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Abstract—With the popularity and advancements of smart
phones, mobile users can interact with the sensing facilities and
exchange information with other wireless devices in the environ-
ment by short range communications. Opportunistic exchange
has recently been suggested in similar contexts; yet we show
strong evidence that, in our application, opportunistic exchange
would lead to insufficient data availability and extremely high
communication overheads due to inadequate or excessive human
contacts in the environment.
In this paper, we present OppSense, a novel design to provide

efficient opportunistic information exchange for mobile phone
users in sensing field with data repositories that tackles the
fundamental availability and overhead issues. Our design differs
from conventional opportunistic information exchange in that
it can provide mobile phone users guaranteed opportunities
for information exchange regardless the number of users and
contacts in different environments. Through both analysis and
simulations, we show that the deployment of data reposito-
ries plays a key role in the overall system optimization. We
demonstrate that the placement of data repositories is equivalent
to a connected K-coverage problem, and an elegant heuristic
solution considering the mobility of users exists. We evaluate
our proposed framework and algorithm with real mobile traces.
Extensive simulations demonstrate that data repositories can
effectively enhance the data availability up to 41% in low
contact environment and significantly reduce the communication
overheads to only 28% compared to opportunistic information
exchange in high contact environment.

I. INTRODUCTION

Wireless Sensor Networks (WSNs) have been widely inves-
tigated for monitoring temperature, sound, motion, pollutants,
etc. from the environment for many scientific and emergency
applications [1]. Wireless sensors are resource-limited devices
that do not provide user interfaces for to read the data, so that
sensing data are usually reported by multi-hop communica-
tions to the sink(s) for processing [2]. With the popularity of
mobile phones, innovative sensing applications are emerging
and moving beyond scientific domain into broader and human
interactive sensing for personal, social, and urban usages [3].
Mobile phones provide user-friendly graphical interfaces for
visualizing and processing sensing data [4], [5]. Naturally,
human beings can collect data from the nearby sensors using
their mobile phones and benefit from the data for their own
activities. More than that, opportunistic information exchange
among the mobile phones becomes possible through inter-
mittent connections through short-range communications, like
bluetooth and WiFi, which offers another way to collect and
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share data with their surroundings. Compared with cellular
networks (e.g. 3G mobile networks), opportunistic information
exchange is more energy-efficient and less costly, especially
when the data sources and the users are physically close to
each other. This opportunistic network setting does not require
any centralized server or infrastructure for communication
and management. It works well even in areas with poor or
no cellular coverage, and reduces the workload of cellular
networks in dense areas. To fully explore these potentials, new
system design and algorithms are necessary to provide efficient
data collection and opportunistic information exchange for
mobile phone users.

In this paper, we consider innovative and human interactive
sensing applications that integrate collection and sharing of
sensing data among mobile phone users. The mobile phone
users can collect data from the wireless sensors along their
walks by direct communications. They also indicate their
interests of data in the sensing field, so that they can exchange
the sensing data with other mobile phone users. Potential
applications include data collection and information exchange
among mobile phone users in tourist attractions, hiking trails,
universities and urban areas, etc. For example, a visitor of a
national park, who is allergic to pollen, can collect real-time
sensing data of the pollen level in his surroundings before
deciding on his following paths. Other than that, users can
monitor the environment such as pollution level in cities,
make recommendations of shops and restaurants, or exchange
information on road traffic and public transportations in urban
areas.

Although there are existing work on opportunistic content
sharing between mobile users [6], [7], the locality of data and
the network performance have not been throughly investigated.
For instance, the songs or videos that the mobile users are
interested in may not have any direct relationship with their
locations. On the contrary, the sensing data and the interest
of mobile phone users are closely related to their locations
and activities in our sensing applications. We believe that the
efficiency of information exchange and the network perfor-
mance could be greatly improved considering the locality of
data and mobile phone users. In addition, the performances of
existing opportunistic data sharing mechanisms depend heavily
on the contact rates between mobile phone users. It gives
no guarantee on the data availability and the communication
overheads. If the contact rates between mobile phone users
are too low, mobile phone users may obtain inadequate data.
On the other hand, the communication overheads could be
extremely high and inefficient if there are too frequent contacts
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between the users.
To address the above problems, we propose OppSense, a

novel data collection and information exchange framework that
can provide efficient information sharing with guaranteed data
availability at reduced communication overhead by using data
repositories. The objective of OppSense is: considering the
paths of mobile phone users, we minimize the number of data
repositories in the field, while guaranteeing satisfactory data
availability at reduced communication overheads. We exploit
the mobility patterns of users and deploy data repositories
at optimal locations to provide sufficient cover to the paths
of mobile phone users. Data repositories allow information
exchange between users arriving at different times. The mobile
phone users can upload and download sensing data at the
data repositories independent of the number of users and their
contact rates in the field. In addition, the data repositories can
remove redundant data from the same sensors to improve the
efficiency of information exchange. We formulate the place-
ment of data repositories as a connected K-coverage problem
and present a heuristic algorithm by exploiting the mobility of
users. Finally, we analyze the system performance and evaluate
our proposed framework based on real mobile traces in terms
of data availability and communication overheads.

In this paper, we investigate on data collection and infor-
mation exchange among mobile phone users for human inter-
active sensing environments. As a summary, the contributions
of this paper are:

1) We propose a novel data collection and information
exchange framework for mobile phone users in a sensing
field. Different from traditional opportunistic exchange,
our approach can provide users guaranteed opportunities
for information exchange at minimized communication
overheads in environments with any contact rates.

2) We formulate the placement of data repositories as a
connected K-coverage problem and provide a heuristic
algorithm by exploiting the mobility of mobile phone
users. The impact of K on data availability and com-
munication overheads are analyzed.

3) Extensive simulations are conducted based on real mo-
bile traces [8], [9], which demonstrate that data reposito-
ries can effectively enhance data availability up to 41%
in low contact environment and signficantely reduces
the communication overheads to only 28% compared
to opportunistic exchange in high contact environment.

The remainder of this paper is organized as follows: Section
II presents related work. Section III describes the network
architecture of opportunistic data sharing in human interactive
sensing applications. In Section IV, we present the system de-
sign of OppSense that supports information exchange among
mobile phone users by using data repositories. In Section
V, we present the problem and solution for the placement
of data repositories. We analyze the system performance in
Section VI. In Section VII, we conduct extensive simulations
to evaluate our solution based on real mobile traces. Finally,
we conclude the paper in Section VIII.

II. RELATED WORK

Mobile sinks and relays have been suggested for assisting
data delivery in diverse wireless networks. Shah et al. [10]
presented an architecture using moving entities (Data Mules)
to collect sensing data. There have also been studies on mobile
sinks with predictable and controllable movement patterns
[11], [12], and the optimal time schedule for locating sojourn
points [13]. Advanced algorithms [14], [15], [16] have been
proposed to optimize the movement of mobile elements for
better performance. The above work consider many-to-one
communications from the sensors to the sink(s) and focus
on controlling and determining the movement of the mobile
nodes for data collection. None of them has considered that
individual mobile users, other than the sinks, could also be
the consumers of the sensing data. In this work, we support
mobile phone users who want to collect and share sensing
data according to their own interests and activities. Different
from previous work, mobile phone users have their own
moving patterns which could only be observed but not actively
controlled in our applications.

Opportunistic networks [17] and delay tolerant networks
(DTNs) [18] have been proposed as an interesting evolutions
of Mobile Ad Hoc Networks (MANETs). Messages are routed
through any possible node opportunistically as next hop,
provided that it is likely to bring the message closer to the final
destination. A number of routing and forwarding protocols
have been proposed for opportunistic networks and DTNs [19],
[20]. Burns et al. [21] proposed the MV routing protocol which
learns the movement pattern of network participants and uses
it to enable informed message passing. A similar approach
is followed in the PROPHET protocol [22] to improve the
delivery rate. Zhao et al. [23] proposed a message ferrying
approach to address the network partition problem in sparse
ad hoc networks. All these work focus on routing between
two selected nodes through their intermediate peers oppor-
tunistically. On the contrary, our work does not specify any
source and destination pairs, but it allows mobile phone users
to share information with any intermittently connected peers
freely according to their interests.

Social-aware content sharing have been studied for oppor-
tunistic networks [6]. Boldrini et al. [7] proposed a middleware
that autonomically learns context and social information on
the users of the network to predict users’ future movements.
Yoneki et al. [24] proposed a socio-aware overlay over
detected communities for publish/subscribe communication.
Jaho et al. [25] divided users into different interest-induced
social groups and locality-induced social groups to improve
information dissemination in social networks. Our work shares
a similar view of considering human beings as communities in
opportunistic content sharing. Different from them, our system
guarantees satisfactory information exchange opportunities
independent from the contact rates of users by applying data
repositories.

Data repositories can improve the efficiency in information
exchange and reduce the communication overheads of mobile
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phones. Infostations was proposed as a concept to provide
isolated pockets of high bandwidth connectivity for data and
messaging services in wireless systems, which complements
to the relatively high cost and low bit-rate cellular systems
[26]. Similarly, Ditto was proposed as a system to improve
transfer performance by opportunistic caching data at nodes
on the multi-hop route of data for mesh networks [27].
Although our work also leverages data caches to improve
the system performance, OppSense considers a drastically
different environment for data collection and information
exchange with wireless sensors and mobile phones. Sensing
data could be collected, carried, and shared among the mobile
phones opportunistically, rather than through multi-hop com-
munications. Most importantly, the locality of sensing data
and the mobility pattern of mobile phone users have to be
considered jointly to achieve satisfactory data availability at
reduced communication cost.

III. OPPORTUNISTIC INFORMATION EXCHANGE FOR
MOBILE PHONE USERS IN SENSING FIELD

A. Network Architecture
We consider a network which involves both wireless sensors

and mobile phone users in a sensing field. The wireless
sensors are sparsely deployed in a sensing field for monitoring
temperature, humidity, noise level, pollen level, etc. from the
environment. Users are carrying mobile phones that have the
capability to request, store, process and share information. As
they move in the sensing field, temporary occasions arise for
short range communications with wireless sensors and other
mobile phones, which open up the opportunity to collect data
and share information. Short-range opportunistic communica-
tion between mobile phones (e.g. bluetooth) does not rely on
any network infrastructure which is suitable for areas with
poor or no cellular coverage. It can save the bandwidth and
reduce the workload of cellular networks, and it is more
energy-efficient. Potential human interactive sensing applica-
tions include sensing and information sharing among mobile
phone users in national parks, tourist attractions, hiking trails,
urban areas, universities, factories, etc. With the popularity
of smart phones and PDAs, more innovative applications are
emerging which can cover broader areas of our daily lives,
social activities and public welfares.

Mobile phone users are direct consumers of the sensing
data in our system. Depending on their activities and own
preferences, they can collect data of their interests directly
from the nearby sensors. Figure 1 shows an application of
data collection and information exchange of mobile phone
users in a national park. Each mobile phone can collect data
from the wireless sensors within the communication range.
Apart from that, a user may also want to receive information
about other parts of the sensing field, e.g. a nearby area in the
same national park where he has not visited yet. Information
exchange allows him to obtain new information from other
mobile phone users in the sensing field (see Figure 2). In this
example, users 1 and 2 have collected and buffered different
data D1 and D2 respectively. D1 from sensor 1 indicates a

Fig. 1. Visitors of a national park can collect sensing data along their walks
using their mobile phones.

D2
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User 1

User 2
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D1
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Fig. 2. Users 1 and 2 can exchange data when they meet at the cross.

high reading of the pollen level in that area. If user 2 is allergic
to pollen, he may avoid going to that area.

B. Data Collection and Information Exchange
More formally, we divide the sensing field into a number of

grid cells. There are I sensors, S1, S2, ..., SI deployed at grid
cells g1, g2, ..., gI to monitor the environment. They can com-
municate with any mobile phones within their communication
range F . The mobile phones are carried around by human
beings who are walking in the sensing field. When a mobile
phone user approaches a sensor, he can collect data from the
sensor and visualize the data on his mobile phone. We consider
a slotted time t = 0, 1, ...tn in our system. Each mobile phone
user i moves along an independent path Pi = (gt0i , gt1i , ...gtni )
in the sensing field, where gti is the grid cell that i is located
at time t. Table I lists the parameters that we use in this paper.

We define Qt
i as the data of interest from user i at time t

and Ct
i =

⋃t
t′=t0

ct
′

i as the set of data collected by i from the
grid cells that he has visited, where ct

′

i is the data collected by
i at time t′ from the sensor in grid cell gt′i . If he is interested
in other data in the sensing field, he can exchange data with
other mobile phone users within the communication range.
We also define Dt

i as the total data obtained by i directly
communicating with the sensors or exchanging information
with other mobile phone users up to time t, where Ct

i ⊆ Dt
i .

For a given pair of mobile users (i, j), we adopts the contact
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TABLE I
NOTATIONS

gs grid cell s
Pi path of mobile phone user i
N number of paths
M number of data repositories
K average number of data repositories on a path
R set of data repositories
F communication range
gti grid cell that user i located at time t
Qt

i data interest of i at time t
Ct

i grid cells visited by i up to time t
Dt

i data received by i up to time t

U
i,j
t contact status between i and j at time t

Tk contact time for information exchange
bi collection time of the data stored by i

E
Tk
i data obtained by i after exchange at time Tk

Rm data repository m
Lm location of data repository Rm

CG = (V, E) communication graph
KBv K-benefit of adding v to R
H average path length
pc average contact probability
pnew average probability of new data in exchange
δd average increase of data in one time slot

model defined by [28] as

U i,j
t =

{

1 if i and j are in contact during time slot t,
0 otherwise.

(1)
For the pair (i, j) we consider the sequence of the time

slots T0 < T1 < ... < Tk < ... that describes all the values of
t ∈ N such that U i,j

t = 1. If both users i and j are interested
in the data of the whole sensing field. They can exchange their
collected data, DTk

i and DTk

j when they are in contact at time
Tk.

IV. OPPSENSE: INFORMATION EXCHANGE FOR MOBILE
PHONES USING DATA REPOSITORIES

A. System Design
We propose a novel and efficient data collection and in-

formation exchange framework for mobile phone users in a
sensing field using data repositories. OppSense can ensure
guaranteed data availability with minimized communication
overheads for mobile phone users independent of their contact
rates. It overcomes a major problem of existing opportunistic
information exchange in which the system performance de-
pends heavily on the contact rates of the users that may lead
to insufficient data availability and extremely high communica-
tion overheads. The main idea is that mobile phone users will
be provided with guaranteed opportunities to exchange infor-
mation with the data repositories. Different from opportunistic
exchange, users only need to exchange information with the
deployed data repositories, rather than with any other users
that they meet. We achieve the assured system performance
by deploying data repositories at optimal locations considering

Fig. 3. (a) User A can download D2 at the repository, even though he did not
meet user B directly. (b) The communication overheads are greatly reduced
if the users only exchange information with the repositories, rather than with
all users.

the mobility of mobile phone users. We observed that mobile
phone users usually walk along common paths in many ap-
plications, e.g. hiking trails, walkways, etc. By exploiting the
paths of users, data repositories could be carefully deployed
to provide mobile phone users guaranteed opportunities to
exchange information. Since the mobile phone users only
exchange information with the data repositories, their data
availability and communication overhead will not be affected
by the excessive or inadequate contacts with the other users.
In our system, the number of data repositories are minimized
to reduce the deployment cost and communication overheads.
In addition, data repositories will refresh and remove old data
in their buffers to further improve the efficiency of information
exchange.

Two major benefits of our system are illustrated as follows.
Figures 3(a) and (b) show the same sensing environment with
low and high contact rates respectively. In Figure 3(a), user
B uploaded data D2 about trail 2 when he passed by the
repository. User A can then download the data D2 when he
arrives at the repository later. Our system can provide each
mobile phone users opportunities to exchange information
even though they do not meet each other. Consider another
case in Figure 3(b), the high contact rates in opportunistic
information exchange can bring very high communication
overheads. The communication overheads are greatly reduced
in our approach as the users only exchange information with
the data repository. The data repository can buffer the data
and reduce the communication overheads significantly without
degrading the data availability.

B. Information Exchange in Data Repositories
In our system, stationary data repositories are deployed in

the sensing field to provide efficient information exchange
considering the mobility of users. Data repositories and mobile
phone users can exchange information when they are within
their communication range. A mobile phone user will upload
his collected sensing data to the data repository and download
the sensing data of his interests from there. Data repository
will store the sensing data uploaded by the mobile phone users.
If a data repository has received multiple readings from the
same sensor, only the most recent reading will be stored.

Let Ti and Tj be the contact times of users i and j with
the data repository Rm, where Ti < Tj . Supposed that the
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two users have both visited grid cell gs at different times bi
and bj with readings r1 and r2 respectively, where bi < bj .
The data repository stored the reading r1 when user i arrived
at Ti in the format of < gs, bi, r1 >. When user j arrives at
time Tj later, the data repository finds that the sensor reading
r2 from j is more recent than r1, give that bi < bj . Then, it
will update the stored data as < gs, bj, r2 >. Based on this
refreshing mechanism, the old data from the same locations
could be removed. Thus, both the communication and storage
overheads will be reduced.

C. Information Exchange in Mobile Phones
A mobile phone user will upload his collected data and

download new data from the data repositories in an infor-
mation exchange. We observe that the interests of data from
individual users are spatially and temporally related to their
current locations and activities. In general, a user i will be
mostly interested in the recent data about his surroundings. He
can gain new information from the repository Rm in contact
at time Tk, ETk

i , which is represented by

ETk

i = {QTk

i

⋂

DTk
m }, (2)

where QTk

i is the data of interest from i, DTk
m is the data

gathered by Rm up to time Tk.
The total amount of data obtained by i after the exchange

becomes

D
T ′

k

i = ETk

i

⋃

DTk

i (3)

=
{

QTk

i

⋂

DTk
m

}

⋃

DTk

i , (4)

where DTk

i is the data collected by i before the exchange.

V. DEPLOYMENT OF DATA REPOSITORIES

The placement of data repositories is critical for efficient
information exchange. A random or arbitrary placement may
lead to inadequate data availability, high deployment cost and
high communication overheads. In the worst case, a poor
deployment would even partition the network and block the
information flows between different areas. In our system, we
aim at minimizing the number of data repositories deployed,
while providing satisfactory data availability with reduced
communication overheads for the mobile phone users. We
observe that human beings usually walk along pre-defined
or common paths, like the hiking trails in country parks, or
walkways in campuses or cities. Our problem formulation aims
at providing sufficient connected K-cover to the paths of the
mobile phone users. The parameter K in the connected cover
controls the minimum number of repositories along each path,
which can be determined by the application requirements.

A. Formulation of Placement Problem
We consider a sensing field being divided into a number

of grid cells of size F x F . We assume that the sensors are
deployed at the center of the grid cells. Mobile phones and
sensors in the same grid cell can communicate with each other.
Consider a network with N paths P1, P2, ..., PN as shown in

Fig. 4. Three paths P1, P2 and P3 are shown in a sensing field. Only the
center of the grid cells and their (x,y) coordinations are indicated here.

Figure 4, a set of data repositories R ∈ {R1, R2, ...RM} will
be deployed at the selected grid cells along these paths, where
M is the maximum number of available data repositories.
Definition 1. (Communication Graph) Given a number of

grid cells, V , the communication graph of the network is the
undirected graph CG with V as the set of vertices and an
edge between any two vertices if there is a path connecting
the two vertices. Let L ∈ {L1, L2, ..., LM} be the set of grid
cells where the set of data repositories R ∈ {R1, R2, ..., RM}
will be deployed. The communication subgraph induced by
the locations of repositories is the subgraph of CG involving
only the vertices in L.
Definition 2. (Connected K-Cover of Data Repositories)

Consider a network consisting of N users with a set of paths
P = {P1, P2, ..., PN}. Given a set of paths P of the mobile
phone users, a set of grid cells L is said to be a connected
K-cover of data repositories if the following two conditions
hold:

1) For each Pi = (gt0i , gt1i , ..., g
tni

i ), there exists at least K
data repositories Rm ∈ R located along Pi, i.e. ∃Lm =
gti for t ≤ tni

, where tni
is the end of Pi. This condition

implies that each path in P is covered by at least K data
repositories.

2) The data repositories must be connected by the paths of
mobile phone users. The subgraph induced by L in CG
is connected, where CG is the communication graph
of the grid cells. In other words, any data repository
Rm located at Lm can communicate with any other data
repositories in the cover, through the paths of mobile
phone users.

The parameter K in our problem formulation indicates the
minimum number of data repositories along each path in P .
An analogy is similar to how many notice boards a hiker
would see along his walk in a national park. A larger K
provides the mobile phone users more opportunities to ex-
change information. However, it also requires greater number
of data repositories which are constrained by the deployment
cost in practice. Unreasonably high K would increase the
communication overheads and degrade the efficiency of our
system.
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Connected K-Coverage Problem for Data Repositories:
Given a set of paths P of mobile phone users in a sensing
field, the connected K-coverage problem for data repositories
is to deploy minimum data repositories that are connected
and provide K-cover to all paths. The connected K-coverage
problem is NP-hard as it is a generalization of the connected
1-coverage problem which is already known to be NP-hard
[29], [30].

B. Placement Algorithm for Data Repositories
We present a greedy algorithm to solve the connected K-

coverage problem for the placement of data repositories. The
greedy algorithm works by selecting, at each stage, a path
that connects an already selected grid cell to a grid cell
that covers the insufficiently covered paths the most. In other
words, the selected grid cell gives the greatest benefit, named
as K-benefit, to achieve the K-cover. The algorithm termi-
nates when the selected set of grid cells for data repository
deployment provides K-cover to all paths of mobile phone
users.

Intuitively, only grid cells along the paths of mobile phone
users would be considered for data repository deployment. Let
CG = (V,E) be the graph formed by these grid cells v ∈ V .
Any pair of nodes in V is connected by an edge e ∈ E if
they are along the same path. We define KBv as K-benefit
which indicates the benefits of adding a new data repository
at location v.

KBv = B(R
⋃

v,K)−B(R,K), (5)

where B(R,K) =
∑

Pi∈P (min(K,
∑

Rm∈R z(Pi, Rm))) and
z(Pi, Rm) is the number of times that path Pi is covered by
data repository Rm. B(R,K) denotes the K-value of a set
of data repositories R. It is defined as the sum of the total
number of times (bounded by K) each path is covered by the
data repositories in set R.

Consider Figure 4 with K = 2 as an example, B(∅, 2) = 0
initially. The K-benefit of grid cell g(2,−1) is KBg(2,−1)

=
B({g(2,−1)}, 2) − B(∅, 2) = 2. Similarly, the K-benefits of
grid cells g(3,−3) and g(5,2) are KBg(3,−3)

= 2 and KBg(5,2) =
1 respectively.

The algorithm for the placement of data repositories is
presented in Algorithm 1. First, we set the remaining data
repositories DRnum as the maximum number of available
data repositories M . R represents the set of already included
data repositories which is initially empty. The algorithm starts
with calculating the K-benefit KBv for all grid cells v ∈ V .
Then, it includes the grid cell v∗ with the maximum K-benefit
KBv∗ in graph V . If multiple grid cells have the same K-
benefit, the one with the maximum visiting frequency from
the mobile phone users will be selected. The reason is that
more popular grid cell will provide mobile phone users more
opportunities to exchange information. By selecting the node
with maximum K-benefit, the algorithm will provide the best
cover to the insufficiently covered paths. After the selection, R
and DRnum will be updated. At each stage, the algorithm adds
in one data repository that is connected to the already installed

Algorithm 1 Deployment of data repositories
{Step 1: Initialization}
Initialize K;
DRnum = M ;
P = {P1, P2, ..., PN};
R = ∅;

{Step 2: Adding data repositories}
while (P is not K-covered) and (DRnum > 0) do

Find all nodes v ∈ V which are connected to subgraph induced
by R in CG;
Calculate the K-benefit, KBv for all v;
Find v∗ ∈ V with the maximum KBv∗;
if Multiple nodes v∗ have the same KBv∗ then

Choose the v∗ with maximum visiting frequency;
end if
R = R

⋃
v∗;

DRnum = DRnum − 1;
end while
Return DRnum, R;

data repositories R and covers the insufficiently covered paths
the most. The algorithm continues as there are paths not
satisfied K-cover and more data repositories are available.

VI. ANALYSIS

A. Data Availability
We define data availability as the data coverage received

by a user of the sensing field. A user can collect the data
either by himself or by exchanging information with the data
repositories. The data availability is high if a user receives
data from more grid cells in the field. We quantify the data
availability as |Dt

j |, which is the cardinality of the set of
collected data Dt

j in mobile phone j at time t.
The data availability considering data exchange between

mobile phone j and data repository Rm in contact is modeled
by

|Dt
Rm

| =

{

|Dt−1
Rm

| if URm,j
t = 0,

|Dt−1
Rm

|+ |Dt−1
j |pnew if URm,j

t = 1,
(6)

where pnew =
|Dt−1

j −Dt−1
Rm

|

|Dt−1
j |

is the proportion of new data to
Rm from j. pnew is larger if the path of j has less overlapping
with the paths of other mobile phone users.

|Dt
j | =

{

|Dt−1
j |+ δd if URm,j

t = 0,
|Dt−1

Rm
|+ |Dt−1

j |pnew if URm,j
t = 1,

(7)

where δd is the average newly collected data by j in one time
slot.

We let pc be the average contact probability between Rm

and j, i.e. pc = P [URm,j
t = 1] for each time slot, where pc =

K/H , K is the average number of repositories on a path and
H is the average path length. Figure 5 shows the average data
availability, which is measured in number of grid cells varying
K with H = 1000, δd = 0.1 and pnew = 0.3. Data availability
increases quickly with K at the beginning and becomes steady
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Fig. 5. Data availability varying K with H = 1000, pnew = 0.3, δd = 0.1,
N = 10, 20 and 30.

gradually. It indicates that excessive data repositories mainly
bring redundant data after saturation. We plot the curves with
N = 10, 20 and 30 respectively. The results show that higher
number of users will increase the overall data availability of
the system as they can collect more data from different paths.

B. Communication Overheads
When a mobile phone user reaches a data repository, they

first exchange information (or data list) of their buffered data.
Then, they can select and exchange data of their interests.
We calculate the communication overheads, Msgj in number
of messages for information exchanges between the mobile
phone j and data repositories.

Msgj = 2Hjpc, (8)

where Hj is the path length of j and pc is the average contact
probability between j and the data repositories. Hjpc also
implies the average number of contacts between j and the
data repositories. Consider our deployment algorithm, given
K as the minimum number of data repositories on each path,
the average number of messages for information exchanges in
each user, Msg, is at least 2K .

VII. PERFORMANCE EVALUATION

We evaluate the performance of information exchange with
data repositories among the mobile phone participants based
on the traces collected from NCSU [8], [9]. The human
mobility traces are collected with GPS receivers carried by 35
participants at every 10 seconds. These traces are mapped into
a two dimensional area and recomputed to a position at every
30 seconds by averaging three samples over that 30 second
period to account for GPS errors [8]. All mobile traces start
at the same time, but they may end at different times.

We divide the sensing field into 100x150 grid cells with
sensors deployed at the center of each of them. We assume that
the mobile phone users are interested in the sensing data of the
whole sensing field. They can collect data from the sensors in
the same grid cells. In addition, they can exchange information
with the data repositories along their walks. We also compare
our system performance with opportunistic exchange in which
mobile phone users exchange information with any other users
within their communication range.
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Fig. 6. The average data availability of mobile phone users in environment
with high contact rates at N = 35, K = 3 and M = 10.

A. Environment with High Contact Rates
We first evaluate the data availability and communication

overheads of mobile phone users in an environment with high
contact rates. We set K = 3 and run our deployment algorithm
which results in M = 10 data repositories for the 35 users.
1) Data Availability: Data availability is measured by the

coverage of available data received by the users. Data from the
same grid cells are counted only once as the buffered data will
be refreshed from time to time. Figure 6 shows that average
data availability of all users measured in number of grid cells.
The users start their walks at the same time in our traces, but
they may finish their walks at different times depending on the
paths they chose. This explains why the average data avail-
ability of the users may drop sometimes. Both the results of
information exchange with data repositories and opportunistic
information exchange are plotted. After the system is stabilized
at 60000s, the data availability provided by data repositories is
much higher than opportunistic exchange. It takes some time
for our system to start up as the data repositories are empty at
the beginning of the experiment. The results show that the data
availability with data repositories out performs opportunistic
information exchange, even though the mobile phone users
have high contact rates in this environment. We also expect
that the data availability of the network with data repositories
will further increase as more data are accumulated in the data
repositories in the long run.
2) Communication Overheads: Figure 7 shows the com-

munication overheads for information exchange of individual
mobile phone users. The number of messages in opportunistic
exchange is very high with an average of 118 messages per
mobile phone user. It is because the number of contacts
between mobile phone users are very high in this experiment.
The communication overheads of information exchange with
data repositories has an average of only 34 messages per user.
The results demonstrate that data repositories can reduce the
communication overheads significantly without degrading the
data availability.

B. Environment with Low Contact Rates
We evaluate our system performance in environment with

low contact rates here. To simulate the low contact environ-
ment, we select 10 traces randomly from the original set of
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Fig. 7. The communication overheads of individual users in environment
with high contact rates at N = 35, K = 3 and M = 10.
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Fig. 8. The average data availability of mobile phone users in environment
with low contact rates at N = 10, K = 6 and M = 7.

real mobile traces. We run our data repository deployment
algorithm with K = 6 and find that M = 7 data repositories
are required to fulfill the K-cover.
1) Data Availability: Figure 8 shows that our approach with

data repositories can achieve much higher data availability than
opportunistic information exchange from the very beginning.
It demonstrates that data repositories can effectively improve
the data availability in environment with insufficient contacts.
2) Communication Overheads: Figure 9 shows that the

communication overheads of information exchange with data
repositories are slightly higher than that in opportunistic
information exchange. However, the number of messages in
both schemes are very small with only 20 and 10 messages per
user on average. The slightly higher communication overheads
with data repositories are reasonable given the improved data
availability for mobile phone users.

C. Impact of Number of Data Repositories on Path (K)
We repeat the experiments with the same traces as above

varying the number of data repositories on path K . Figure
10 shows the required number of data repositories M for
deployment in the environment with high contact rates (N =
35) and low contact rates (N = 10) respectively. We find that
more data repositories are required to provide K-cover when
N increases.
1) Data Availability: Figure 11 shows the data availability

of the same experiments with N = 35 and N = 10 respec-
tively. The data availability of opportunistic exchange is also
plotted for comparison, which is a constant independent of the
number of repositories. The data availability with repositories
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Fig. 9. The communication overheads of individual users in environment
with low contact rate at N = 10, K = 6 and M = 7.
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Fig. 10. Required number of data repositories for deployment with N = 35
and N = 10.

increases with K and becomes steady after saturation, which
is consistent with our analytical results in Figure 5. There is a
small drop on the curve with data repositories at N = 35
and K = 4 though, which is believed to be due to the
randomness of our heuristic placement algorithm. In general,
data repositories can achieve much higher data availability
than opportunistic information exchange. The data availability
with data repositories at N = 10 and K = 6 increases 41%
compared with opportunistic exchange.
2) Communication Overheads: The corresponding commu-

nication overheads are shown in Figure 12. The communica-
tion overheads with data repositories reduces to only 28% of
opportunistic exchange at K = 3 and N = 35, even giving its
improved data availability as discussed in Figure 11. Similarly,
the communication overheads with data repositories at N = 10
are reasonably low, which are around 10-25 messages. Given
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Fig. 11. The average data availability varying K with N = 35 and N = 10.
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Fig. 12. The average communication overheads varying K with N = 35
and N = 10.

its greatly improved data availability (up to 41% as shown
in Figure 11), the overheads with data repositories are well
justified. We find that the communication overheads with data
repositories increase with K quite linearly, which validates
our analytical results in Section VI.B. It is interesting to see
that the communication overheads with N = 35 is much
higher than the lower bound 2K presented in our analysis.
It is because many users visit the same repositories more than
once along their paths in our traces.

VIII. CONCLUSIONS AND FUTURE WORKS

In this paper, we proposed OppSense, a novel data collection
and information exchange framework for mobile phone users
in a sensing field. It leverages data repositories to provide
satisfactory data availability with minimized communication
overheads for information sharing even in environments with
inadequate or excessive contacts. It overcomes a major prob-
lem of existing opportunistic exchange in which the system
performance depends heavily on the contact rates between the
users. OppSense achieves the guaranteed system performance
by exploiting the paths of mobile phone users and deploying
data repositories at optimal locations. It provides assured
opportunities of information exchange for all the mobile phone
users with minimized data repositories. We formulated the
placement of data repositories as a connected K-coverage
problem and presented a heuristic algorithm for this NP-hard
problem. We evaluated our proposed framework and algorithm
using real mobile traces and compared its performance with
existing opportunistic exchange mechanism. Extensive sim-
ulations demonstrated that data repositories can effectively
increase the data availability 41% in low contact environment
and significantly reduce the communication overheads to only
28% in high contact environment.

In the future, we are interested in having hybrid schemes
using both data repositories and mobile-to-mobile information
exchange. We also plan to build a real application and study
the human and social behaviors in practice.
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