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Abstract—Many mobile applications rely on location informa-
tion gained from location services on mobile devices. However,
continuously tracking the device location with high accuracy
drains the battery quickly. Furthermore, sensing the same lo-
cation can be redundant when multiple devices are co-located.
In this paper, we develop a crowdsourcing-based location service,
E2A2 (energy efficient and accuracy aware), which places colo-
cated devices into groups, and uses group location to represent
individual device location. The E2A2 location service aims to
reduce individual device battery consumption associated with
location services while simultaneously maintaining high location
accuracy for each device. Our experimental results from a
prototype system show the effectiveness of our proposed solution
with different mobility patterns. We also present results on the
impact of different system parameters and the number of users
in a group. Compared to running GPS location services on
individual devices separately, our E2A2 service saves on average
33% battery consumption rate when 4 devices are co-located at
walking speed and 26 % battery consumption rate when 4 devices
are colocated on the same bus while meeting the same accuracy
requirements.

I. INTRODUCTION

With the rising popularity of mobile phones and the pro-
liferation of mobile applications, mobile devices are becoming
increasingly used for location-based sensing. Continuous loca-
tion tracing also enables novel functionality and societal value,
e.g. detecting or predicting depression in the user [1]. However,
these applications have high requirements for the accuracy of
device location data and conforming to these requirements is
expensive with respect to battery consumption.

Prior research has been conducted on maximizing the
battery performance for mobile sensing at different system
levels, e.g. hardware [16], [7], [3], network [5], [11], or
application [15], [23]. Inspired by the crowdsourcing phi-
losophy, we propose an inter-device approach to conserve
battery consumption. The idea is motivated by the fact that
people exhibit daily and weekly patterns [18], [6], [8] and
that devices often co-locate [2] as a result of the users’ social
network or community structures. For example, Loccachino
[14] allows people to share their location with friends and
colleagues. Apple’s iCloud service enables parents to track the
location of their children as they walk home. Tiramisu [22]
enables bus riders to trace their bus trips, which generates
real-time bus arrival information for fellow riders. The idea
of sharing the cost of sensing across co-located devices when
the apps running on these devices are measuring the same
environmental signal (e.g. location information, air quality,
etc.) is appealing.
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In this paper, we develop the location service E2A2 (En-
ergy Efficient and Accuracy Aware) in which locations are
crowdsourced to reduce the energy cost while maintaining
location accuracy. E2A2’s architecture is based on a central
repository and negotiation hub for mobile devices as part of
a generic location service. More specifically, E2A2 realizes
the following features. (1) Based on a device’s location and
its mobility, E2A2 determines if the device’s location can be
used by another device. In this case, the other device can turn
off its location service and save battery power. (2) The system
partitions a collection of devices into groups, and suggests
when group members should contribute location information,
how to compute a group’s location and when they can use
the group location as their own location. (3) Depending on
the accuracy requirements specified by the mobile application,
the system provides the applications with device location.
Although we focus on location data, our solution is applicable
to other crowdsourced sensing platforms and mobile sensor
data, such as ultraviolet light, carbon dioxide levels, etc.
[9][13].

E2A2’s key idea is that a collection of devices can be
partitioned into groups and a “central” location of the group
can be used as every group member’s location without violat-
ing accuracy constraints imposed by applications. The tradeoff
between using group location to save battery consumption and
maintaining high accuracy of individual location information
introduces many research challenges. Group location should
be defined appropriately, so that individual group member’s
location will not result in a biased location estimate for other
group members. Group location management should request
group members’ location updates as frequently as possible,
while maintaining location accuracy. Given diverse mobility
patterns, adaptive grouping policies need to be devised, such
that grouping structures do not change unnecessarily, resulting
in frequent requests to update locations and high battery
consumption.

To address these challenges, we first formulate the prob-
lem of accuracy-constrained location crowdsourcing to reduce
energy consumption and prove that the problem is NP-hard
(Section IIT). We then design E2A2 system and devise a heuris-
tic algorithm to reduce battery consumption when location
accuracy is specified by mobile applications. In particular, we
elaborate on how to handle device location update and location
requests from mobile apps by defining system parameters and
applying these parameters in E2A2 system components (Sec-
tion IV). We implement a prototype location sharing system for
Android phones, and evaluate the experimental results of this



prototype operating in a variety of scenarios. We demonstrate
the efficacy of our approach, and show how different system
and environmental factors impact the effectiveness of the
solution (Section V). We further present a discussion and show
that applications which rely on close proximity of devices will
benefit from E2A2s location service by saving battery power
while retaining satisfactory location accuracy (Section VI).
Before presenting our work, we first review related work in
Section II.

II. RELATED WORK

Existing approaches for reducing the energy cost of loca-
tion services on a mobile device can be classified into two
categories: (1) using alternative, lower-power measurements
rather than high-power sensors, and (2) avoiding unnecessary
location measurements when the mobile device is stationary.
For example, in the first category, EnTrack [10] builds a model
of position, velocity, direction and uses the accelerometer to
detect when the device is moving. CTrack [20] uses cell-tower
fingerprints to localize and track mobile devices. Because these
alternative measurement techniques are usually less accurate
than high-power, high-accuracy sensors on the mobile device,
these techniques typically sacrifice accuracy to lower energy
cost. In the second category, the system determines when
device movement is unlikely to occur. For instance, ACE
[17] is an infrastructure focused on optimizing the use of
sensors on a single mobile device by continuously tracking and
building models of the users’ activity. Greenstein [4] focuses
on controlling access to fixed sensors, which cannot be used
when the device is in motion.

None of the above systems share location information
among co-located mobile devices. Another solution, CoMon
[13], does share measurement information to reduce energy
consumption. However, the design limits sharing to devices
that are within direct communication range of each other.
Second, CoMon establishes only pair-wise sharing arrange-
ments, which limits the savings of any mobile device to a
factor of 2. In E2A2 we use a client-server architecture that,
in the best case, provides savings of a function of n, where
n is the number of devices in one group (see our analysis in
Section IV-B).

There have been research efforts on how to proactively
detect proximity between devices [12], [21]. In this paper, we
focus on how to group co-located devices based on devices’
location updates, how to manage group membership and group
location.

III. PROBLEM FORMULATION

In this section we formalize the problem of using group
locations to represent the locations of individual mobile de-
vices as an integer program and then prove that, in general,
determining optimal groups of devices is NP-Hard. In our
model, we include the following entities: mobile devices,
location information of mobile devices, mobile groups and
location requests from mobile applications.

Let j be the mobile devices, (|j| < U). We partition the
devices to W groups, |W| <= |U|, as illustrated in Figure 1.
Within each group, there must be at least one device i, (|i| <
W) updating its location, such that its location can be used to

437

represent other group member j’s location, and it is possible
¢ is j. The battery cost of turning on ¢’s GPS and updating its
location can be AC;. Applications running on mobile node j
may request device locations d; ; at time ¢, and its request has
accuracy requirements. Namely, the error of using ¢’s location
to represent j’s location, i.e. error; ;, can not be larger than
required value. In this case, group members’ updates must be
frequent enough to ensure the group location remains effective
and meets application requirements.
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Fig. 1. Five co-located groups. At least one of the group members updates
its location to ensure the group location remains current.

Given this model, we can formulate the problem of min-
imizing the battery consumption of the mobile devices while
meeting all the application accuracy requirements as an integer
program, where the objective function is:

. T
argmin [0 (32, fieAC:  +32; 37, djerror; j i j)dt
fi,t,l“i,j,t
(1

where, f;; equals to 1, indicating ¢ turns on its location
service and updates its location; x; ;; indicating ¢ represents
j’s location at time t.

To prove that finding optimal groups is NP-Hard, we show
that finding optimal groups is at least as hard as a well-
known NP-Hard problem, the Uncapacitated Facility Location
Problem [19]. We then constrain the time of the crowdsourcing
energy problem defined above by assuming f, « and error do
not change over time, then the objective function can be:

Zi fiACi
+22; 2. djerrory jx 2)

arg min
fitij

Function (2) is subjective to the following: f; € {0,1}, 1
either turns on or turns off its location service; x; ; € {0,1},
’s location can either represent j or not; for each j € |U|,

> iew Tij = 1, there must be at least one node i from a
group can represent its location; and x; ; <= f;, i.e. if 7’s
location is not turned on, its location can’t be used to represent
others’ location.

Given the above, our simplified objective function can
be interpreted as an Uncapacitated Facility Location Problem
[19], which is NP-Hard. Therefore, in this paper, we will
present heuristics solutions to address the problem.



IV. SYSTEM DESIGN

To address the above grouping problem, we develop E2A2
(Energy Efficient and Accuracy Aware) system. As shown in
Figure 2, there are two key components in the E2A2, i.e.
Co-location & Grouping and Group Location Management.
The Co-location & Grouping component handles device’s
GPS location updates, finds when multiple devices co-locate,
partitions them into groups, and determines when previously
co-located mobile devices may be no longer co-located. The
component creates new groups as necessary. It also calcu-
lates the group location after receiving location updates from
group members. The Co-location & Grouping’s output is
fed into the Group Location Management component, such
that when the Group Location Management receives requests
from mobile applications concerning a device’s location with
accuracy requirements, it can check group membership of the
requested device and decides whether to use its group location
to represent the device location, if appropriate. In this case,
the GPS sensor of the device is left off, thereby saving battery
power. Otherwise, it sends requests to devices for GPS location
updates, and new GPS location updates will be handled by the
Co-location & Grouping component as presented above.

In the remainder of this section, we will describe each
component’s workflow in detail. More specifically, we will
introduce a set of system parameters and elaborate on how they
are used in key steps of these workflows. We will also discuss
the effectiveness of such design on battery consumption.
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Fig. 2. E2A2 System Model

A. Co-location & Grouping

Figure 3 presents a high-level work flow of the Co-location
& Grouping component. Briefly speaking, upon receiving a
location update from a device, it first checks if this device is
a new device in the system. If the device already exists in the
system, then it checks if the device’s previous group is still
valid (Step CGI). If so, it checks if the device can keep his
group membership given the new location update (Step CG2).
If not, it checks if the device can join any other existing group
(Step CG3). Either the device joins an existing group, forms
a new group or remains in the existing group, the device’s
new location is used to calculate and update the the device’s
group location (Step CG4). If the device is new or the device’s
previous group is not valid anymore, it will eventually go to
(Step CG3), and follows the previous steps until a new group
location is updated (Step CG4).
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Fig. 3. Upon receiving a device’s location update, the Co-location &
Grouping component groups the device and updates the group’s location.

Step CG1: To validate an existing group, we define a
system parameter Ty;,,p. Our rationale is as follows. If none
of the group members turns on GPS nor sends location updates,
nor the server receives any location information within a period
of time, the group location error will be considered infinite
and group structure becomes unknown. Thus, if too much
time (more than Ty,.., seconds) has elapsed, the group is
invalidated.

Step CG2: If less than Ty, seconds have passed, the
system checks if the device still keeps its group membership
by calculating the distance between the new location and
the group location. We define a second system parameter
GroupRadius to bound the distance between a new device’s
location and its group location. If the distance is less than
GroupRadius meters, the device remains in the group, i.e.
the device is considered colocated to other group members.
Otherwise, the device is no longer considered part of this
group and, again, may become a member of another group.
If the device location passes both the time and distance test,
the group’s existing location is updated to reflect the new
information (in Step CG4).

Step CG3: Figure 4 shows an example how a device can
form a new group or join an existing group. For example,
the E2A2 client library on mobile device A uses the device’s
location service to detect its location at time ¢1 as point Ayq.
The library returns this information to the mobile application
and sends it to the E2A2 server. In this example, it is the
first device so E2A2 forms a new group. With GroupRadius,
other nodes that fall into the circle which centers on A;; will
be considered in the same group. For example, if device B
sends its location By, and B is within A’s grouping area, and
Ayy lies within B’s location error circle, then B can join the
existing group of A.

Step CG4: A group location GL is defined as the center
location of its group members. As shown in Figure 4, after B
joins A’s group, GGL;; is then updated to be the center of these
two devices. When A moves to Ao at time ¢2 and updates its
location, the new group location is G L. At time t3 when B’s
application sends a query to the E2A2 service asking for B’s
device location, if B hasn’t updated its recent location yet and



the B’s estimated location at t3 is within the measurement
error bounds, i.e. distance(GLy2, Byz) < Errorpgs, E2A2
will send G L back to B’s application, because B can use this
location as an approximate measurement of its own location.
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Fig. 4. Grouping and Group Location (GL)

B. Group Location Management

Figure 5 presents a high-level workflow of the Group Loca-
tion Management component. Upon receiving an application’s
request for one device’s location with accuracy constraint, the
Group Location Management component tries to find out if it
can use group location to serve this request. Depending on who
updates the last group location (the requested device itself or
other group members), the component will use different criteria
to make the decision.

More specifically, E2A2 first checks if the device exists in
the system. If it does, then E2A2 checks if the device has a
valid group membership using the same function introduced in
Step CG1. If it has a valid group membership, E2A2 finds out
who lastly updates the group location. We treat the update
from the requested device itself and other group members
differently using two system parameters, i.e. Tse; ¢ and Toipers-
The parameter T.;; is used when the last updated location of
a group is from the requested device. Basically, in step GLM1,
if the location request time is less than T 7 of its last update,
then we regard the current group location as an acceptable
proxy for the devices location. Otherwise, we will request the
device to update its location. The parameter Tty time limit
is used when the last updated location of a group is from
a device other than the requested one. In step GLM?2, if the
location request is less than T,;pers Of others’ last update, then
we regard the current group location is acceptable. Otherwise,
E2A2 will request the device to update its location. E2A2 will
also request the device to update its location when the device
does not exist in the system, or when its group membership is
not valid.

C. Analysis of E2A2 Design

The above workflows and system parameters are the key
E2A2 system design. In this section, we give a case analysis
on how such design impacts battery consumption. Assume
one device forms a group itself and assume requests for its
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Fig. 5. A high level workflow of the Group Location Management component

location is very frequent and evenly distributed over time,e.g.
every 1)..q seconds. Within Ty, seconds, the device has to
update its location every Ti.; seconds. However, if it belongs
to a group of n devices, and no device leaves the group
and coordination continues, then the device will update every
N *Tothers seconds. Thus, as long as n* Toiners > Tserf, €ach
device will save battery from using the group location. With
n increasing, the savings will be linearly increasing as well.
The ratio of savings will be n * Tothers/Tselfs if Tyroup 1s a
multiple of Th¢pers and Tieyy.

The above analysis is only applicable to battery savings.
Because the group location is calculated by group members’
updates and bound by GroupRadius, there is no such a linear
relationship between the system parameters and location error.

V. EXPERIMENTAL FRAMEWORK AND RESULTS

To evaluate our solution, we developed a prototype location
sharing system for Android phones. Our experimental ap-
proach includes a combination of recorded traces, an execution
of the system based on the recorded traces, and a simulation
of battery consumption. This experimental design provides
both realistic system tests and a thorough exploration of
the parameter space in a simulation. The Android app we
developed collects location traces and remaining battery on
the device. In our measurements, the only application running
was the E2A2 location client, and we run experiments on two
different phone models - HTC Nexus One (Android v2.3.6)
and Samsung Galaxy Nexus (Android v4.2.2).

When modeling energy consumption on a phone, many
factors are involved: e.g. GPS on/off, network package size,
frequency of sending the messages, etc. However, because our
experiments can potentially experience an order of magnitude
difference in total energy consumption across the system,
we simplify the battery consumption model to measuring
the drain on the battery as a result of running the location
service on the mobile device when user moves (either staying
stationary or walking or riding a bus). More specifically, in the
simulation, it takes the device about S seconds to finish the
following: turning on GPS sensor, acquiring GPS location data
and sending the location to E2A2 server; and such a process



consumes the device Er times of the battery consumption
when without turning on the GPS. To determine the value of S
and Er, we ran experiments on two Android phones and other
location-based apps, e.g. Tiramisu [22]. We find receiving
good GPS location usually takes several seconds, though when
device is in downtown area, it can take much longer time up to
several minutes. In our model, we set S=5 seconds. Different
phones definite will have different Er values. Our experiments
on two phone models show that the battery consumption rate
is about 10% per hour when the device keeps GPS on, and
leaving the phone stand by will consume about 1% battery
per hour. Thus we set Er= 10 in our experiments.

We measured performance of battery usage and accuracy
for three scenarios: stationary, walking, and taking a bus.
These scenarios cover a range of typical activities for mobile
phone use. We defined different parameters to demonstrate the
performance of the system in the different scenarios (Table I).
For simplicity, applications request for device location every
2 seconds (T}.4) in our experiments.

TABLE 1. PARAMETER VALUES FOR EXPERIMENTS.
Parameter Stationary | Walking | Bus
Treq (s) 2 2 2
Tsery (s) 40 40 15
Tothers (s) 30 30 10
Tgroup (s) 60 60 30
GroupRadius (meters) 25 25 100

A. Basic Results of Different Mobility Patterns

1) Walking in Star Shape: Our first real-world scenario,
a Star formation, explores a simplified case where users
converge and then depart to their respective starting points.
This would be similar to four people all getting coffee or food
from the same source around the same time. In this scenario,
four people carrying one mobile device each starts at roughly
equal distances from an intersection. At a designated point in
time they walk towards the center of the Star, meet at the
center, stay stationary for a while (e.g. around 2 mins), then
reverse their paths to travel back to the edges of the Star.
Figure 6 illustrates the 18-min device trajectories on a map
for this Star pattern.

We gathered location traces of this pattern by having four
researchers walk in the Star pattern. The location traces are
then used to drive various simulations of the E2A2 implemen-
tation. Locations were sampled every second during the trace.
Figure 7 is a record of the change in grouping as the devices
move. The x-axis is time in seconds, the y-axis is the number
of groups. Initially, all devices are in separate groups. As the
participants approach the center of the star the groups merge,
eventually into a single group containing all four devices. As
the devices return to the edge of the star, the devices leave the
single group.

Figure 8 shows that, as expected, battery consumption
is the lowest when four devices are grouped together. The
first column represents the average battery usage rate when
at the beginning of the experiment, four devices make their
own groups separately. The forth column in the center shows
that all 4 devices colocate in the center of the Star and
form only one group for 106 seconds (from second 529 to
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second 635 as indicated on the x-axis). The distribution of the
columns on time matches the grouping results in Figure 7.
When more devices share locations in a group, the total
battery consumption of the system declines because the group
locations is used as a proxy for individual device’s location,
and more devices save battery from turning on their GPS
Sensors.

When people co-locate into groups, we expect the location
errors to become larger because the group location is used
instead of individual device location. However, Figure 9 shows
that when the devices are stationary in the center (the forth
column), the location error temporarily becomes smaller. The
stationary, colocated, group of users causes this drop in error.
We expect when devices are in fast movement, the error will
be larger, which is presented in the following Bus scenario.

Fig. 6. 18-min Walking - A map of Star pattern
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Fig. 7. Change in Grouping of 4 devices - Star

2) Riding a Bus Together: The Bwus scenario examined
people boarding the same bus along a sequence of stops. Four
researchers boarded the same bus at four successive bus stops.
This is a common mobility pattern for mobile app users who
use transit. Figure 10 show a map of the scenario, where within
a 2.5-min bus ride, four devices share the same ride for 1
minute and 20 seconds. The results are shown in Figure 11
and Figure 12. Similar to the results of Star, E2A2 trades
off location accuracy with battery consumption. Because the
precision of civilian GPS on a mobile phone can vary from 20
meters to 100 meters, the location error as a result of grouping
varying from 12.92 meters to 47.807 meters (in Figure 12)
should be acceptable to many apps.

B. Impact of Different System Parameters and Factors

The above experimental results demonstrate that under
different mobility patterns E2A?2 balances the tradeoff between
battery consumption and location errors. We now present
how various system parameters and factors impact E2A2’s
performance.
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1) Impact of Timeout Parameters and Group Radius:
As previously discussed, E2A2 uses three system parameters
Tyroups Tserf and Toipers to manage grouping and group
locations. To evaluate the impact of these parameters on system
performance, we examined two metrics: accuracy score and
battery score. To calculate accuracy score, whenever the server
sends back a location to the device, the device will calculate
the error distance (in meters) between the group location and
the actual location (read from the trace file). At the end of the
simulation, an error of 200m or worse results in a score of
0 and an error of O results in a score of 1, an error between
0 and 200m will be calculated by (200 - error)/200. Thus,
larger accuracy score indicates smaller error. Battery score is
calculated as (the total time of trace - the total time turned on
the GPS during the trace) divided by the total time of trace.
This is to compare E2A2 battery consumption with when the
GPS is turned on all the time. Thus larger battery score means
less battery consumption.

Figure 13 and 14 were generated using data from the Star
scenario, where Ty, = 60 seconds. Clearly, given a fixed
GroupRadius, small Timeout thresholds improve location
accuracy but increase battery consumption.

2) Varying App’s Requirements on Location Accuracy and
Battery Consumption: One of the goals of E2A2 is to ac-
commodate variation in application requirements for location
data. The results presented in the above were generated with
a consistent accuracy requirement level. For this analysis,
we varied application requirements for location accuracy, and
re-evaluated system performance. Because different location
service providers, e.g. GPS, WiFi, and Cell Tower, can provide
three levels of location accuracy, we simulate applications
running on the devices request one of these three accuracy
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levels. A higher accuracy level consequently maps to a smaller
Tsery value. Figure 15 and Figure 16 are based on the same
Star walking traces however with varying app’s requirements
on location accuracy. The results are comparable to the ear-
lier results for uniform application requirements on location
accuracy.

3) Group Size on Location Accuracy: We also measured
four researchers walking in the same direction and remaining
co-located for five minutes. We then measured the E2A2
average error of this scenario. We then successively removed
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research traces and reran the simulation, measuring again
the average error. Figure 17 shows that when devices co-
locate during the entire period of the experiment, i.e. a 5-min
co-walking, because they only forms one co-located group,
increasing group size (with more devices in the experiments),
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the location error will be reduced. This is because more devices
in one group cause more apps requesting their group location
to be updated more frequently, tracking location of co-located
devices more closely.
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Fig. 17. Location error is reduced when more users co-locate in one group.

VI. DISCUSSION OF TRANSIT RESULTS

Besides the questions of accuracy and energy savings, the
use of E2A2 raises the question of overall impact. If people
are not colocated frequently, the savings from the system will
be small. To ground the impact of the system in a real world
application, we acquired passanger load data for one bus from
the Port Authority of Allegheny County (PAAC), the transit
operator for Pittsburgh, PA. The data was gathered on Octber
16th, 2009, a Friday, using automated passenger counters,
implemented as infrared sensors mounted on the entrances and
exits of the bus. The bus was used on three separate fixed
transit routes during that day. The data is recorded with a
timestamp of each event of the counter recording entrances
and exits to the bus.

We used this log of data to construct a histogram of the
passenger load of the bus (Table II). By load, we mean the
number of passengers on the bus at a particular point in time.
In the left column, the bus load is listed. The next column,
Colocation, is the total number of seconds the bus operated
with the given load. The next column, Battery Hour is the
number of seconds that all batteries would be operating, if
every phone had its GPS chip on during the transit ride. This
column is simply a product of the Load and the C'olocation
columns. The column labeled E2A2 is the percentage savings
estimated by linear interpolation for the level of load based on
the analysis in Section IV-C. The basis of the interpolation is
the row for a 4 person load (in italics), which is the saving
ratio of battery consumption by using E2A2 service compared
to only using GPS sensor when 4 people co-locate on a bus
ride. Using this data, we linearly scale performance based on
the load. In addition, we set the performance for a load of 1
to 0, because E2A2 doesn’t help in this situation. The column
labeled Savings is the total seconds of battery time saved
by using E2A2 for this bus for one day. This column is the
product of the E2A2 column and the battery column.

The data shows that E2A2 provides more and more savings
as more devices co-located, but that the size of groups of
devices colocate is bound, in this application at least, at
thirteen. The total savings is 90,370.97 seconds, or more
than 25 hours. Since PAAC runs approximately 800 buses
a day, deployment of E2A2 to every bus rider would result



in 20,082.8 hours of battery savings per day. Of course, the
savings are only for GPS usage, but the GPS chip is one of
the most significant sources of battery drain. Deploying E2A2
to every rider is a challenging task, because not every rider
owns a smart phone. However, smart phone usage is expected
to reach near 100% penetration in a few years. Delivery of
E2A2 can be done either through the operating system or as
part of a transit information system application [22].

TABLE II. BATTERY HOUR SAVINGS BASED ON THE HISTOGRAM OF
BUS LOAD FOR ONE DAY

Load Colocation (secs) Battery Hour (secs) E2A2 (%) Savings (secs)
13 469 6097 87.0675 5308.51
12 1740 20880 80.37 16781.26

11 1007 11077 73.6725 8160.70
10 5143 51430 66.975 34445.24

9 1317 11853 60.2775 7144.6921

8 949 7592 53.58 4067.79

7 682 4774 46.8825 2238.17

6 641 3846 40.185 1545.51

5 3165 15825 33.4875 5299.40

4 3165 12660 26.79 3391.61

3 1204 3612 20.0925 725.74

2 4712 9424 13.395 1262.34

1 7892 7892 0 0
Total 32086 166962 602.775 90370.97

VII. SUMMARY

Mobile applications require location information at vary-
ing levels of accuracy and frequency, resulting in a varying
degree of battery consumption. We develop a crowdsourcing-
based E2A2 location service designed to limit battery drain
while preserving location accuracy. E2A2 collects individual
device location information, detects co-location situations, and
enables devices to utilize nearby device locations as their
own. This allows GPS sensors to be left off or sampled less
frequently to save battery consumption yet still maintain a
tolerable level of location accuracy. We implement a prototype
for Android phones to test E2A2 services and demonstrate the
efficacy of our approach. We also examine how user mobility
and system parameters and environment features impacted
system performance. Furthermore, we discuss on the impact
of the system in a real world application using transit load
data. We believe this technology can enable a new class of
applications where continuous location sensing is required.
Privacy issue of location tracking is beyond the scope of this
paper and will be researched in our future work.
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