicate data at the packet level using erasure coding techniques. Our study
consists of two cases based on the operating spectrum: unlicensed spectrum and licensed spectrum. For both cases, we analytically
formulate the data replication problem as a mixed integer programming problem and propose a practical algorithm which operates in a
fully distributed manner. Extensive simulations on both synthetic and realistic traces show that our scheme outperforms other existing
replication schemes in terms of successful data retrieval probability in various scenarios.
Index Terms—Data replication, delay tolerant networks, contact duration, cognitive radio, erasure coding
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1

INTRODUCTION

D

UE to the recent popularization of hand-held mobile
devices, such as smartphones, there arises the requirement to effectively distribute data to those devices. Such data
can generally be distributed from the service provider to
mobile users via cellular networks. However, it has been
recently reported that the excessive traffic demands are overloading the cellular network infrastructure [1]. To address
this problem, some recent studies [2], [3] have proposed to
utilize the mobility and the subsequent opportunistic contacts of the users to offload part of the cellular traffic, especially for the bandwidth-eager traffic, such as video clips.
Particularly, the mobile devices with short-range wireless
interfaces can form a Delay Tolerant Network (DTN) [4] by
exploiting their peer-to-peer opportunistic connectivity. A
mobile user downloads and replicates data from the service
provider when it has a low-cost connection to the access
points (APs), such as WiFi hotspots, and then distributes data
to other peer users when they contact each other via DTNs.
Data replication has been widely used to improve the
performance of data access in traditional wired/wireless
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networks [5], [6], [7]. With data replication, users can access
the data without the support of network infrastructure, and
can reduce the traffic load of the infrastructure. In delay tolerant networks, mobile users contact each other opportunistically, so it may take a long time for the data requester to
contact the data source and access the data. By replicating
data at multiple nodes, the data can be accessed at multiple
places, and hence reducing the data access delay. Here the
fundamental question is: how to determine the optimal replication strategy to better utilize the limited storage space
and the transmission bandwidth. However, existing data
replication techniques cannot be directly applied to DTNs
which are characterized by unstable network topology and
limited contact duration.
The challenge of unstable network topology has been
well studied in data forwarding in DTNs, and addressed by
exploiting node mobility model [8] or using social network
theory [9], [10]. Existing works on data replication in DTNs
[11], [12] address this challenge by modeling the contact
processes as a Poisson distribution according to the contact
histories. However, these works ignore the contact durations limits. They simply assume that the complete data can
always be transmitted as long as a requester contacts a node
storing the data. In other words, they consider a data item
as integral during data replication. A node either replicates
the complete data, or does not replicate it at all. This methodology is referred to as data-level replication.
Unfortunately, in reality, the contact duration is usually
short due to node movement and the limited range of peerto-peer wireless communication. For example, when handheld devices communicate via Bluetooth, which supports a
data rate of up to 2.1 Mbps and a typical wireless range of
about 10 meters, the contact duration tends to be as short as
several seconds if the users are moving at a walking speed.
When the users are in the high speed vehicles, even if they
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communicate via WiFi (802.11g) which has a faster data rate
(up to 54 Mbps) and a longer range (up to 38 m indoors/
140 m outdoors), the contact duration is still short. Moreover, the achievable data rate is far less due to the interference from many other devices which also operate on this
spectrum. The transmission of large multimedia content,
such as video, further exacerbates the impact of the limited
contact duration on data replication.
One way to address the aforementioned problem is to
opportunistically use the under-utilized licensed spectrum
(e.g., TV channels) to increase the data transmission capacity with cognitive radio techniques. For example, if we use
802.11af to access the licensed spectrum between 54 and
790 MHz, the maximum data rate per channel is 26.7 Mbps
with range of up to 1 km. In practice, by aggregating continuous channels together, the actual data rate can be much
higher than 26.7 Mbps and even outperform the unlicensed
spectrum. This licensed spectrum also provides much longer transmission range which further increases the data
transmission capacity upon contact. However, the design of
appropriate data replication strategies on these channels
will become more complex, since we not only need to consider the node contact pattern and the contact duration, but
also the primary (licensed) user appearance which affects
the number of channels available for data transmission.
In this paper, we identify the deficiency of traditional
data-level replication in realistic DTN environments. To better utilize the network resource, we adopt the erasure coding technique [13] to encode a data item into multiple coded
packets, and propose packet-level replication for DTNs. Our
study consists of two cases based on the operating channels:
unlicensed channels and licensed channels. The unlicensed
channels are always available to mobile users but usually
congested, whereas the licensed channels are highly underutilized but may be unavailable from time to time when primary users appear. For both cases, we focus on appropriately determining which data items and how many packets
to replicate at each node. The decision will be based on
node mobility pattern, data access pattern and even appearance pattern of primary users. Extensive synthetic and
trace-driven simulations validate that our solution outperforms other existing replication schemes in terms of successful data retrieval probability in various scenarios.
The rest of the paper is organized as follows. Section 2
reviews the related work. Section 3 presents an overview of
the network model and the basic idea of our design. We
provide a formal problem definition in Section 4 and then
describe how to perform data replication for both unlicensed spectrum case and licensed spectrum case in Sections 5 and 6 respectively. The results on both synthetic
and trace-driven performance evaluation are presented in
Section 7, and Section 8 concludes the paper.

2

RELATED WORK

To increase the performance of data access in DTNs, many
existing works focus on the topic of data dissemination. In
[14], a broadcasting based data dissemination approach is
implemented. In [15], the authors provide theoretical analysis to the stationary and transient regimes of data dissemination. Some later solutions disseminate data based on a
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pub/sub structure, in which the data is classified into some
pre-defined channels, and disseminated based on user’s
subscriptions [16].
Recently, caching solutions have been proposed to
improve the performance of data access in DTNs. For example, Gao et al. [17] propose to intentionally cache data at a
set of network central locations which can be easily accessed
by other nodes, but the contact duration limitation has not
been taken into account. Zhuo et al. [18] considers the
effects of contact duration on caching, but the analysis is
limited to a given fixed number of replicas for a data item.
Data replication is another solution to improve data
access, which has been well studied in unstructured peerto-peer systems [7], [19]. In [7], Cohen and Shenker prove
that the square-root allocation strategy can minimize the
expected search size on successful queries. In [19], Tewari
and Kleinrock show that if the nodes use an expanding ring
search, the proportional allocation strategy can lead to optimal performance. Data replication problem becomes even
tough under heterogenous network environments. The
problem of determining the optimal replication solution in
a heterogeneous network is similar to the facility location
problem and the K-median problem, and both of them are
proved to be NP-hard. A 20:5-approximation algorithm for
the data replication problem with uniform-size data items
in heterogeneous networks has been proposed in [6]. Later,
Tang and Rajaraman [5] design a polynomial-time centralized replication algorithm which can achieve a four-approximation solution, and a localized distributed algorithm in
heterogeneous ad hoc networks. However, these data replication schemes cannot be applied to DTNs.
In [11], a distributed data replication scheme has been
proposed for DTNs which considers the impatience of the
nodes towards the query delay of different data types. This
scheme is based on the assumption of homogeneity, i.e., all
nodes in the network have the same preferences and mobility pattern. Later, Loannidis et al. [12] formulate the data replication problem in heterogeneous DTNs, and design a fully
distributed replication algorithm. However, these works do
not consider the contact duration limits, and simply assume
that as long as a data requester contacts a replicating node,
the complete requested data can be retrieved. In contrast,
our proposed approach considers limited data transmission
capacity upon contact and replicates data at the packet-level.
This paper substantially extends the preliminary version
[20] where we mainly focused on how to perform data replication in the unlicensed spectrum case. In this paper, we
also leverage cognitive radios to improve data replication
performance [21]. Most existing solutions in cognitive
radios assume the existence of an end-to-end path between
the data source and data requesters. They focus on designing efficient routing protocols to minimize the routing delay
or maximize the throughput [22], [23]. In contrast, our proposed approach is designed for delay tolerant networks
where users are only intermittently connected when they
move into the communication range of each other.

3

OVERVIEW

In this section, we introduce the network model and the
basic idea of our approach.
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Fig. 1. Network scenario.

3.1 Network Model
We consider a hybrid network scenario which includes
APs and mobile nodes as shown in Fig. 1. The APs can
connect to the data provider via the Internet. Mobile
nodes download and replicate data when they move into
the wireless range of the AP. We do not consider the contact duration limits between mobile nodes and APs, since
the APs provide a relatively large coverage and the nodes
are relatively static around APs, especially those at home
or office. However, when mobile nodes are out of the
AP’s coverage, they can only share data with other peers.
Thus, the mobiles nodes form a DTN to exchange their
replicated data by opportunistic contacts. The amount of
data that can be transmitted between two nodes is
decided by their contact pattern such as contact frequency
and contact duration, and the appearance pattern of primary users which affect the number of channels available
for data transmission.
Due to mobility and limited range of the wireless communication, the contact duration is usually short. Thus, it is
hard to transmit large amount of data such as video, especially considering that most mobile devices use unlicensed
ISM channels for peer-to-peer communication. With cognitive radio techniques, the licensed channels can be opportunistically exploited to increase the data transmission
capacity among these mobile devices. However, data access
will be more complex, since we not only need to consider
the probability of nodes reaching the destination, but also
consider the data transmission capacity which is affected by
the primary users who are licensed to access the channels.
For example, if some contacts occur within the activity
regions of the primary users, less amount of data can be
transmitted during the data transmission time.
To address the aforementioned problem, we may simply fragment the data and only transmit a part of it during each contact. However, this simple fragmentation
may result in the coupon collector’s problem [24] which
significantly decreases the efficiency of data access. To
mitigate this problem, we adopt the erasure coding technique [13] to encode data into a large set of coded packets, and any sufficiently large subset of the packets can be
used to reconstruct the data.
There are three typical coding schemes: Reed-Solomon
(RS) codes, Tornado codes and LT codes. In general, any
s ¼ ð1 þ ÞG=g coded packets of size g is needed to reconstruct the original data of size G. RS codes have  ¼ 0,
while Tornado codes and LT codes normally have
0 <  < 0:06. Although Tornado codes and LT codes
require slightly more packets to reconstruct the original
data, they achieve a substantial improvement in encoding
and decoding complexity. In particular, for LT codes, it
can generate more distinct packets than the other two

Fig. 2. An example of contact scenario.

codes, and hence has the lowest probability for the data
requester to receive useless duplicate packets among the
three coding schemes. Thus, we use LT codes in our
packet-level replication approach. Here the packet size g
is a configurable parameter, which needs to balance the
computation complexity and the transmission time. For
example, increasing the packet size increases the successful transmission probability, which reduces the transmission time of the original data item. Meanwhile, the
computation complexity may increase since the data has
to be encoded into more packets.

3.2 Basic Idea
Our goal is to determine the replication solution for each
node to fully utilize the network resources, such as the limited storage spaces that each node is willing to provide, and
the limited node contact opportunities. Existing studies on
data replication [5], [7], [11], [12] assume that the requester
can always get the complete requested data from the replicating node, when a connection arises between them. They
replicate data at data-level, i.e., a node either replicates the
complete data or does not replicate any packet. However, in
DTNs, when the contact duration is short or the operating
channels are affected by primary users, the data transmission capacity upon contact is limited and a complete data
item may not be fully transmitted to the requester. Next, we
use a simple example to show the deficiency of employing
the data-level replication.
As shown in Fig. 2, node A is a data requester, and it
sequentially contacts node B and C when it moves. There
are two equal-sized data items named a and b, and both
of them can be cut into eight packets (not shown in the
figure at data level). Both node B and C are only willing
to provide limited buffers to replicate eight packets. During each contact, only half of the data (four packets) can
be transmitted due to the contact duration limits. If datalevel replication is conducted, B and C can only select
either a or b to replicate. Since only half of the data can be
transmitted during each contact, it cannot be used and
has to be discarded. As can be seen, under the data-level
replication, both the storage spaces and the contact
opportunities have not been fully utilized.
To make better use of the resources by considering limited data transmission capacity upon contact, we propose
to replicate data at the packet-level. As shown in Fig. 2, if
node B and C replicate four distinct packets of both data
item a and b respectively, node A can successfully download the complete data (four packets from B and four
packets from C), no matter which data it requests. We can
see that given the same network resource, packet-level
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replication outperforms data-level replication. Therefore,
in this paper, we design data replication schemes at the
packet-level.

4

PROBLEM DEFINITION

Suppose that there are N mobile nodes and M data items in
the network, and each node, say i, is willing to provide a
storage of size ri for data replication. To simplify the presentation, we assume that all data items have the same size
G, and each of them can be reconstructed by any
s ¼ ð1 þ ÞG=g coded packets. We also assume that the data
items have the same retrieval time constraint T . How to
remove the two assumptions is discussed in [20]. Let matrix
x represent the data replication solution, where each element xi;d 2 x denotes the number of packets of data d replicated at node i. Let variable Adi ðxÞ denote the total number
of packets of data d that node i can retrieve from others
within the time constraint, given a data replication solution
x. We aim to maximize the average successful data retrieval
probability within the time constraint. We assume that the
average inter-contact time between the mobile node and the
AP is usually longer than the time constraint; otherwise, it
is not attractive for the node to download data via DTN.
Then, we have:
Definition 1. The contact duration aware data replication problem is to determine the optimal data replication solution x to
maximize the average data retrieval probability, subject to the
storage constraint and the data retrieval time constraint.
max

M X
N
X



qi;d P Adi ðxÞ  s  xi;d

(1)

d¼1 i¼1

s:t: 8xi;d 2 x; xi;d 2 f0; . . . ; sg;
8i 2 f1; . . . ; Ng;

M
X

xi;d  ri :

(2)
(3)

d¼1

where qi;d is the query rate of node i to data item d, and
PN PM
i¼1
d¼1 qi;d ¼ 1. qi;d is decided by the data access pattern of the network. Constraint (2) ensures that every
node replicates at most s packets for each data. Constraint (3) guarantees that the total number of packets
replicated at each node is limited by the storage constraint of the node.
Though Definition 1 is straightforward, to get the optimal
solution is quite complex. The main difficulty lies in deriving
the closed form expression of the objective function. We know
P
that P ðAdi ðxÞ  s  xi;d Þ ¼ 1
a¼sxi;d fAdi ðxÞ ðaÞ, where fAdi ðxÞ ðaÞ
is the probability mass function (PMF) of Adi ðxÞ. To obtain the
closed form expression of the objective function, we try to calculate fAd ðxÞ ðaÞ.
i

For any node pair, say i and j, we set a random variable
Yi;j to represent the maximum amount of data that can be
sent during a contact between them. We further define a
random variable Zi;j to denote the number of contacts happened between them within the time constraint. Then,
ð1Þ

ð2Þ

ðZ Þ

Yi;j ; Yi;j ; . . . ; Yi;j i;j are Zi;j i.i.d. variables which denote the
maximum amount of data that can be sent during each
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contact between node i and j. The total amount of data that
can be sent between them within the time constraint is
ð1Þ

ðZ Þ

ð2Þ

denoted as Ui;j , and Ui;j ¼ Yi;j þ Yi;j þ    þ Yi;j i;j .
Let Adi;j ðxÞ denote the number of the coded packets of
data item d that node i can receive from node j within the
time constraint given a replication solution x. The PMF of
Adi;j ðxÞ can be calculated as:
8 R gðaþ1Þ
fUi;j ðuÞdu
>
< ga
R1
fAd ðxÞ ðaÞ ¼
fU ðuÞdu
i;j
>
: ga i;j
0

0  a < xj;d
a ¼ xj;d
otherwise:

(4)

where fUi;j ðuÞ is the probability density function (PDF) of
P
Ui;j . The PMF of Adi ðxÞ ¼ j6¼i Adi;j ðxÞ can be derived as:
fAd ðxÞ ðaÞ ¼ fP
i

ðxÞ ðaÞ
i;i1

fA d

j6¼i

 fA d

Adi;j ðxÞ ðaÞ

ðxÞ ðaÞ
i;iþ1

¼ fA d

i;1

ðxÞ ðaÞ

     fA d

 

ðxÞ ðaÞ;
i;n

(5)

where fAd ðxÞ ðaÞ is a discrete convolution of fAd ðxÞ ðaÞ,
i
i;j
which can be derived from the PDF of Ui;j . However,
since Ui;j is the sum of a random number of random variables, its PDF has no closed form expression. As a result,
we cannot derive the closed form expression of the objective function.
Next, to make the problem tractable, we isolate the variables in the objective function, and let the part which has no
closed form only contain constants. Then, we give an
approximate calculation on the part. We formulate the problem into a mixed integer programming (MIP) problem and
solve it by using the CPLEX [25]. To make data replication
more applicable to the practical use, we further design a
polynomial time distributed algorithm based on the local
knowledge of each node. Our study is divided into two
cases based on the operating channels: unlicensed channels
and licensed channels.

5

CONTACT DURATION AWARE DATA
REPLICATION: THE UNLICENSED
SPECTRUM CASE

In this section, we first formulate the contact duration aware
data replication problem under the unlicensed spectrum
case and then propose a practical algorithm which operates
in a fully distributed manner.

5.1 Problem Formulation and Analysis
5.1.1 MIP Formulation
Based on existing works [26], [27], we model the contact
duration between nodes as a Pareto distribution. More
specifically, for any node pair i and j, the maximum
amount of data that can be sent during a contact between
them (i.e., Yi;j ) follows Pareto distribution. Moreover, the
number of contacts happened between them within the
time constraint (i.e., Zi;j ) is assumed to follow Poisson
distribution.
Let random variable Vi;j denote the maximum number of
packets that can be transmitted between node i and j within
the time constraint. Vi;j can be calculated as follows:
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Vi;j ¼

8 jU k
< gi;j
:

j

Ui;j
g

j

s

Ui;j
g

k
k

8v 2 F; 8d 2 M;

< s
 s:

(6)

Each Vi;j has s þ 1 possible integer values ranging from 0
to s. Specially, Vi;j ¼ s when the aggregated contact duration between the two nodes is long enough to transmit the
complete data item. Therefore, the total number of packets
that can be transmitted between node i and any other nodes
form a 1  N vector ½Vi;1 ; Vi;2 ; . . . ; Vi;N . This vector falls into
one of the ðs þ 1ÞN possible combinations. We use a 1  N
vector v ¼ ½v1 ; v2 ; . . . ; vN to denote one possible combination or say, a contact pattern in which vj (0  vj  s, for
j ¼ 1; . . . ; N) packets can be transmitted from or to node j.
There are totally ðs þ 1ÞN possible patterns v, and we
define F as the set of total possible patterns. Let Piv denote
the probability that node i follows the contact pattern
v ¼ ½v1 ; v2 ; . . . ; vN , i.e., Vi;j ¼ vj for j ¼ 1; . . . ; N. Due to the
Q
independent contact processes of node pairs, Piv ¼ N
j¼1
P ðVi;j ¼ vj Þ. Note that for all i, P ðVi;i ¼ sÞ ¼ 1 and
P ðVi;i 6¼ sÞ ¼ 0. The details on how to calculate Piv are provided in [20].
We further define a binary variable Rvd ðxÞ to denote
whether the contact pattern v enables a node to retrieve
enough packets to reconstruct data item d within the time
constraint, given a replication solution x. If the total number
of packets of data item d that can be retrieved is equal to or
larger than s, the data item can be reconstructed. Thus,
Rvd ðxÞ can be calculated as below:
(
PN
1
v
j¼1 minðvj ; xj;d Þ  s
Rd ðxÞ ¼
(7)
0 otherwise:
Given that N and M denote the set of nodes and the set
of data items respectively, the contact duration aware data
replication problem can be re-defined as follows:
X XX
qi;d Piv Rvd ðxÞ
(8)
max
d2M i2N v2F

s:t: 8i 2 N ; 8d 2 M; xi;d 2 f0; 1; . . . ; sg;
8i 2 N ;

X

xi;d  ri ;

(9)
(10)

d2M

8v 2 F; 8d 2 M; Rvd 2 f0; 1g;
8v 2 F; 8d 2 M;

X

minðvj ; xj;d Þ  sRvd ðxÞ:

(11)
(12)

j2N

Since the objective function to maximize is monotonically increasing with variable Rvd , constraint (11) and
v
1 if and only if
(12)
P ensure that Rd ðxÞ equals to
v
minðv
;
x
Þ

s;
otherwise,
R
ðxÞ
equals to 0. Howj
j;d
d
j2N
ever, the min function in the last constraint makes the optimization problem nonlinear. Therefore, we replace this
constraint with the following constraints by introducing a
set of auxiliary variables hvj;d ðxÞ:

X
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hvj;d ðxÞ  sRvd ðxÞ;

(13)

8v 2 F; 8d 2 M; 8j 2 N ; hvj;d ðxÞ  vj ;

(14)

8v 2 F; 8d 2 M; 8j 2 N ; hvj;d ðxÞ  xj;d :

(15)

j2N

where constraint (13), (14), and (15) are equivalent to constraint (12). In this way, the formulation turns to an MIP. It
is easy to prove that this MIP formulation is equivalent to
the formulation presented in Definition 1.

5.1.2 Problem Analysis
Traditional data-level replication problem can be reduced to
the classical facility location problem, which has been
proved to be NP-hard [5], [6]. Our packet-level replication
problem is more complicated since it needs to determine
not only what data items, but also how many packets of
them to replicate at each node. We formulate the problem
as an MIP which can be solved by the CPLEX optimization
suite based on Branch and Bound. Branch and Bound algorithm solves optimization problems by implicit enumeration of the solution space, partitioning it into a search tree.
Unfortunately, due to the integrity requirement, MIP problems are generally NP-hard, and in the worst case may
require a search tree of exponential size. Our MIP problem
is further complicated due to its exponential number of variables and constraints.
We use CPLEX to solve the problem in a small scale,
and the results will be shown in Section 7 as a benchmark. However, if the network is large, it is hard to
derive the optimal solution due to the extremely high
computational complexity. To make data replication more
applicable to the practical use, we further design a polynomial time distributed algorithm based on the local
knowledge of each node, without using global knowledge
such as the query rate of each node to each data item, the
contact rate between any node pair, and the current replication placement of the whole network.
5.2 Distributed Data Replication Algorithm
Now we present our distributed contact Duration Aware
Replication Algorithm (DARA).
5.2.1 Main Idea
DARA is a distributed algorithm run at each node. Based on
node’s local knowledge, DARA runs in a greedy manner,
i.e., iteratively replicating the packet which brings the maximum replication benefit to other nodes, until the buffer is
full. How to evaluate the replication benefit is the key to
DARA. Intuitively, the benefit of replicating an additional
packet of data item d into node i’s buffer is affected by three
factors: 1) the popularity of data item d, 2) the capability of
node i to contribute the packet to others, and 3) the current
availability of data item d. If the data item has high popularity and the node has large capability to contribute the packet
to others, the replication benefit is large. However, if data
item d can be retrieved at a high probability without this
replication, the replication benefit will be lower. Although
some of these factors have been implicitly considered in
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traditional replication and DTN routing algorithms [5], [28],
they should be addressed differently when the contact
duration limits are considered, especially for 2) and 3).
To obtain the popularity of data items, each node
maintains a data popularity table which records the average query rate to each data item from its local view. Each
node counts the number of pending requests it has
received (including those generated by itself), and calculates the average query rate to each data item d as
qd ¼ nd =ntotal , where nd is the number of requests for data
item d, and ntotal is the total number of requests. The
node updates the data popularity table at each time window as qd ¼ qdold a þ qdnew ð1  aÞ, where qdold is the old query
rate of data item d, and qdnew is the new query rate derived
in the latest time window. a is a decaying factor, which
decides the weight of the old and new query rate.
Our goal is to maximize the average data retrieval probability. Thus, we use the retrieval probability to evaluate
data availability. Each node maintains a data availability
table which records the data retrieval probability of its
contacted nodes to each data item. When two nodes contact, they exchange their data retrieval probability on each
data item. To calculate the data retrieval probability, each
node also maintains a data replication table, which records
the replication placement of the contacted nodes. Based on
the table, a node, say i, estimates
P its data retrieval probability to data item d as Pi;d ¼ 1
a¼sxi;d fAd ðxÞ ðaÞ. fAd ðxÞ ðaÞ
ðxÞ ðaÞ
i;j

can be derived via Eq. 5, and fAd

i

i

in Eq. 5 can be cal-

culated as:
8
P ðVi;j ¼ aÞ
0  a < xj;d
<P
s
P
ðV
¼
vÞ
a ¼ xj;d
fAd ðxÞ ðaÞ ¼
i;j
i;j
: v¼xj;d
0
otherwise:

(16)

To evaluate the capability of a node to contribute a
packet to others, we define a metric called replication benefit. Next, we first introduce the concept of contribution
and contribution gain, and then give the definition of replication benefit.
The contribution represents the capability of a node to
contribute all its replicated packets to another node.
Definition 2. The contribution that node i can provide to j in
d
ðxi;d Þ, is defined as the expected
terms of data d, denoted as Ci;j
number of packets of d that i can transmit to j within the time
constraint,


d
ðxi;d Þ ¼ E Adj;i ðxi;d Þ
Ci;j
xi;d 1

¼

X
v¼1

vP ðVi;j ¼ vÞ þ

s
X

xi;d P ðVi;j ¼ vÞ:

(17)

v¼xi;d

The contribution gain represents the increment in the
contribution provided by a node by replicating an additional packet, which reflects the capability of the node to
contribute the newly replicated packet to another node.
Definition 3. For node i which has replicated xi;d packets of data
item d, the contribution gain that it can provide to node j in
terms of data item d is defined as:
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d
d
d
ðxi;d Þ ¼ Ci;j
ðxi;d þ 1Þ  Ci;j
ðxi;d Þ
DCi;j

¼1

xi;d
X

P ðVi;j ¼ vÞ:

(18)

v¼0

Note that the contribution gain provided by a node to
itself equals 1, since the node can directly enjoy its replicated data.
Now we define the replication benefit provided by replicating an additional packet of data item d to node i’s buffer,
which is determined by the popularity and availability of
the data item, and the contribution gain that the node can
provide to other nodes:
Definition 4. The replication benefit provided by replicating an
additional packet of data item d at node i which has already
replicated xi;d packets of d can be defined as:
Bi;d ðxi;d Þ ¼

q P
d
n

0

j2N

d
ð1  Pj;d ÞDCi;j
ðxi;d Þ xi;d < s
xi;d ¼ s:

where the replication benefit turns to zero if node i has
already replicated s packets of data d. The derivation of qd
and Pj;d are discussed earlier. The intuition behind Definition 4 is that the replication benefit provided by replicating
a new packet of data d on node i should be the contribution
gain (weighted by the popularity of d) that i can provide to
other nodes if they currently cannot successfully retrieve d
from the network.

5.2.2 The Protocol
In DARA, there are two cases for a node to download/replicate data: the node moves into the range of any AP or it contacts and swaps data with another node.
Node-to-AP. When a node moves into the wireless
range of the AP, it iteratively replicates one packet of a
chosen data item which can provide the maximum replication benefit, until no buffer space is left. More specifically, if node i has already replicated xi;d packets of data
item d, the replication benefit of replicating an additional
packet of the data item into the node is Bi;d ðxi;d Þ. Node i
downloads a packet of a chosen data item dmax which has
the maximum Bi;dmax ðxi;dmax Þ among all the data items,
from the AP.
When the buffer is full, the node still iteratively replicates
one packet using the same rule of data selection, namely a
packet of a chosen data item dmax with the maximum
Bi;dmax ðxi;dmax Þ is downloaded. Meanwhile, to make room for
the new packet, it needs to remove a packet that has the minimum replication benefit. Specifically, if node i has already
replicated xi;d packets of data item d, removing any packet of
the data will decrease the replication benefit by Bi;d ðxi;d  1Þ.
Thus the node removes a packet of a chosen data item dmin
with the minimum Bi;dmin ðxi;dmin  1Þ. This process iterates
until Bi;dmax ðxi;dmax Þ is not larger than Bi;dmin ðxi;dmin  1Þ.
Node-to-Node. When two nodes contact, they can swap the
data replicated in their buffer, and this data swap is controlled by the node with higher centrality value. Centrality
metrics are widely used to measure the importance of the
nodes in the network [9] [29]. However, the existing work
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only considers the contact frequency, and ignores the contact
duration. In this paper, we use the expected number of packets which can be transmitted between the node to others
within the time constraint as the centrality metric.
Definition 5. The centrality value of node i is defined as:
CENi ¼

s
X X
1
vP ðVi;j ¼ vÞ:
n  1 j2N ;j6¼i v¼1

(19)

The node with higher centrality is referred to as the master, and the node with lower centrality is referred to as the
slave. The master downloads data from the slave according
to the same rule used in the Node-to-AP case, until the connection is over or there is no suitable data to be downloaded
from the slave. The only difference is that the master needs
to send the packets that are replaced by the newly downloaded packets back to the slave. The slave replicates them,
and removes the packets which have been sent to the master. Thus, no redundant coded packet is generated. The two
nodes just swap some data to increase the replication benefit
of the master. Note that although swapping data by considering the replication benefit of both nodes is more beneficial,
it requires more time-consuming information exchanges for
coordination, which may not fit the contact duration limited
scenario.
Discussions. DARA has two types of cost: one is the computation cost for encoding and decoding, and the other is
the communication cost for exchanging metadata (e.g., the
data retrieval probability to each data item) when two nodes
contact. Generally speaking, the metadata is much smaller
than the actual data item, so the communication cost has
minimal effect on the performance.
It is difficult to derive the performance bound due to the
following reasons. In DARA, the replication placement of a
node depends on the node’s local knowledge of the average
query rate to each data item and the replication placement of
other nodes. Due to communication delay, the same knowledge is not shared across all nodes in the network. This knowledge also keeps being updated as other nodes replicate new
packets. The uncertainty of such knowledge makes it difficult
to predict the replication placement and estimate the performance of DARA. Alternatively, we compare its performance
to the optimal solution in the evaluations (Section 7.2.1).

6

CONTACT DURATION AWARE DATA
REPLICATION: THE LICENSED SPECTRUM CASE

In this section, we first formulate the contact duration aware
data replication problem under the licensed spectrum case
and then propose a practical algorithm which operates in a
fully distributed manner.

6.1 Problem Formulation and Analysis
We first describe the system models and then formulate a
mixed integer programming problem.
6.1.1 System Models
With cognitive radio techniques, mobile devices can opportunistically use the licensed spectrum (e.g., TV channels) for
data transmission. Since they do not have license to operate
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on these channels, their data transmission should not interfere
with licensed users. That is, they have to vacate the channels
when they is accessed by the primary users who are licensed to
access the channels. Mobile devices at different regions are
affected the primary users at that area, so they generally have
different number of channels available for data transmission
and hence have different data transmission capacity. The
node contact model in the unlicensed spectrum case does not
consider where the contact happens, so it cannot be used here.
To address this problem, we introduce the following models
for node movement and primary user appearance.
Node movement. Following existing works [30], [31], [32],
the movement of a node i is modeled by a discrete-time
Markov chain Hit , whose states are represented by the locations (the entire area can be divided into a set of grids and
each grid defines a location). The set of locations is denoted
0

by L ¼ f1; ; Lg. We use l;l
i to denote the probability of node
i to make transition from location l to location l0 .
Primary user appearance. There are C channels, which may
be sometimes accessed by primary users. The set of channels is denoted by C ¼ f1; ; Cg. Each location is affected by a
t
denote
number of primary users on each channel. Let Il;c
t
the availability of channel c at location l at time t. That is, Il;c
is 1 if channel c is available for (unlicensed) mobile users at
location l at time t (not accessed by primary users); othert
is 0. Based on existing works [33], [34], [35], we
wise, Il;c
t
assume Il;c
follows a discrete-time Markov chain with two
0

t
states 0, 1, and use vb;b
l;c to denote the probability of Il;c to
make transition from state b to state b0 .
If two nodes are at location l at the same time t, the total
amount of data that can be transmitted between them at time
P
t
Þ. Here b denotes the channel bandwidth, i.e.,
t is bð c2C Il;c
the total amount of data that can be transmitted per channel.
We assume all channels have equal bandwidth, and a node
can use multiple channels for transmission at the same time.
In practice, such flexibility in using multiple channels can be
achieved by k-agile software-defined radios [36].
Note that our system does not assume that both the
licensed and unlicensed bands are used at the same time.
The major concern is that the licensed spectrum (such as the
whitespace channels in the 400-700 MHz range) can have
longer signal propagation characteristics than the unlicensed spectrum (such as the WiFi channels around
2.4 GHz). Our system model assumes all channels have similar propagation characteristics, in order to facilitate the calculation of data transmission capacity upon contact. How to
perform data replication with channels of vastly different
propagation characteristics needs further study, and will be
left as our future work.

6.1.2 MIP Formulation
Let H represent the set of all possible patterns of node
movement. Each element H 2 H is denoted by an N  T
vector ðHit ÞNT , where Hit denotes the location at which
node i is located at time t.
Let I represent the set of all possible patterns of primary
user appearance. Each element I 2 I is denoted by an
t
t
ÞLCT , where Il;c
denotes the availL  C  T vector ðIl;c
ability of channel c at location l at time t.
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Let LH denote the probability that the node movement
follows pattern H, and VI denote the probability that the
primary user appearance follows pattern I. Here we assume
the availability of different channels at each location is independent, and the channel availability at different locations
is independent. Then, LX and VI can be calculated as
I t1 ;I t
QT
Q
Q Q Q
Hit1 ;Hit
and l2L c2C Tt¼1 vl;cl;c l;c respectively.
i2N
t¼1 i
Let RH;I
i;d ðxÞ denote whether node i can retrieve enough
coded packets (at least s packets) to reconstruct data item d
within the time constraint, given node movement pattern
H, primary user appearance pattern I, and replication solution x. RH;I
i;d ðxÞ can be calculated as follows:
(
RH;I
i;d ðxÞ

¼



P
1 H;I
s
1
j2N min xj;d ; g Ui;j
0 otherwise;

(20)

H;I
where Ui;j
is the amount of data that can be transmitted
from node i to node j within the time constraint, given node
movement pattern H and primary user appearance pattern
I. Note that the number of packets of data item d that can be
transmitted from node j to node i should be bounded by
xj;d (the number of packets of data item d that are replicated
P P
H;I
can be calculated as b Tt¼1 l2L
by node j). Ui;j
P
t
t
c2C Il;c FH t ;H t , where Il;c denotes the availability of channel
i

j

c at location l at time t, and FH t ;H t is an indicator function. If
i

j

Hit ¼ Hjt , FH t ;H t ¼ 1; otherwise, FH t ;H t ¼ 0.
i

j

i

j

The contact duration aware data replication problem can
be re-defined as follows:
max

XXXX

qi;d LH VI RH;I
i;d ðxÞ

(21)

8i 2 N ; 8d 2 M; xi;d 2 f0; ; sg;
8i 2 N ;

X

xi;d  ri ;

6.2 Distributed Data Replication Algorithm
Now we present our distributed algorithm which is both
spectrum aware and contact duration aware (spectrumaware DARA). Similar to the unlicensed spectrum case,
each node greedily replicates the packet that brings the
maximum replication benefit until the storage is full. The
only difference is the evaluation of replication benefit. In
this case, the calculation of data retrieval probability of data
item d (i.e., Pj;d ) in Definition 4 becomes even more difficult
with the consideration of primary user appearance. Thus,
we redefine the replication benefit as follows to reduce the
computational complexity.
Definition 6 (Licensed Spectrum Case). The replication benefit provided by replicating an additional packet of data item d
at node i which has already replicated xi;d packets of d can be
defined as:
Bi;d ðxi;d Þ ¼

RH;I
i;d ðxÞ 2 f0; 1g;


1 H;I
 sRH;I
min xj;d ; Ui;j
i;d ðxÞ:
g
j2N
X

i

(
(23)

Following the techniques mentioned in Section 5.1.1, we
introduce a set of auxiliary variables hH;I
i;j;d ðxÞ to make constraint (25) linear. Now the problem becomes a mixed integer programming problem.
This problem is much more complicated than the unlicensed spectrum case, due to its exponential number of variables (constraints). For example, since H and I have LNT
elements and 2LCT elements respectively, the number of
2
NT LCT
variables hH;I
2
. Even for a small sized
i;j;d ðxÞ is N ML
problem with N ¼ 10, M ¼ 10, L ¼ 5, C ¼ 10, T ¼ 50, the
number is 1:15  101105 , which is too big to be loaded into
general computer memory by any optimization software

(26)

l;c

(22)

(25)

d
qj;d DCi;j
ðxi;d Þ:

d
ðxi;d Þ is obtained from
Here the contribution gain DCi;j
P ðVi;j ¼ vÞ, where Vi;j is the maximum number of packets
that can be transmitted between nodes i and j within the
time constraint. We calculate Vi;j as follows based on the stationary distribution related to node movement and primary
user appearance.
t
¼ bj
In general, limt!1 P ðHit ¼ ljHi0 ¼ l0 Þ (limt!1 P ðIl;c
0
0
0
0
Il;c ¼ b Þ) exists and is independent of l (b ). It is denoted by
~l (~
vb ), which can be solved by

(

(24)

X
j2N

d2M

8d 2 M; 8i 2 N ; 8H 2 H; 8I 2 I :
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(e.g., CPLEX). To address this challenge, we will propose a
practical algorithm to reduce the computational complexity.

d2M i2N H2H I2I

s:t:
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P
0
0
~li ¼ l0 2L li ;l ~li ; 8l 2 L
P
~l
l2L i ¼ 1
P

b0 ;b b0
~ l;c ; 8b
b0 2f0;1g vl;c v
b
~ l;c ¼ 1:
b2f0;1g v

~ bl;c ¼
v
P

2 f0; 1g

(27)

(28)

t
¼ bÞ) will be very
If t is large enough, P ðHit ¼ lÞ (P ðIl;c
close to the probability ~li (~
vbl;c ). In delay tolerant networks, the
time constraint is usually loose (i.e., t is usually large), so we
t
vbl;c ) to approximate P ðHit ¼ lÞ (P ðIl;c
¼ bÞ). Then
can use ~li (~
the expected amount of data that can be transmitted from
node i to node j within the time constraint is approximated by
P P
~ 1l;c . Based on Eq. (6), the maximum numbT l2L c2C ~li ~lj v
ber of packets that can be transmitted between nodes i and j
within the time constraint (i.e., Vi;j ) will be obtained.

7

PERFORMANCE EVALUATION

In this section, we evaluate the performance of DARA on both
synthetic and realistic traces. We first show the unlicensed
spectrum case and then show the licensed spectrum case.

7.1 Schemes for Comparison
To evaluate the performance of DARA, we compare it with
eight replication schemes: 1. OPT: The optimal solution
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Fig. 3. Comparison of DARA and the optimal solution.

derived from the MIP formulation using CPLEX; 2. PSEPHOS: An existing data-level replication scheme in DTNs
[12]; 3. UNI-data (4. UNI-packet): A data-level (packetlevel) replication scheme, where the storage space is evenly
allocated among all data items; 5. SQRT-data (6. SQRTpacket): A data-level (packet-level) replication scheme,
where the storage allocation is proportional to the square
root of the query rate; 7. PROP-data (8. PROP-packet): A
data-level (packet-level) replication scheme, where the storage allocation is proportional to the query rate. We also
evaluate the performance of spectrum-aware DARA when
licensed channels are used.
In PSEPHOS, each node maintains a “vote” for each data
item based on the information collected from others to rate
the caching importance of the data item. Whenever a node
meets the AP, it downloads the data with the top votes.
However, this scheme ignores the contact duration limits,
and replicates at data-level. The other six naive schemes are
designed for comparison purpose. These schemes only consider the popularity of the data items, and replicate data
items according to three typical replication rules: uniform,
square root, and proportional. Under the same rule, the total
number of buffers allocated to each data item remains
unchanged between the data-level and packet-level
schemes. The difference is that in data-level scheme, a node
either replicates a complete data item, or does not replicate
any packet of it, but in packet-level scheme, by adopting
erasure coding each data item is more evenly allocated
among the nodes, and every node only replicates parts of it.

7.2 The Unlicensed Spectrum Case
7.2.1 Synthetic Traces
Simulation settings. We generate a small-scale trace and a
large-scale trace. In the small-scale trace (large-scale trace,
resp.), there are 10 (100, resp.) mobile nodes and 10 (50,
resp.) data items in the network. Each data item contains 8
(32, resp.) packets, and each node has storage of size 24 (96,
resp.). In both traces, the contact rates between node pairs
are randomly generated within the range of ½0:0003; 0:005 .
The contact duration is randomly generated following the
Pareto distribution, where each node pair has its distinct
shape and scale parameters of the distribution. The shape
and scale parameters are within the range of ½2; 4 and ½1; 3
respectively, and then the expected number of packets that
can be sent during a contact between a node pair is within
the range of ½1:33; 6 .1 To show the impact of contact
t y

i;j
is the expected number of packets that can be transmitted
1. ti;j
i;j 1
between node i and node j, where t i;j and yi;j are the shape and scale
parameter.

Fig. 4. Comparison of DARA and other schemes on the synthetic traces.

duration, in the large-scale trace, we further generate a long
contact duration scenario, where the shape and scale
parameters are set within the range of ½1; 1:5 and ½5; 10
respectively, and hence the expected number of packets
that can be transmitted during a contact between a node
pair is within the range of ½15; 1Þ.
In both traces, we also add a static node to act as the AP,
from which the mobile nodes can download and replicate
data. The contact frequency between the AP and the mobile
nodes is randomly generated within the range of
½0:0001; 0:001 . We set the contact frequency low enough so
that the mobile nodes prefer to retrieve data from other
peers rather than wait for the contact opportunities with
AP. We use the Zipf-like query distribution, where the
query rate of the ith most popular data item is proportional
to iw , and w is set to 1 unless specified differently. We sort
the data items in the decreasing order of its popularity, and
number them from 1 to m. In each simulation run, the first
1=5 of the trace is used for warmup. The presented results
are averaged over 10 runs.
Comparisons to the optimal solution. First, we compare the
performance of DARA to the optimal solution derived from
the MIP formulation. Due to the extremely high computational complexity of solving MIP, we compare the two
schemes using the small-scale trace. Fig. 3 compares the
data retrieval probability of the two schemes when the time
constraint varies from 300 to 1; 000 time units. As can be
seen from the figure, DARA achieves close performance to
the optimal solution without relying on the global knowledge and without suffering from the high computational
complexity.
Comparisons to other replication schemes. In this section, we
use the large-scale trace to evaluate the performance of
DARA against seven other schemes, which are divided into
two groups: data-level (including UNI-data, SQRT-data,
PROP-data, and PSEPHOS) and packet-level (including
UNI-packet, SQRT-packet, and PROP-packet). As shown in
Figs. 4a and 4b, in the scenario of short contact duration, the
successful data retrieval probability in the packet-level
schemes is much higher than that in the data-level schemes,
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especially when the time constraint becomes loose. The reason is that packet-level replication schemes can better
exploit the contact opportunities. The coded packets of a
data item are more evenly allocated among the nodes,
which increases the number of potential sources from which
a requester can obtain packets. When the time constraint
becomes looser, the data requester has more contact opportunities with the nodes replicating the packets. On the contrary, in data-level replication schemes, data packets are
replicated in a few hot-spot nodes. The probability to contact those nodes is small, and even the contact happens, it is
hard for those nodes to send out all the packets to the
requester during a short contact. Thus, lots of contact opportunities are wasted which significantly reduces the successful data retrieval probability.
As shown in Fig. 4a, compared to PSEPHOS, UNI-data,
SQRT-data, and PROP-data, DARA improves the successful
data retrieval probability by 35:1, 468:9, 202:5 and 51:2 percent respectively when the time constraint is 100. Such
improvement changes to 68:4, 639:3, 169:6 and 106:1 percent
when the time constraint reaches 600. Among the data-level
replication schemes, PSEPHOS performs the best, since it
considers the node contact patterns, while the other three
naive data-level schemes treat all nodes equally.
From Fig. 4a, it is clear to see that PROP-data performs
the best and UNI-data performs the worst among the three
naive data-level schemes. However, as shown in Fig. 4b,
among the three naive packet-level schemes, no scheme is
obviously better than others. When the time constraint is
smaller than 200, PROP-packet performs the best. This is
because short time constraint requires for larger replication factor and PROP-packet can at least ensure higher
retrieval probability for popular data. When the time constraint is larger than 500, even lower replication factor can
ensure good performance, and thus UNI-packet achieves
the best performance among the three, where every data
item can be allocated with almost enough storage. However, PROP-packet gives too much weight to popular data,
which wastes the storage space. Among the three, SQRTpacket achieves the best performance when the time constraint is within the range of ½200; 500 , since its replication
strategy is a trade-off between UNI-packet and PROPpacket. These three packet-level schemes allocate storage
only according to the data popularity. Since DARA considers both node contact pattern and data availability, it
always has the best performance. Compared to UNIpacket, SQRT-packet, PROP-packet, DARA improves the
successful data retrieval probability by 710:4, 62:4, and
12:7 percent with time constraint 100. When the time constraint reaches 600, the improvement changes to 12:5, 16:0,
and 30:2 percent.
In the scenario of long contact duration, the performance of packet-level replication schemes has no significant improvement compared to data-level replication
schemes as shown in Figs. 4c and 4d. When the time constraint is short (within the range of ½100; 150 ), some datalevel schemes such as PSEPHOS even have better performance than naive packet-level schemes. Within short
time constraint, the contact opportunities between the
data requesters and others are rare, and in the scenario of
long contact duration, the expected number of packets
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can be transmitted during a contact tends to be large. The
naive packet-level schemes let the nodes only replicate
parts of the data items, which may waste the precious
contact opportunities if the contact durations happen to
be long. When the time constraint becomes loose (within
the range of ½200; 350 ), the naive packet-level schemes
have better performance. Since the data requesters have
more contact opportunities with others, the packet-level
schemes which replicate data more evenly among the
nodes can make better use of these opportunities. Compared to the seven schemes, DARA still achieves the best
performance in the scenario of long contact duration.
Discussion on the impact of the number of mobile users. Generally speaking, the successful data retrieval probability
increases as the number of mobile users increases. For the
data requester, since more nodes are contacted, it becomes
more likely to download the complete data within the time
constraint. This is demonstrated by comparing the simulation result of small-scale trace (10 mobile users) with that of
large-scale trace (100 mobile users). For example, when the
time constraint is 300, the successful data retrieval probability of the large-scale trace is 0.77 (as shown in Fig. 4a), while
the successful data retrieval probability of the small-scale
trace is only 0.66 (as shown in Fig. 3). Note that in our simulation settings, the number of packets for reconstructing the
complete data item is set larger in the large-scale trace (32)
than in the small-scale trace (8). If such difference does not
exist, the successful data retrieval probability of the largescale trace must be even higher.

7.2.2 Realistic Traces
Simulation settings. We further evaluate the performance of
DARA using two realistic traces: MIT Reality [37] and Infocom05 [38]. The MIT Reality trace was collected by using 97
Nokia 6600 smartphones which were carried by staffs and
students at MIT over nine months, and the Infocom05 trace
was collected by using 41 iMotes which were carried by the
participants of conference Infocom05 over three days. The
mobile devices sense each other using Bluetooth and update
the contact log at an interval of 300 seconds for MIT Reality
trace and 120 seconds for Infocom05 trace. Due to the coarse
granularity of the traces, there are many contact records
whose contact duration is zero. In the evaluation, we set the
sensing interval to be the time unit of transmitting one
packet. If the contact duration is zero, we assume that only
one packet can be transmitted during the contact.
In the MIT Reality trace (Infocom05 trace, resp.), we set
30 (40, resp.) data items in the network, and each data item
contains 64 (32, resp.) packets. Every node has the storage
buffer of 128 (96, resp.). We also add a virtual static node to
act as the AP. The contact frequency between the AP and
mobile nodes is randomly generated within the range of
½2  107 ; 6  107 and ½8  106 ; 2  105 in the MIT Reality and the Infocom05 trace, respectively. In each simulation
run, the first 1=3 of the trace is used for warmup. The presented results are averaged over 10 runs.
Results. Fig. 5 compares the data retrieval probability of
DARA to seven other schemes on both the MIT Reality and
the Infocom05 trace. As can be seen, packet-level schemes
outperform data-level schemes on both traces. Among the
three replication strategies: uniform, square-root and
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Fig. 5. Comparison of DARA and other schemes on the realistic traces.

proportional, the uniform strategy performs the worst in
both packet-level and data-level schemes, on both traces.
The low contact frequency of the trace demands for relatively large replication factor. Since the uniform replication
strategy sets equal priority to different data items, most
data items are not allocated with enough buffers to ensure
high data retrieval probability.
Among data-level replication schemes, PSEPHOS performs the best since it considers different contact patterns
of the nodes. Compared to PSEPHOS, DARA improves
the successful data retrieval probability by about 33:3 and
33:8 percent on the MIT Reality and the Infocom05 trace,
respectively. Among the naive packet-level replication
schemes, SQRT-packet outperforms others in a wide
range of time constraint. Compared to it, DARA also
improves the successful data retrieval probability by
about 15:4 and 25:3 percent on the MIT Reality and the
Infocom05 trace, respectively.

7.3 The Licensed Spectrum Case
We compare four packet-level replication schemes: SPEC
(i.e., spectrum-aware DARA), DARA, UNI (i.e., UNIpacket) and PROP (i.e., PROP-packet).
7.3.1 Synthetic Traces
Simulation settings. We generate a synthetic trace in which
there are 20 mobile nodes and 20 data items in the network.
We set 20 locations, and the channel availability at each
location is determined by our model for primary user
appearance (the transition probabilities among different
states are randomly generated). Considering that the node
moving speed is relatively slow, we assume it takes 100
time units to make transition from one location to another.
Each data item is generated by some node which is randomly selected, and can be reconstructed by 20 coded packets. In our simulations, we assume each node has equal
storage space and can replicate at most 100 coded packets.
The data query pattern is based on Zipf-like distribution in
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Fig. 6. Comparison of SPEC and other schemes on the synthetic trace.

which the query rate of the ith most popular data item is
proportional to iw . Here w shows how skewed the query
pattern is, and is set to 0:8 unless specified differently.
We vary the channel bandwidth (b), the number of channels
(C), and the Zipf parameter (w), to study their effects on the
(average) data retrieval probability. We also investigate the
effect of primary user appearance on the performance. Specifically, we select some channels and make them unaffected by primary users, in order to study how the
percentage of these channels affects the data retrieval probability. In all simulations, the first half of the trace is used for
warmup to collect necessary network information. All the
data and queries are generated during the second half of
the trace. The presented results are averaged over 100 runs.
Results. Fig. 6a shows the effect of channel bandwidth on
the data retrieval probability. For all schemes, the data
retrieval probability increases as the channel bandwidth
increases, since more packets can be transmitted upon contact. Among the four schemes, SPEC performs the best,
since it considers the effect of primary user appearance on
the data replication strategy, which is ignored by the other
three schemes. Compared to DARA, UNI and PROP, SPEC
improves the data retrieval probability by 75, 318 and 32
percent when the channel bandwidth is one packet per time
unit. When the channel bandwidth reaches 10 packets per
time unit, the improvement changes to 2, 44 and 21 percent.
When the channel bandwidth is less than five packets
per time unit, PROP performs the best among the other
three schemes. PROP outperforms UNI since PROP allocates more storage space to the data items of high query
rate. PROP outperforms DARA due to the following reason. The replication strategy in DARA is based on the
data transmission capacity upon each contact. Without
considering the primary user appearance, the data transmission capacity cannot be calculated accurately, which
affects the performance of DARA. When the channel
bandwidth exceeds five packets per time unit, DARA outperforms PROP. Increasing the channel bandwidth makes
data replication less restricted by the data transmission
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capacity upon each contact. This reduces the effect of
inaccurate calculation of data transmission capacity on
the performance of DARA. Meanwhile, DARA considers
the node contact pattern which is not considered in
PROP, and thus DARA performs better.
Fig. 6b shows the effect of the number of channels on the
data retrieval probability. For all schemes, the data retrieval
probability increases as the number of channels increases,
since there are generally more available channels to be used
for data transmission upon contact. When there are 10 channels in the network (the channel bandwidth b ¼ 3), Fig. 6c
shows the effect of primary user appearance on the data
retrieval probability. For all schemes, the data retrieval
probability increases as more channels are unaffected by
primary users, since more packets can be transmitted upon
contact by using more available channels. When all channels are unaffected, DARA and SPEC have the same data
retrieval probability of 90 percent since data replication is
only determined by the node contact pattern.
Fig. 6d shows the effect of Zipf parameter w on the data
retrieval probability. For SPEC, DARA and PROP, the data
retrieval probability increases as w increases. Increasing w
makes the query pattern much skewer, which increases the
query rate of popular data items. These three schemes generally replicate more packets of popular data items, so their
data retrieval probability increases. For UNI, the performance is similar to that of PROP when the Zipf parameter is
0.2 or 0.4. Small w indicates similar query rate for all data
items, so the replication strategy of UNI is similar to that of
PROP. When w increases, the popular data items are given
higher query rate, but are not treated differently in UNI.
Thus, the data retrieval probability of UNI almost stays flat
at around 32 percent with the increase of w.

7.3.2 Realistic Traces
Simulation settings. The performance of our scheme is also
evaluated on realistic traces. However, most realistic traces
are inappropriate for our simulations. They do not record
where each contact happens, and hence it is difficult to
model the channel availability upon each contact. We find
that in the Dartmouth trace [30] and the UCSD trace [39],
each mobile node records the nearby associated wireless
access points, which can be used to model the locations. A
contact happens if two nodes are at the same location at the
same time. The amount of data that can be transmitted
upon contact depends on the channel availability at that
location, which can be simulated using our model for primary user appearance (the transition probabilities among
different states are randomly generated).
The Dartmouth trace was collected by several thousand
wireless laptops which were carried by students and faculty
at the Dartmouth College campus over five years. In our
simulation, we focus on the data collected between September 1, 2002 and December 1, 2002. If two nodes are associated with the APs in the same building, they are assumed to
be at the same location. There are 185 locations in total by
grouping APs of the same building together. We sort all
users in a descending order of trace length, and select the
first 50 users for simulation. We set 20 channels and 20 data
items. The channel bandwidth is five packets per second.
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Fig. 7. The effects of time constraint.

Each data item is generated by some node which is randomly selected, and can be reconstructed by 20 coded packets. The storage space of each node is the combined size of
five data items. The data query pattern is based on Zipf-like
distribution with w ¼ 0:8.
The UCSD trace was collected by approximately 300
wireless PDAs which were carried by UCSD freshmen for
an 11-week period between September 22, 2002 and December 8, 2002. There are 520 APs, and each AP corresponds to
one location. Similar to the Dartmouth trace, we sort all
users in an descending order of trace length, and select the
first 50 users for simulation. The other simulation settings
are the same as the Dartmouth trace.
In both Dartmouth trace and UCSD trace, we vary the
time constraint to study its effect on the (average) data
retrieval probability. In all simulations, the first half of the
trace is used for warmup to collect necessary network information. All the data and queries are generated during the
second half of the trace. The presented results are averaged
over 20 runs.
Results. Fig. 7 shows the effect of time constraint on the
data retrieval probability on the Dartmouth trace and the
UCSD trace, respectively. For all schemes, the data retrieval
probability increases as the time constraint increases. This is
because increasing the time constraint creates more contact
opportunities to retrieve the requested data items. Among
the four schemes, SPEC performs the best, since it considers
the effect of primary user appearance on the data replication
strategy, which is ignored by the other three schemes. Compared to DARA, UNI and PROP, SPEC improves the data
retrieval probability by 12, 90, 47 percent for Dartmouth
trace (15, 40, 28 percent for UCSD trace) with time constraint
105 secs. When the time constraint reaches 106 secs, the
improvement changes to 12, 69, 38 percent for Dartmouth
trace (12, 44, 35 percent for UCSD trace).

8

CONCLUSIONS

In this paper, we studied the impacts of contact duration
limitation on data replication in DTNs and further studied
how to perform data replication when mobile users operate
on the under-utilized licensed spectrum. Different from traditional data-level replication schemes, we replicate data at
packet-level and address the problems of which data items
to replicate and how many packets of each data item to replicate at each node. Our study consists of two cases based
on the operating channels: unlicensed channels and licensed
channels. For both cases, we formulated the contact duration aware data replication problem as a mixed integer programming problem and designed a distributed scheme to

ZHAO ET AL.: CONTACT DURATION AWARE DATA REPLICATION IN DTNS WITH LICENSED AND UNLICENSED SPECTRUM

replicate data according to a novel “replication benefit”
metric, which is determined by the capability of a node to
contribute the newly replicated packet to others. Extensive
simulations based on synthetic and realistic traces show
that our solution outperforms other replication schemes in
terms of successful data retrieval probability in various
scenarios.

ACKNOWLEDGMENTS
This work was supported in part by the US National
Science Foundation (NSF) under grants CNS-1320278 and
CNS-1421578.

REFERENCES
[1]
[2]
[3]

[4]
[5]
[6]
[7]
[8]
[9]
[10]
[11]
[12]
[13]
[14]
[15]
[16]
[17]
[18]

Wireless data: The end of all-you-can-eat? [Online]. Available:
http://www.bloomberg.com/bw/magazine/content/10_28/
b4186034470110.htm, 2010.
X. Zhuo, W. Gao, G. Cao, and S. Hua, “An incentive framework
for cellular traffic offloading,” IEEE Trans. Mobile Comput., vol. 13,
no. 3, pp. 541–555, Mar. 2014.
B. Han, P. Hui, V. Kumar, M. V. Marathe, G. Pei, and A. Srinivasan, “Cellular traffic offloading through opportunistic communications: A case study,” in Proc. 5th ACM Workshop Challenged
Netw., 2010, pp. 31–38.
K. Fall, “A delay-tolerant network architecture for challenged
internets,” in Proc. ACM Conf. Appl., Technol., Archit. Protocols
Comput. Commun., 2003, pp. 27–34.
B. Tang, H. Gupta, and S. Das, “Benefit-based data caching in ad
hoc networks,” IEEE Trans. Mobile Comput., vol. 7, no. 3, pp. 289–
304, Mar. 2008.
I. D. Baev and R. Rajaraman, “Approximation algorithms for data
placement in arbitrary networks,” in Proc. 12th Annu. ACM-SIAM
Symp. Discrete Algorithms, 2001, pp. 661–670.
E. Cohen and S. Shenker, “Replication strategies in unstructured
peer-to-peer networks,” in Proc. ACM Conf. Appl., Technol., Archit.
Protocols Comput. Commun., 2002, pp. 177–190.
J. Zhao and G. Cao, “VADD: Vehicle-assisted data delivery
in vehicular ad hoc networks,” in Proc. IEEE INFOCOM, 2006,
pp. 1–12.
W. Gao, Q. Li, B. Zhao, and G. Cao, “Social-aware multicast in disruption-tolerant networks,” IEEE/ACM Trans. Netw., vol. 20, no. 5,
pp. 1553–1566, Oct. 2012.
E. M. Daly and M. Haahr, “Social network analysis for routing in
disconnected delay-tolerant MANETs,” in Proc. 8th ACM Int.
Symp. Mobile Ad Hoc Netw. Comput., 2007, pp. 32–40.
J. Reich and A. Chaintreau, “The age of impatience: Optimal replication schemes for opportunistic networks,” in Proc. IEEE
CONEXT, 2009, pp. 85–96.
S. Ioannidis, L. Massoulie, and A. Chaintreau, “Distributed caching over heterogeneous mobile networks,” in Proc. ACM SIGMETRICS Int. Conf. Meas. Modeling Comput. Syst., 2010, pp. 311–322.
J. W. Byers, M. Lubys, and M. Mitzenmacher, “A digital fountain
approach to asynchronous reliable multicast,” IEEE J. Sel. Areas
Commun., vol. 20, no. 8, pp. 1528–1540, Oct. 2002.
G. Karlsson, V. lenders, and M. May, “Delay-tolerant broadcasting,” in Proc. ACM SIGCOMM Workshop Challenged Netw.,
2006, pp. 197–204.
C. Boldrini, M. Conti, and A. Passarella, “Modelling data dissemination in opportunistic neworks,” in Proc. 3rd ACM SIGCOMM
Workshop Challenged Netw., 2008, pp. 89–96.
F. Li and J. Wu, “MOPS: Providing content-based service in disruption tolerant networks,” in Proc. 29th IEEE Int. Conf. Distrib.
Comput. Syst., 2009, pp. 526–533.
W. Gao, G. Cao, A. Iyengar, and M. Srivatsa, “Cooperative caching for efficient data access in disruption tolerant networks,” IEEE
Trans. Mobile Comput., vol. 13, no. 3, pp. 611–625, Mar. 2014.
X. Zhuo, Q. Li, G. Cao, Y. Dai, B. Szymanski, and T. L. Porta,
“Social-based cooperative caching in DTNs: A contact duration
aware approach,” in Proc. IEEE 8th Int. Conf. Mobile Adhoc Sens.
Syst., 2011, pp. 92–101.

815

[19] S. Tewari and L. Kleinrock, “Proportional replication in peer-topeer networks,” in Proc. 25th IEEE Int. Conf. Comput. Commun.,
2006, pp. 1–12.
[20] X. Zhuo, Q. Li, W. Gao, G. Cao, and Y. Dai, “Contact duration
aware data replication in delay tolerant networks,” in Proc. 19th
IEEE Int. Conf. Netw. Protocols, 2011, pp. 236–245.
[21] J. Zhao and G. Cao, “Spectrum-aware data replication in intermittently connected cognitive radio networks,” in Proc. IEEE
INFOCOM, 2014, pp. 2238–2246.
[22] G. Cheng, W. Liu, Y. Li, and W. Cheng, “Spectrum aware ondemand routing in cognitive radio networks,” in Proc. 2nd IEEE Int.
Symp. New Frontiers Dyn. Spectrum Access Netw., 2007, pp. 571–574.
[23] I. Pefkianakis, S. H. Wong, and S. Lu, “Spectrum aware routing in
cognitive radio mesh networks,” in Proc. 3rd IEEE Symp. New
Frontiers Dyn. Spectrum Access Netw., 2008, pp. 1–5.
[24] M. Mitzenmacher and E. Upfal, Probability and Computing: Randomized Algorithms and Probabilistic Analysis. Cambridge, U.K.:
Cambridge Univ. Press, 2008.
[25] CPLEX: Linear Programming Solver. [Online]. Available: http://
www.ilog.com/
[26] W. Wang, V. Srinivasan, and M. Motani, “Adaptive contact probing mechanisms for delay tolerant applications,” in Proc. 13th
Annu. ACM Int. Conf. Mobile Comput. Netw., 2007, pp. 230–241.
[27] A. Chaintreau, P. Hui, J. Crowcroft, C. Diot, R. Gass, and J. Scott,
“Pocket switched networks: Realworld mobility and its consequences for opportunistic forwarding,” Computer Laboratory,
University of Cambridge, Tech. Rep. UCAM-CL-TR-617, 2005.
[28] A. Balasubramanian, B. N. Levine, and A. Venkataramani,
“DTN routing as a resouce allocation problem,” in Proc. ACM
Conf. Appl., Technol., Archit. Protocols Comput. Commun., 2007,
pp. 373–384.
[29] P. Hui, J. Crowcroft, and E. Yoneki, “BUBBLE Rap: Social-based
forwarding in delay tolerant networks,” in Proc. 9th ACM Int.
Symp. Mobile Ad Hoc Netw. Comput., 2008, pp. 241–250.
[30] L. Song, D. Kotz, R. Jain, and X. He, “Evaluating next-cell predictors with extensive Wi-Fi mobility data,” IEEE Trans. Mobile Comput., vol. 12, no. 5, pp. 1633–1649, Oct. 2006.
[31] A. J. Nicholson and B. D. Noble, “BreadCrumbs: Forecasting
mobile connectivity,” in Proc. 14th ACM Int. Conf. Mobile Comput.
Netw., 2008, pp. 46–57.
[32] Q. Yuan, I. Cardei, and J. Wu, “Predict and relay: An efficient
routing in disruption-tolerant networks,” in Proc. 10th ACM Int.
Symp. Mobile Ad Hoc Netw. Comput., 2009, pp. 95–104.
[33] R. Urgaonkar and M. J. Neely, “Opportunistic scheduling with
reliability guarantees in cognitive radio networks,” IEEE Trans.
Mobile Comput., vol. 8, no. 6, pp. 766–777, Jun. 2009.
[34] A. Laourine, S. Chen, and L. Tong, “Queuing analysis in multichannel cognitive spectrum access: A large deviation approach,”
in Proc. IEEE INFOCOM, 2010, pp. 1–9.
[35] T. Zhang and D. H. K. Tsang, “Optimal cooperative sensing
scheduling for energy-efficient cognitive radio networks,” in Proc.
IEEE INFOCOM, 2011, pp. 2723–2731.
[36] L. Cao, L. Yang, and H. Zheng, “The impact of frequency-agility
on dynamic spectrum sharing,” in Proc. IEEE Symp. Dyn. Spectrum
Access Netw., 2010, pp. 1–12.
[37] N. Eagle and A. Pentland, “Reality mining: Sensing complex
social systems,” Personal Ubiquitous Comput., vol. 10, no. 4,
pp. 255–268, 2006.
[38] P. Hui, A. Chaintreau, J. Scott, R. Gass, J. Crowcroft, and C. Diot,
“Pocket switched networks and human mobility in conference
environments,” in Proc. ACM SIGCOMM Workshop Delay-tolerant
Netw., 2005, pp. 244–251.
[39] M. McNett and G. M. Voelker, “Access and mobility of wireless
PDA users,” Mobile Comput. Commun. Rev., vol. 9, no. 2, pp. 40–55,
2005.
Jing Zhao received the BE degree in computer
science and technology from Tsinghua University
in 2009, and the PhD degree in computer science
and engineering from the Pennsylvania State
University in 2014. His research interests include
cognitive radio networks, network reliability, and
robustness. He is a student member of the IEEE.

816

IEEE TRANSACTIONS ON MOBILE COMPUTING,

Xuejun Zhuo received the BE degree in computer science from the Huazhong University of
Science and Technology in 2007 and the PhD
degree in computer science from Tsinghua University in 2012. She was a visiting PhD student at
Penn State from 2010 to 2011. Her research
interests include opportunistic mobile networks,
mobile social networks, cloud computing, and
network security.

Qinghua Li received the BE degree from Xian
Jiaotong University, the MS degree from Tsinghua University, and the PhD degree from the
Pennsylvania State University. In 2013, he
joined the University of Arkansas, where he is
currently an assistant professor in the Department of Computer Science and Computer
Engineering. His research interests are security and privacy in networking and computing
systems including mobile sensing, healthcare
systems, smart grid, and mobile cloud computing. He is a member of the IEEE.
Wei Gao received the BE degree in electrical
engineering from the University of Science and
Technology of China in 2005 and the PhD degree
in computer science from Pennsylvania State
University in 2012. He is currently an assistant
professor in the Department of Electrical
Engineering and Computer Science at the
University of Tennessee, Knoxville. His research
interests include wireless and mobile network
systems, mobile social networks, cyber-physical
systems, and pervasive and mobile computing.
He is a member of the IEEE.

VOL. 15, NO. 4,

APRIL 2016

Guohong Cao received the BS degree in computer science from Xian Jiaotong University and
the PhD degree in computer science from the
Ohio State University in 1999. Since then, he has
been with the Department of Computer Science
and Engineering at the Pennsylvania State University, where he is currently a professor. He has
published more than 200 papers in the areas of
wireless networks, wireless security, vehicular
networks, wireless sensor networks, cache management, and distributed fault tolerant computing. He has served on the editorial board of the IEEE Transactions on
Mobile Computing, IEEE Transactions on Wireless Communications,
IEEE Transactions on Vehicular Technology, and has served on the
organizing and technical program committees of many conferences,
including the TPC chair/co-chair of IEEE SRDS 2009, MASS 2010, and
INFOCOM 2013. He received the US National Science Foundation
(NSF) CAREER award in 2001. He is a fellow of the IEEE.
" For more information on this or any other computing topic,
please visit our Digital Library at www.computer.org/publications/dlib.

