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Abstract— This paper explores efficient 3G budget utilization
in mobile participatory sensing applications. ! Distinct from
previous research work that either rely on limited WiFi access
points or assume the availability of unlimited 3G communication
capability, we offer a more practical participatory sensing system
that leverages potential 3G budgets that participants contribute
at will, and uses it efficiently customized for the needs of
multiple participatory sensing applications with heterogeneous
sensitivity to environmental changes. We address the challenge
that the information of data generation and WiFi encounters is
not a priori knowledge, and propose an online decision making
algorithm that takes advantage of participants’ historical data.
We also develop a heuristic algorithm to consume less energy
and reduce the storage overhead while maintaining efficient 3G
budget utilization. Experimental results from a 30-participant
deployment demonstrate that, even when the budget is as small
as 2.5% of a popular data plan, these two algorithms achieve
higher utility of uploaded data compared to the baseline solution,
especially, they increase the utility of received data by 151.4%
and 137.8% for those sensitive applications.

I. INTRODUCTION

In this paper, we develop a novel smart phone based
vehicular participatory sensing system that achieves efficient
utilization of limited 3G budgets to improve system perfor-
mance. This work is motivated by the emergence of vehicular
participatory sensing applications [1], [2], [3], where data
are collected from vehicles, stored locally, then offloaded to
backend servers via WiFi or 3G. We assume that users will
typically not allow participatory sensing applications to use
3G communication without limitation, since unlimited data
plans are no longer prevalent [10], [11]. The WiFi-based store-
and-forward approach, on the other hand, may result in large
latency motivating the work described in this paper.

Vehicles are becoming popular in sensor data collection.
First, their natural mobility increases coverage for many par-
ticipatory sensing applications [4]. Second, our daily commute
itself has become a target of many research efforts, such as
those that aim to save fuel consumption [3], find available
parking positions [7], avoid traffic jams or routes in bad
condition [1], [2], [8], or share general road-side events [6].

'We use participatory sensing in a broader sense to refer to any appli-
cations where data are collected with approval of participating volunteers,
irrespectively of whether or not they are actively involved in making the
measurements. We refer mobile participatory sensing to vehicular participa-
tory sensing using smart phones.

Exploiting drivers’ own phones avoids additional investment
costs to participants. Compared to placing conventional PC-
like devices in cars/buses [1], [5], [6], smart phones are
more pervasive and easy to use, while meeting application
requirements of sensing, computation, and storage.

The philosophy underlying our work is that we believe many
participants are indeed capable of contributing a budget of 3G
data. They either still use an unlimited data plan, or have a
limited data plan but only use a small portion of it every
month. The incentive for these participants to contribute a
3G budget in support of participatory sensing applications is
that they want to have their own sensory data delivered and
analyzed more reliably and quickly without extra cost, leading
to improved feedback services for themselves.

Advances of technologies have made smart phones nowa-
days powerful enough to run multiple participatory sensing
applications simultaneously. These applications typically have
heterogeneous sensitivity/tolerance to environmental changes,
for example, applications for traffic monitoring or parking
lot availability are no doubt more sensitive than those for
finding all Starbucks in a city or raising greener driving
habits for aggressive drivers. This difference of properties
among applications, typically represented by utility of received
data, brings further opportunity to optimize the quality of
information (Qol) during offloading process under the limited
3G budget constraint.

The main contribution in this paper lies in that we develop
a novel communication framework in mobile participatory
sensing applications, in which a decision making algorithm
is designed to assign the limited 3G budget to the sensory
data of multiple participatory sensing applications for better
overall utility. The biggest challenge behind this problem is
that the information of data generation and encounter of WiFi
access points is not a priori knowledge, thus conventional
deterministic resource allocation methods are not applicable
here. Instead, our solution predicts these information by taking
advantage of participants’ historical data, and provides an
online decision making algorithm to decide which sensory data
should be offloaded via 3G communication while others wait
for WiFi access points. In addition, we propose a heuristic
algorithm that adopts a simple and effective fashion and
maintains efficient 3G budget utilization.
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Our solution is evaluated by experimental results from a
campus-wide deployment with 30 participants, each driving
at least 100 miles. Simulation results of replaying the gen-
erated sensory data and WiFi encounters in the deployment
demonstrate that our proposed solutions successfully improve
the overall utility of received data, and can be tailored for
heterogeneous needs of multiple participatory sensing appli-
cations.

The remainder of this paper is organized as follows. We
compare our work with state of the art in Section II and
present the system design in Section III. The evaluation for
our proposed solution is discussed in Section IV. Finally, we
conclude the paper in Section V.

II. STATE OF THE ART

Most prior mobile participatory sensing applications have
focused on leveraging smart phones placed in vehicles. For
example, the Nericell project [2] presents a system that per-
forms rich sensing using smartphones that users carry with
them in normal course, to monitor road and traffic conditions.
The GreenGPS system [3] provides a service that computes
fuel-efficient routes for vehicles between arbitrary end-points,
by exploiting vehicular sensor measurements available through
the On Board Diagnostic (OBD-II) interface of the car and
GPS sensors on smart phones. SignalGuru [1] is a software
service that relies solely on a collection of mobile phones
to detect and predict the traffic signal schedule, producing
a Green Light Optimal Speed Advisory (GLOSA). These
systems rely on WiFi access points, and assume transmitting
data through 3G networks is not desirable. However, open
public WiFi is becoming less prevalent as more access points
are becoming private or secure, resulting in a big delay
time for generated sensory data to be delivered. Our paper
aims to overcome this drawback by allowing participants who
have many remaining 3G data every month to contribute a
reasonable 3G budget without extra cost to help improve the
system performance.

Consumption of mobile data by the pervasive usage of
smart phones is forcing carriers to find ways to offload the
network. Since the modern smart phones have been introduced
worldwide, more and more users have become eager to engage
with mobile applications and connected services. This eager-
ness has boosted up sales in the market more than 64% up
annually worldwide in Q2 2010 [9]. Simultaneously, smart-
phone owners are using an increasing number of applications
requiring the transfer of large amounts of data to/from mobile
devices. As a consequence, the traffic generated by such
devices has caused many problems to 3G network providers.
AT&Ts subscribers in USA were getting extremely slow or
no service at all because of network straining to meet iPhone
users demand [10]. The company switched from unlimited
traffic plans to tiered pricing for 3G data users in summer
2010. Similarly, Dutch T-Mobiles infrastructure has not been
able to cope with intense 3G traffic, forcing the company to
issue refunds for affected users [11]. Meanwhile, carriers are
willing to use more pervasive technologies, such as Wi-Fi

access points and hot spots. The proliferation of modern Wi-
Fi enabled smartphones, together with the network providers
tendency towards already existing technologies has turn Wi-Fi
offloading into a reality. However, it is reported that the WiFi
coverage is quite limited, usually under 20%, even in big cities
[12].

Several existing work have investigated making use of
different types of communications for data dissemina-
tion/collection purposes. Wiffler [12] is a system to augment
access to 3G network through WiFi offloading, by leveraging
delay tolerance and fast switching of devices. However, it
focuses only on Internet access from moving vehicles. Han
et al. proposed MoSoNet [14], the first work to exploit
opportunistic communication to alleviate 3G traffic, achieved
by using a target set and 3G recovery. However, this approach
only works for data dissemination and is not applicable for
data collection process as in our mobile participatory sensing
applications. The VIP-delegation work [15] proposed a data
dissemination/collection model based on social groups. Lee et
al. measured the performance of 3G mobile data offloading
through WiFi networks, and emphasized the incentive of
delayed offloading to save traffic and energy [13]. The Multi-
Nets [16] is a system capable of switching between wireless
network interfaces (e.g., 3G and WiFi) on mobile devices
in real-time, to achieve higher throughput and save energy.
Besides the differences in both the nature of the problem and
the application scenario compared to our work, these related
work consider all data are of the same type and importance,
while we take one step forward and address the scenarios
of multiple applications running simultaneously, which is the
trend as smart phones are more powerful nowadays. Moreover,
all of them considering 3G communications assume there
is no limitation for 3G usage, which is not reasonable in
the near future; instead, we take advantage of those who
are capable of contributing a 3G budget to the participatory
sensing applications, and address the problem of efficient
utilization of these precious 3G data.

III. SYSTEM DESIGN

In this section, we present the system design for efficient
3G budget utilization among multiple participatory sensing
applications. We first describe the system model, then explain
our proposed algorithms in detail.

A. System Model

Our system is designed to operate in a vehicular participa-
tory sensing network of n mobile nodes (vehicles) that can
generate sensor data via smart phones of participants. Each
sensor node run M different types of participatory sensing
applications simultaneously, and generate N types of data
packets. The sampling rates of these packets are denoted by
A1, A2, -+, A, respectively. Some of these packets are more
sensitive/tolerant to environmental changes than others, and
the utility functions of these packets are Uy, Us,--- ,Un. We
assume that, for every data packet, its utility is a monotonically
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decreasing function of time ¢. All nodes have buffers of fixed
size Cp that can be used to store packets.

The participatory sensing area is partially covered by WiFi
access points. When a sensor node moves into the range of
an access point, data packets in its buffer are offloaded to a
backend server through WiFi communications. Without loss of
generality, we assume that the WiFi capacity is large enough
to offload all data packets in the buffer. This assumption
is reasonable because participants usually can only access
those WiFi networks at their homes, offices, and some public
places like shopping malls, and spend quite a long time in
these places. In addition, the size of participatory sensing data
typically are small as long as no large amount of video clips
are generated.

Each sensor node is associated with an amount of 3G
budget. This budget is determined by the participant itself,
based on his/her 3G data plan, living style, and willingness
to contribute to the participatory sensing applications. For
simplicity, the participatory sensing process is divided into
multiple cycles, and the budget is equally assigned into each
cycle. For instance, 600 bytes of budget per month can be
transferred to 20 bytes per day. This assignment is additive,
which means the remaining budget from previous cycles is
accumulated into the new one.

Under this system model (as shown in Figure 1), we are
interested in solving the following problem: At any time
point in a cycle, whether packets in the buffer should be
transmitted through 3G communications if there are still 3G
budget remaining? If so, how much and which of them should
be sent? This problem is challenging mainly because the
information of when new sensor data are generated and the
participants can encounter an access point is NOT a priori
knowledge, and utility functions are different among multiple
participatory sensing applications. In the rest of this section,
we first describe the 3G-budget online algorithm to predict
these information based on the participants’ historical data,
then present a heuristic algorithm running in a simple and
effective fashion.

B. Online 3G-budget Algorithm

As detailed above, in practice the global information about
data generation and WiFi access point encounters is unknown
in advance. In this section, we develop an online algorithm

input : A smart phone with multiple applications
running.
output: Communication decisions.

1 initialization;

2 while system is running do

3 if a data plan period starts then

4 budget B is reset to a pre-specified number;

5 end

6 if new data x is generated then

7 update historical data generation information
(TTL and (Qla ey QnL));

8 add newly generated data into queue;

9 end

10 if wireless is connected then

11 update the mean time to wireless connection;
upload all data in queue via wireless;

12 else

13 sort the utility loss of data in current queue
u; — ¥; and future utility loss Uz — ‘A/Z from
historical data together in a decreasing order;

14 determine which data should be uploaded via
3G, given the current budget and the order
derived above;

15 update the queue of generated data;

16 update the budget B;

17 end

18 end

Algorithm 1: Online 3G-budget algorithm.

that does not assume the availability of these information and
estimate them based on historical data of participants.

Let each data plan period have K time cycles and each time
point ¢y in a data plan period can be expressed as time ¢ of
cycle ¢;. At time ¢ of ¢; within a data plan period, we assume
there are n data clusters of size ¢y, ...,q, in queue. Each of
the data clusters is consisted of data packets generated at the
same time and from the same type of application. These n
data clusters have utilities ug, ..., u, at time to. The objective
of this online algorithm is to decide at this time point, which
of the n data clusters should be uploaded and how much of
them should be uploaded using 3G communications. Assume
that when the wireless is connected for the first time after time
to, the utilities of them become v, ..., v,. After time ¢ty and
within the current data plan period, there are m data clusters
generated with size Q1, ..., Q,, and utilities Uy, ..., U,,. These
data clusters have utilities V7, ..., V,,, when the wireless is first
connected after the data are generated. All of m, vy, ..
Q1y.rs Qum, Uy, ..., U,, and V7, ..., V,, are unknown.

Assume that x; out of ¢; is uploaded at time ¢ using 3G
network and the rest of i*" data cluster will be uploaded via
wireless when an access point is encountered. The reason that
besides z;, no data is uploaded using 3G network is, given the
fixed budget, the uploaded data will cost the same amount of
budget and an earlier upload would have larger utility.

'7UTL7
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Therefore, for the data in queue at time ¢, the total uploaded
utility is,

Fi(z1y.yxy)

n n
Z Tiu; + Z((Jz — ) v;
i=1 i=1
n n
= Z viG; + Z(Uz — ;)T
i=1 i=1

Then after time ¢, the total budget left is B — Y7 | z;.
Therefore, the maximum uploaded utility for the data packets
generated after time % is,

Gt(.’El, ,l’n) =

maxyl yeesYm

m m
D ViQi+ Y (Ui = Vi)ys
=1 =1

s.t. 0<y; <Q;,i=1,....m
m n
D usB-) a
i=1 i=1

The solution for z1, ..., x, is to maximize

E[Fi (21, ..., @) + Gi(x1, ...y )]

where the expectation is over vi,...,Up, M, Q1,..., Qm.,
Ui,...,U, and V7, ..., V,,.

In practice, the optimization is computationally expensive,
so instead of maximizing the expectation of the total uploaded
utility, we estimate the unknown m, vy,...,v,, Q1,..., Qm
and Vi,...,V,, using the historical data and then solve for
(21, ...,25). Here the estimations from the historical data are
based on individual cycles. To estimate m and ();’s, the mean
cluster size generated from each type of application at every
time point within a cycle using historical data is computed.
Then the estimator of m, 7 is simply the number of data
clusters with non-zero mean size. The estimators for @;’s, Qi’s
are the mean cluster sizes multiplied by (K — ¢;) for the time
points prior to or at time ¢ and multiplied by (K —c;+1) for the
time points after ¢. To estimate vy, ...,v, and Vi, ..., Vj, the
mean time to wireless connection for each time point within
a cycle is computed from historical data and the estimators
D1y eees Up, Vl, e Vs, are obtained using utility functions.

Then 21, ...,z, can be estimated by solving,

n n

maxxl,...,:En.,yl,...,y,;l Z Viq; + Z(% - xz){)z (1)

=1 =1

+Y ViQi+ Y (Ui = Vi (2)
s.t. 0 ézziz < ui7iill, ey (€))]

0<y <Qui=1,...,m (@)

Enjxi - Emjy <B (5)

1=1 =1

We note that this is a standard linear programming problem.
In addition, with the assumption that all data packets have
approximately the same size, the number of data packets that

should be uploaded via 3G at time t; can be solved using
following approach,

1) sort the all data clusters, including data clusters in
current queue and future data clusters estimated from
historical data, in the decreasing order of utility loss,
ie. U; — f]l and Ul — ‘A/;

2) if the budget B allows, the data packets with larger u; —
o or U;—V; will have higher priorities of being uploaded
via 3G network, according to the order derived above.
If a future data cluster has priority and the budget also
allows, even though it is not generated at time ¢, budget
will be reserved for it. Thus there will be less budget
for the data behind it. A data packet in queue at time ¢
will be uploaded at time ¢y via 3G network if all data
clusters in front of it have not taken up all available
budget.

The online 3G-budget algorithm needs to keep the following
historical data to process: assuming that there are n time points
in a cycle, and the total number of data types is m. First, a n x
m matrix is used to record average amount of data generated
for each data type at any time point in previous cycles. Then
another n X m matrix to keep the number of cycles for the
first matrix is required. Similarly, two vectors with length n
are needed to record the average time to meet WiFi access
point at each time point in previous cycles and the number of
cycles for these records. Therefore, totally 2n(m + 1) records
need to be kept, and the total storage overhead highly depends
on n indicating the frequency of running the algorithm.

In summary, the online 3G-budget algorithm is described in
Algorithm 1.

C. Heuristic Algorithm

One drawback of the online 3G-budget algorithm is that it
requires a large amount of computation to update the matrixes
for historical data and run the algorithm at all time points,
therefore, it may consume a big amount of storage and energy
for resource-constraint mobile phone platforms.

Based on this observation, we propose a heuristic algorithm
to provide a simple and effective solution. The idea is to split
the overall 3G budget in each cycle into two pieces: reserved
budget B; and flexible budget By. Namely, B is reserved for
those applications that are sensitive to environmental changes,
denoted by SENSITIVE. applications in SENSITIVE can be
selected by setting a threshold by the application provides
about when they think the data is not interested any more, and
a predefined threshold can be used to differentiate SENSITIVE.
Based on the historical information, the average amount of
data generated for SENSITIVE in a cycle can be calculated,
denoted by n’. To make the reservation more conservative, we
also set a balance coefficient, denoted by «, to n’. Thus, By
can be obtained by:

Bi=a-n (6)

The flexible budget, Bs, can be used by those applications
that are not sensitive to environmental changes, denoted by
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Non-SENSITIVE. Moreover, applications in SENSITIVE can
use this flexible budget as well if By runs out and there are
still remaining Bs.

When a new cycle starts and there are remaining data in
the queue from the last cycle, these data will be uploaded
using the new budget following the same rule as above. The
order of upload in SENSITIVE and Non-SENSITIVE is based
on the application thresholds set by different providers, and
those with more sensitive properties have higher priority.

Within a cycle, the algorithm only runs at time points when
new data are generated and the budget is not empty. Decisions
are made for data in the queue in a greedy fashion: If there is
budget in the right category, send that data via 3G; otherwise,
wait for WiFi communications.

In summary, the details of the heuristic algorithm are
described in Algorithm 2.

IV. EVALUATION

In this section, we evaluate the performance of our ap-
proaches in terms of data utility based on an outdoor de-
ployment of human subjects study in 2012. > For better
understanding of the impact of the 3G budget, we investigate
the performance trend with regard to varying amount of 3G
budget.

A. Experimental Setting

We now give detailed information on the experiments and
dataset we use in the evaluation of our solutions. To evaluate
the proposed communication scheme, we conducted a human
subjects study in 2012. The study involved 30 participants
(drivers), and each of them was required to drive at least 100
miles. While we expect a participatory sensing application to
run on participants’ own phones, in this study we gave our
subjects phones pre-loaded with our software (of which 15
were Galaxy Nexus phones [18], shown at the bottom right
in Figure 2, and 15 were Nexus S phones [17], shown at the
top right). These phones were placed under the windshield of
their vehicles, as shown in circle A in Figure 3. Participants
included students from various departments. To emphasize
the performance in vehicular environments, they were asked
to keep our phone in their car when driving, but otherwise

2This study was conducted with approval of the Institutional Review Board
as IRB protocol 10092.

input : A smart phone with multiple applications
running.
output: Communication decisions.

1 initialization;

2 while system is running do

3 By = current budget for SENSITIVE,

4 B, = current budget for Non-SENSITIVE;

5 monitor the budget values and data queue;

6 if data queue is not empty at current time point
then

7 update historical information;

3 find the most sensitive data x;

9 if z € A then

10 if reserved budget B; > 0 then

11 send x via 3G;

12 update Bi;

13 else

14 if flexible budget By > (0 then

15 send x via 3G;

16 update Bs;

17 end

18 end

19 else

20 if flexible budget Bs > 0 then

21 send x via 3G;

22 update Bo;

23 end

24 end

25 find next x, repeat;

26 end

27 if new cycle starts then

28 update B1, Bo;

29 check the data queue;

30 while there are remaining data do

31 find the most sensitive data x;

32 send x via 3G following the same rule as

above;

33 update B1, Bo;

34 if no budget left then

35 break;

36 end

37 end

38 end

39 end

Algorithm 2: Heuristic algorithm.

carry on their daily routines as usual. They were not restricted
to any specific routes and were not asked to change their
normal driving habits. The phones were kept charged through
a lighter-to-USB charger (Circle C in Figure 3) to support
a long-term experiment and reduce the odds of individuals
otherwise forgetting to charge a phone they do not use. When
the phone was not charging (i.e., the engine is off), sensor
data collection stopped but the communication component
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Fig. 3.

System in deployment.

continued to run. The participatory sensing application in
this deployment was to collect various types of sensory data
about the vehicles while participants were driving, including
GPS locations (GPS), on-board diagnostics (OBD) data [19],
acceleration values (ACC), and gyros (GYRO) data. Collection
of this data set was a good experimental methodology because
these data can be used for multiple purposes, such as enhanc-
ing greener driving habits and analyzing traffic conditions.

Of the two types of phones used, the Galaxy Nexus is
newer and much more powerful. The Nexus S phones have a
1 GHz Samsung Exynos CPU, 512 MB RAM, 16 GB iNAND
storage partitioned into 1 GB internal storage and 15 GB USB
storage, and uses a 1,500 mAh rechargeable Li-ion battery.
The Nexus S supports GPS, Bluetooth 2.1 + EDR, and Wi-Fi
802.11b/g/n, accelerometer input, and 3-axis gyroscope input.
The Galaxy Nexus phones have a 1.2 GHz TT OMAP 4460
ARM Cortex-A8 dual core CPU, 1 GB RAM, 16 GB built in
storage, and uses a 1,750 mAh rechargeable Li-ion battery. The
Galaxy Nexus supports GPS, Bluetooth v3.0 + HS, and Wi-
Fi 802.11a/b/g/n, accelerometer input, and 3-axis gyroscope
input.

Engine data were collected by the ELM 327 OBD-to-
bluetooth adaptor (bottom center in Figure 2), connected to
the OBD-II port, which is a standard feature in all vehicles
sold in the US since 1996, and usually located under the
dashboard (as shown in Circle B in Figure 3). Collected engine
information included engine speed, RPM, mass air flow, and
throttle position. This information was transmitted to the
smart phone via bluetooth. The GPS, acceleration, and gyro
data were collected via corresponding sensors on the phone
respectively. GPS samples were obtained at 1 sample/second
for both types of phones. The sampling rate of the OBD data,
accelerometer, and gyroscope sensors were all set to be as fast
as the hardware allowed. We observed that the actual data rate
varied depending on car engine and phone. These generated
data were also displayed on a logging interface screen so as to
notify the participants that the system was running. All data
were saved in a local database on the phone, and offloaded
eventually to our backend server, when an available WiFi
access point was present. We used the UIUC-campus-wide
IlinoisNet as the only authentication-required WiFi that was
available to the phones, which implies that participants can

upload their data when they drive to office but not when they
are at home. All open public WiFi access points could be used
as well.

To record each meaningful event and generate a complete
dataset, a log file was stored locally on each smart phone.
It included the timestamp and content of GPS, OBD, ACC,
and GYRO data, the start and end timestamps of each WiFi
access point encounter, as well as which sensory data packets
were offloaded to the backend server during each encounter.
In addition, the timestamps when the car engine was ON/OFF
were also recorded for statistics purposes. Finally, we noticed
that ten participants finished this deployment by taking one
long-distance trip instead of driving locally for a long period
of time, thus we excluded them out and only focus on the
other 20 participants.

B. Methodology

We proceed to describe the methodology adopted in our
evaluation. We first obtain the whole dataset by combining
the local log files of 20 participants. Then we divide each
log file into multiple cycles for 3G budget assignment. In
our evaluation we set the length of a cycle to 24 hours. In
each cycle, the detailed information of generated data and
WiFi encounters is available. We define the GPS data as the
SENSITIVE category to simulate real-time traffic monitoring
applications, in which the data is not fresh any more after
30 minutes; and the other three types of data as the NON-
SENSITIVE category to simulate fuel consumption analysis
and driving habit improvement applications, in which the data
can last as long as a month. For simplicity of calculation, we
define the utility function, donated by f(t), for a piece of data
in SENSITIVE (NON-SENSITIVE) as: f(-) starts from 1 when
the data is generated, and decreases linearly as time continues,
finally achieves a predefined threshold at time of 30 minutes
(30 days). We set the threshold to 0.001 in our experiment.

We compare the system performance of three candidate
solutions: Baseline, 3G-Budget, and Heuristic. Baseline repre-
sents the default case in which 3G communications are not
applicable and data can only be offloaded by WiFi access
points. The results for Baseline can be calculated directly from
the dataset. The other two solutions, on the other hand, require
the replay of the dataset by running their own algorithms
as described in Section III-B and III-C, respectively. Varying
amounts of 3G budget are adopted to evaluate its impact on
system performance for applications in different categories.

C. Results

1) Statistics: In this section, we present some statistics
from our deployment, and analyze how they are related to
the performance of our proposed solutions.

Figure 4 presents the number of active trips and offloading
events (where by offloading, we mean upload data to server)
for the 20 participants. Here active trips are defined by the
intervals in which sensory data are generated during driving.
We set the threshold between two consecutive active trips to 30
minutes. Note that offloading events refer to those really have
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Fig. 4. Trip information for participants.

data uploaded to backend server, not including when the WiFi
connection is established but there is not enough time to finish
the socket connection and transfer data. We observe that both
numbers vary a lot for different users. Some users take more
trips than others in the deployment, within the range from
22 to 116 trips. This result indicates that some participants
drive more frequently than others. The frequency of offloading
events also varies for different users. For instance, we found
that two participants were never able to finish an offloading
event, because there are no WiFi coverage on their normal
driving routines. On the other hand, one participant finished 45
offloading events in 17 active trips, which implies that his/her
frequent driving route is well covered by WiFi. Overall, the
number of offloading events is small compared to the number
of active trips for most participants, this is reasonable because
most students go to office/class by walk or school bus, and
there are no IllinoisNet coverage when they drive to other off-
campus places such as grocery stores or shopping malls. These
results indicate that the utility for uploaded sensory data can
be very low due to the fact that open wireless access points
are not widespread. Our proposed solutions take advantage
of the quick delivery of 3G communications and improve the
systems performance in terms of utility of uploaded data.

We also recorded the total amount of data in different
types for each participant in the deployment. This gives us
the comparison of data size in the SENSITIVE and NON-
SENSITIVE categories. The results of total amount of data are
shown in Figure 5. We can see that the average total amount of
data for OBD, GPS, ACC, and GYRO are 5.38, 4.26, 92.3, and
130.22 mega bytes (MB), respectively. These results indicate
that there are 53.5 times of data generated for Non-SENSITIVE
than the SENSITIVE, which implies that the Non-SENSITIVE
will be dominating in the overall performance.

2) Performance: We now compare the performance of the
candidate solutions, Baseline, 3G-Budget, and Heuristic (with
balance coefficient set to 1), that we described in Section IV-B.
The metrics are the utility of data received at the backend
server. The amount of 3G budget every month ranges from 5
MB to 50 MB, stepping by 5 MB. We choose this range mainly
based on two reasons. First, the total amount of GPS data was
around 5 MB on average. Therefore, with this smaller budget,
we can investigate the scenario in which some SENSITIVE

140
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Fig. 5. Comparison of total data amount among various data types.

data are on hold in queue for the next cycle when new budget
is available. Second, participants may not want to reserve too
much budget from their limited data plan. Taking the popular
AT&T 200 MB/month data plan [20] for example, one quarter
of the limit, which is 50 MB, may be the largest possible
budget contributed by participants. The budget is reset to 0
after each 30 cycles to reflect that data plan starts for a new
month. The dataset for each participant is applied to the three
candidate solutions, and statistics such as mean and standard
deviation are calculated.

Figure 6 shows the results of data utility with error bars
using different candidate solutions under varying amount of
3G budget. First, we notice that the overall utility for Baseline
is 0.89, and only 0.37 for SENSITIVE. These results indicate
that data offloading only by WiFi access points is not suffi-
cient enough, especially for those applications that are quite
sensitive to environmental changes.

Second, we observe that both 3G-budget and Heuristic bring
a performance gain to the Baseline solution, even when the 3G
budget is 5 MB. The average utility increases from 0.37 to 0.93
using 3G-budget and 0.88 using Heuristic for SENSITIVE,
which implies 151.4% and 137.8% improvements, and from
0.90 to 0.96 using 3G-budget and 0.93 using Heuristic for
NON-SENSITIVE. These results demonstrate that 3G com-
munications are indispensable in mobile participatory sensing
applications, and a small portion of data plan (e.g., 2.5% of
200 MB in our case) can lead to a boost of system performance
especially for those applications that are more sensitive to
environment changes.

Third, it is obvious to see that, the performance goes up
as the amount of 3G budget increases for 3G-budget and
Heuristic in all cases. This is because more packets are
offloaded faster through 3G communications. Especially, the
utility for SENSITIVE increases from 0.934 at 5 MB to 0.961
at 50 MB using 3G-budget and from 0.879 at 5 MB to 0.991 at
50 MB using Heuristic. The variance of data utility decreases
too as the amount of budget increases. These results indicate
that the more budget participants are willing to contribute
to the participatory sensing applications, the better system
performance it will lead to.

Fourth, the performance of 3G-budget is slightly better than
Heuristic for SENSITIVE when the budget is very small (5
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MB) compared to the amount of generated data. The utility
is 0.93 for 3G-budget and 0.88 for Heuristic. This is mainly
because only a portion of budget is reserved to SENSITIVE
using Heuristic, and the other part is quickly consumed by data
in Non-SENSITIVE, while 3G-budget holds on the budget for a
while to wait for the generation of new SENSITIVE data. When
the budget increases from 10 to 50 MB, Heuristic outperforms
3G-budget because more budget are assigned to SENSITIVE
in Heuristic, but the data running 3G-budget sometimes are on
hold if the decision making algorithm estimates that a WiFi
encounter is approaching. We also notice that Heuristic results
in better utility than 3G-budget for Non-SENSITIVE. The main
reason is that the driving pattern for participants are not regular
enough for accurate estimation in 3G-budget. We noticed that
most participants did not drive much on weekdays, probably
because they went to office/class by walk or school bus. This
makes it a common case that much more data are generated on
weekends than weekdays, therefore, the estimation is affected
by anticipating that more data will be generated later in the
data plan period with larger utility loss and thus decides to
hold the budget, but finally that does not happen.

Figure 7 depicts the average frequency ratio of Heuristic
to 3G-budget in cycles with new data generated for each par-
ticipant. For instance, a value 0.36 for Participant 3 indicates
that Heuristic runs 36% time of 3G-Budget on average for this
user. In general, we observe that 3G-budget runs a lot more
than Heuristic for most users. The ratio ranges from 0.03 to
0.88 and the average is 0.39, which implies that Heuristic only

runs less than 40% than 3G-budget on average.

In addition, both 3G-budget and Heuristic perform well in
terms of customized for the needs of different types of partic-
ipatory sensing applications. The comparison of Figure 6(b)
with 6(c) clearly shows that data in SENSITIVE obtained more
performance gain than those in Non-SENSITIVE, based on
their different utility functions. These results demonstrate that
our proposed solutions are capable of dealing with multiple
heterogeneous participatory sensing applications and provide
tailored solution to improve the overall utility in the system.

Finally, we compare the utility performance using Heuristic
under varying balance coefficients, ranging from 1 to 1.2
stepping with 0,05. The 3G budget is 5 MB. The results are
shown in Figure 8. We can see that the utility for SENSITIVE
increases from 0.879 to 0.893 while the utility for Non-
SENSITIVE decreases from 0.933 to 0.932. These results
indicate that, when reserving more budget for SENSITIVE,
more data in SENSITIVE were offloaded faster through 3G
communication and thus the improved performance; while on
the other hand, data in Non-SENSITIVE have to wait longer on
average, resulting in poorer performance. Due to the relatively
smaller 3G budget compared to the total amount of data in
Non-SENSITIVE, the decreasing ratio is very small.

D. Discussions

Experimental results show that our proposed solutions
achieve better system performance in terms of data utility,
and can be tailored for heterogeneous needs of multiple par-
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ticipatory sensing applications. The 3G-budget and Heuristic
solutions have their own strengths and drawbacks, and can
be applied under different application scenarios. 3G-budget
targets at optimizing the global data utility by collecting
information of historical data, however, its performance rely
much on the accuracy of the estimation. When participants
drive in an irregular pattern, it is hard to predict its overall
performance. In addition, it needs to run continuously at all
time points no matter whether new data are generated or not.
Heuristic runs the decision making algorithm less frequently
and saves more energy, but when the budget is very small
compared to the amount of generated data, its performance is
not as good as 3G-budget for the SENSITIVE category, because
only a portion of budget is reserved to SENSITIVE, and the
other part is quickly consumed by data in Non-SENSITIVE,
while 3G-budget holds on the budget for a while to wait for
the generation of new SENSITIVE data.

We also investigated that different driving patterns by
participants largely affect the system performance, and thus
optimizing the system based on specific driving patterns of
participants becomes an interesting future research direction.
For example, as shown in our work, when a participant (e.g.
graduate student) drives infrequently on weekdays, running
3G-budget result in a big waste of energy for most of the
time and inaccurate estimation because of this irregular driving
pattern, therefore Heuristic is a better choice when the budget
is not small.

Our communication framework can be further optimized
by other potential research directions. For instance, there are
potential opportunities to combine our work with the smart-
phone based vehicular networking techniques that have been
emerging recently [21]. Due to the unknown priori informa-
tion, opportunistic peer-to-peer sharing can help offloading
those packets in SENSITIVE, and corresponding prioritization
algorithm becomes an interesting research problem.

V. CONCLUSION

In this paper, we presented the design, implementation,
and evaluation of a novel participatory sensing system that
leverages the 3G budget that participants contribute and is cus-
tomized to the heterogeneous needs of multiple participatory
sensing applications. Our proposed two algorithms improve
the utility of uploaded participatory sensing data and no user
involvement is needed. Our results, from a 30-vehicle campus-
wide deployment, show that even when the budget is as small
as 2.5% of a popular data plan, these two algorithms achieve
higher utility of uploaded data compared to the baseline
solution, especially, they increase the utility of received data by
151.4% and 137.8% for those sensitive applications. Given the
popularity and stronger power of smart phones and importance
of vehicular sensor networks, we hope that this work will
motivate further research on dealing with limited 3G data
plan and running multiple participatory sensing applications
simultaneously.
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