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ABSTRACT

Location-based applications have become increasinglylpopn
smartphones over the past years. The active use of theseaappl
tions can however cause device battery drain owing to thosiep-
intensive location-sensing operations. This paper ptesgnadap-
tive location-sensing framework that significantly impesithe en-
ergy efficiency of smartphones running location-basediegbns.
The underlying design principles of the proposed framewnork
volve substitution, suppression, piggybacking, and aatagt of
applications’ location-sensing requests to conserveggngye im-
plement these design principles on Android-based smangshas a
middleware. Our evaluation results show that the desigrcjpies
reduce the usage of the power-intensive GPS (Global Positjo
System) by up to 98% and improve battery life by up to 75%.

Categories and Subject Descriptors

C.3.3 [Special-Purpose and Application-Based SysterhsReal-
Time and Embedded Systems

General Terms
Design, Experimentation, Measurement, Performance, riklgos

Keywords

Location Sensing, Energy Efficiency, Location-Based Agaiibns,
Smartphone.

1. INTRODUCTION

With the increasing pervasiveness of smartphones overasie p
years, several Location-Based Applications (LBAs) hawentedopted
by mobile users for always-on contact for social-netwagkiousi-
nesses needs, and entertainment. Some instances of upamt
ular LBAs include mobile social networking [2, 3, 9, 10], hba
care [1], local traffic [7,22, 23, 29, 36], and local restanisg6].
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In spite of the increase in processing power, feature-set, a
sensing capabilities, the smartphones continue to sufen bat-
tery life limitation, which hinders the active utilizatioof LBAS.
Typical battery capacity of smartphones today is barelyald®00
mAh (e.g., the lithium-ion battery of HTC Dream smartphohas
the capacity of 1150 mAh). Unfortunately, GPS (Global Rosit
ing System), the core enabler of LBAs, is power-intensivel igs
aggressive usage can cause complete drain of the battdriy it
few hours [14, 17]. While the aggressiveness of GPS usageis s
cific to different applications, several LBAs such as localfic
(e.g., [7]) and social networking (e.qg., [9]) particulabgnefit from
continuous location updates. Real Time Traffic [7], for amste,
requires continuous GPS location updates. Twidroid [9],adbife
version of Twitter, features a GPS accuracy booster, whichiges
an option to enable/disable continuous GPS sensing.

Numerous solutions have been proposed to improve the patter
life of mobile devices [11, 32—34], but little rigor and atten
has been devoted to the battery-efficient use of LBAs. The LBA
developers are suggested to reduce the use of GPS by imgeasi
location-update intervals (say, to more than a minute)s tilow-
ing GPS hardware to sleep between successive locatiortagida
Such a simple solution can improve battery life by forcinglaga-
tions to request location information less frequently,ibbas fun-
damental limitations. For instance, although each LBA cares
energy by reducing GPS invocation, the effectiveness af dpr
proach could be compromised when multiple LBAs are runrésg,
the asynchronous use of GPS from different LBAs unnecédgsari
leads to an increased number of invocations.

In this paper, we present an energy-efficient locationisgns
framework that effectively conserves energy for smartgisomn-
ning LBAs. In its core, the proposed framework includes fder
sign principles: Substitution, Suppression, Piggybagkind Adap-
tation. Briefly,Substitutiormakes use of alternative location-sensing
mechanisms (e.g., network-based location sensing) timetLicoes
lower power than GPSSuppressiomises less power-intensive sen-
sors such as an accelerometer to suppress unnecessaryriSPg se
when the user is in static statRiggybackingsynchronizes the lo-
cation sensing requests from multiple running LBA&daptation
aggressively adjusts system-wide sensing parametersasuitme
and distance, when battery level is low.

We implement the four design principles on a G1 Android De-
veloper Phone (ADP) as a middleware and evaluate the impleme
tation extensively via measurements. While the proposaigde
principles are general enough to be applied to any softwak s
the middleware implementation allows for better applmatirans-
parency in the sense that applications can be kept as-ishidéese
Android-based smartphones for prototyping because of ples-0
ness of the Android platform [5]. Our evaluation resultshatite
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Figure 1: Energy Consumption of Gps

implementation show that the proposed framework signifigan
saves energy in location sensing. For instance, in varioesas-
ios, our prototype reduces the number of GPS invocationghig u
98%, and thus improves the battery life by up to 75%.

To summarize, this work makes the following contributions:

refreshing rate and GPS invocation interval of the LBAs atet®
5 seconds.

Figure 1(a) shows the battery level of the phone during the ru
As shown in the figure, when GPS is used, the battery levelsdimp
79% within one hour, whereas the battery level with GPS digshb
- . . drops to only 94%. Note that we ran the experiment multiptess
e \We address and explore energy efficiency of location sensing it different setups such as charging time, and we alwaggtse

for rgsource-constrgingd smartphones that often run pheilti same trends in battery-level drops across all runs.

location-based applications (LBAS). We also measure instantaneous power-spikes of GPS sensing
e We study four design principles tailored for LBAs to reduce e using a digital multi-meter (Agilent 34410A) to see microgic

ergy consumption in location-sensing on smartphones amd sh  power usage. Figure 1(b) shows the power spikes of the phone

that the integration of the proposed design principles ksab  (measured once every 50 ms) when an LBA requesting GPS runs.

significant energy savings. As shown in the figure, a typical GPS invocation consists ot

e We prototype the proposed design in Android-based smamgsho  ing period and a sensing/reporting period. The lengths e$eh
which are open to both practice and research, and demanstrat two periods are about 4-5 seconds and 10-12 seconds, riespect
the effectiveness through real-life measurements. More importantly, the average power draw of the two periags a

about 400 mW and 600 mW, respectively. For a typical battary ¢
The remainder of the paper is organized as follows. Section 2 pacity of 1000 mAh such high power consumption is very expen-
motivates this work. Section 3 presents the key design iptee sive as continuous GPS sensing can deplete the battery eynter

and their integrated operation. Section 4 describes ouieimgn- hours (i,e_,W .

tation. Section 5 shows evaluation results of our protat@esetion

6 discusses related work, and Section 7 concludes this.paper

2.2 Multiple Location-Based Applications

GPS power consumption becomes even more significant if mul-
tiple LBAs are running simultaneously.Let us consider the fol-
lowing scenario. A user is initially running a social netidBA
such as FaceBook on his phone and is continuously publishing
locations. After a while, he begins to drive and launchesffi¢r
monitoring LBA such as “Real Time Traffic”. Now both LBAS run
concurrently. Assuming both applications invoke GPS senev-
ery 2 minutes (i.e., with 2-minute invocation interval), &Rleally
2.1 GPS Energy Consumption needs to wake up evetwo minutes. However, if these two appli-

We first assess the impact of using power-intensive GPS ortsma cations are not synchronized on GPS sensing, then GPS neigtit n
phones. We consider a scenario where a user is driving with a {0 Wake up everpneminute. . .
traffic-monitoring LBA, called “Real Time Traffic” [7], ruring. Figure 1(c) shows the impact of multiple LBAs with two sce-
The application is popularly used to determine traffic spessed narios. In the first scenario (‘One application’), there e d.BA
on anonymous collection of users’ locations, speed, aretgim ~ that runs and requests GPS sensing every 2 minutes. In thedsec
information. While running this LBA (version 1.0.2e(17)h@  Scenario (‘Two applications’), two LBAS run without synoimiz-
smartphone, we measure instantaneous battery levels phtre ing GPS sensing requests. As shown in the figure, when one LBA
over an hour, using power-APIs provided by Android Softwee is running, the battery level drops to about 92% after 1 hidow-
velopment Kit (SDK)! For comparison, we also run the same LBA ~ €Ver, with two LBAs running, the battery level drops to 87%.
on the second phone with GPS disabled. For both experimeats, 10 better understand the results, we plot the GPS invocation
start with a fully charged battery after charging for the samount ~ €vents during the first 10 minutes for both scenarios in Eid(a).

of time. The screens of the phones are always kept on. The mapAS shown in the figure, when the sensing events of multiple ap-
plications are not synchronized (‘Two LBAS’), the GPS iseed

2. MOTIVATION

In this section, we motivate the present work by highlightia-
sults from a set of experimental evaluations. We demoresteat
tors impacting energy efficiency in location sensing by eviplg
G1 ADP phones and summarize the limitations of existing smar
phone usage that prevent energy-efficient location-sgnsin

1Though the power-APIs of Android SDK only provide coarsehged
measurement of battery levels, we use them to show macle-sopact,
which is an interesting factor in this work.

2Smartphones such as those based on Android or Symbian suppidr
tasking. The background LBAs still triggers location segsi
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Figure 2: Energy consumption of Gps and Net

invoked for a total of 10 times rather than the desired 5 ti(f@se
LBA), thus causing more energy consumption than when iplelti
LBAs are synchronized.

2.3 Multiple Sensing Mechanisms

Today’s smartphones support multiple location-sensinghae
nisms (or location providers). Android, for example, suppowo
mechanisms: GPS and Network-based triangulation. Network
based mechanism collects information about reachablet@e!l
ers (or WiFi access points) from a mobile device and detezmin
its location by retrieving a location database. For siniglién the
following presentation, we use ‘Gps’ and ‘Net’ to refer tesie two
location-sensing mechanisms, respectively. We use thieatiapd
notation GPS to refer to the physical device of Global Positig
System.

These two mechanisms have different accuracy and power con-
sumption levels. In Figure 2(b), we show the power consuonpti
of each mechanism, as one LBA is running with a location sensi
interval of 15 seconds. The Net mechanism uses GSM cell sower
to determine locations as both WiFi and 3G are turned off éahb
experiments. Net only causes the battery level to drop tate@29
and consumes much less power than Gps does (i.e., 83%).

We also perform experiments to show the two mechanisms’ ac-
curacy. As shown in several prior studies, Gps can achieaeeun
racy of as high as 10m in outdoor areas, while Net’s accuradgsy
depending on environments. To further understand suchachar
teristics, we also perform experiments to calculate Neatieacy
as follows. Due to the lack of a more accurate measure, we use
Gps as ground truth to measure the accuracy of the Net. We per-
form experiments in an urban area around Silicon Valleyjf@al
nia. Net accuracy is measured as the average distance betivece
Gps-reported location and Net-reported locations. Werebgbat
Net achieves an accuracy of about 30 meters to 100 metersyduri
most of the time. Although Net still provides much coarseruac
racy than Gps does, such accuracy might be sufficient for many
LBAs (e.g., weather information).

2.4 Sensing Intervals

For many mobile platforms including Android, applicaticenr®
allowed to explicitly specify the location sensing gramifiain
terms of updating time interval and distance interval. itively,
larger time and distance intervals can help save energyorites
scenarios, particularly when the battery level is low, LBY® co-
operate by explicitly increasing location-sensing inéswof time
and distance (e.g. updating every 1 minute or 20 metersrrdtae
every 30 seconds or 10 meters). To study the impact of adapt-
ing sensing intervals, we consider two LBAs with GPS invimrat

intervals of 15 seconds and 2 minutes, respectively. Figcg
shows the battery level. As shown in the figure, by simply pla
ing the update interval from 15 seconds to 2 minutes, the@ppl
tion can help conserve 9% of the battery in an hour.

2.5 Problem Characterization

Figure 3 summarizes the problems identified above and addi-
tional intuitions in the energy efficiency of location seTgsi

e Static use of location sensing mechanisnismany cases, mo-
bile platforms lack the dynamic selection of location segsi
mechanisms. Many smartphones today support two major types
of location-sensing mechanisms—Gps and Net. These sensing
mechanisms have performance tradeoffs in terms of acguracy
power consumption, and availability. However, mobile plat
forms tend to statically use their sensing mechanisms, laisd t
can lead to energy inefficiency in many scenarios.

Absence of use of power-efficient sensors to optimize toeati
sensing: Depending on specific environments (e.g., inside build-
ings) or contexts (e.g., phones being static), certaintioca
sensing operations may be impossible or unnecessary to per-
form, and blindly requesting location sensing can lead te ba
tery power wastage. The environment and context informatio
interestingly, can be obtained by using other types of genso
that are more power-efficient. Many smartphones are tylgical
equipped with multiple sensors such as accelerometer and or
entation sensors, which consume much less power than those
used for location sensing. Therefore, leveraging thessassn
can optimize location sensing and conserve energy.

Lack of cooperation among multiple LBAs:When multiple
LBAs run and request location sensing independently, they a
not aware of each other, and their location-sensing opesti
are not coordinated. This resultsriedundantiocation sensing
invocations and causes unnecessary energy consumption.

Battery
Level

Location
Provider 2

Figure 3: Problem characterization
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e Unawareness of battery leveMhen the battery power level is
low, users are usually willing to tolerate degradation chlion-
accuracy or, at least, seek such an option in favor of longer
operation time. Current mobile platforms, including Anidro
typically lack advanced battery-aware location managérten
strike a balance between location sensing accuracy ana-oper
tion life-time.

3. DESIGN PRINCIPLES

To overcome the limitations characterized in the previcess s
tion, we present four design principles and their integtaipera-
tions in a smartphone. Furthermore, we discuss perfornmiaade-
offs in employing these design principles.

3.1 Sensing Substitution (SS)

Current smartphones lack the capability of selecting thstrap-
propriate location sensing mechanism on-the-fly to stitieepter-
formance balance amongst energy consumption, availalifit
accuracy. LBAs are allowed to choose location-sensing mech
nisms at the moment when they register their location-sgns-
quests to underlying systems. For instance, current AddB@iK
1.5 allows an application to specify criteria indicating tappli-
cations’ requirement about accuracy, power consumptiearibg
(e.g. direction) and speed. Based on such criterion, therlyidg
framework chooses the most appropriate mechanism (e.g.oGps
Net). Thereafter, the chosen mechanism will always be iesipk
irrespective the changing environment or context.

Lack of dynamic selection of location sensing mechanisadde
to energy inefficiency as well as failure in satisfying LBAjtgre-
ments. For example, in certain indoor environments andedans
ban areas, Gps may not be able to provide accurate locafiam in
mation. Similarly, the performance of Net is heavily affatthy
the environment. For instance, in certain urban areasiestinve

shown that Net can achieve as much accuracy as Gps does. On the

other hand, in rural areas with only a few cell towers avédlaNet
shows low accuracy. Thus, with static selection of locatensing
mechanisms, applications may not be able to effectivelgtfan,
especially when the user moves around with LBAS running. For
example, when Gps is used, applications expect to recettga@e
location information all the time. However, if the enviroant pre-
vents Gps from working, continuously invoking GPS appdyeist
wasteful in terms of battery energy. The same is true forgukiet.
Our solution to these problems is a dynamic selection agproa
which we refer to as “Sensing Substitution (SS)”. SS can sadloe
most appropriate location sensing mechanism on-the-flyci8p
cally, SS is context-aware and can learn the charactexisfithe
location providers along the routes where phones moveett pler-
forms location sensing in a more energy efficient manner bpsh
ing the best sensing mechanism, given the context. Becgpse t
ical mobile users routinely follow certain routes (e.g.mncouting
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between offices and home) and visit familiar locations (eegtau-
rants, malls), and because these places exhibit consletation-
sensing related environment characteristics, such as €5l
strength and the number of APs, utilizing the environmeintfair-

mation can assist in choosing the most appropriate locptiovider.

To achieve dynamic selection of location providers, SSegeli
on learning environmental characteristics such as thdadititly
and accuracy of location providers (e.g., Gps and Net). Risr t
reason, the design of SS includes a location-sensing dkasac
tic profiler. The profiler monitors and stores relevant infation,
including current locations, visit frequency, and sensihgracter-
istics (e.g., availability, positioning accuracy) of léica providers.
The profiled data consists of a list of entries, and each eume-
sponds to a profiled area which we refer toMArea M-Areas
represent physical areas with geographical boundariegarticu-
lar, the locations in the same area exhibit similar locasensing
characteristics. We will detail the rationale and datacttne of
M-Area in Section 4.7.

Based on the profiled areas, SS dynamically decides an dptima
location-sensing mechanism as follows. For ease of iktisin,
we consider Android platform and show the high-level operet
of SS as shown in Figure 4. Specifically, let's assume thattine
rently registered location-sensing mechanism is Gps. When
user moves into an area where Net is available and its agcurac
can fulfill the LBA's requirement, then the LBA uses Net toleae
Gps. As shown in Figure 4(a), SS first attempts to decide thet mo
appropriate M-Area. Then, it checks Net's availability eamtu-
racy. If Net's accuracy can satisfy the requirement of thé&|.BS
performs substitution. Similarly, as shown in Figure 4{hen the
current location-sensing mechanism is Net and the phonessnov
into areas where Net is not working, SS invokes Gps, instéad o

Net. Since GPS consumes more power, SS uses less frequent GPS

sensing to maintain the same level of energy consumption.
The profiler can be designed to automatically obtain prafifie:
Sults, including physical location and availability/acacy of loca-
tion providers. To ensure higher degree of accuracy and)gedfi-
ciency, the profiler design also includes the following nsthms.
(i) The profiler may also involve users to explicitly conttbe pro-
filing process. For example, users may specify the area laoiasd
of the profiler. (ii) The profiler calibrates either periodlily or con-
ditionally, depending on the changes in the profile charesties.
Essentially, whenever there is need to run profiling, thegss will
be invoked on demand. For instance, when the user moves to a ne
city to join a new job, the profiler will detect that change gmdac-
tively initialize the profiling process to accommodate theieon-
mental change. In particular, when the profiler is first alided,
it performs profiling. After that, the profiling process keaponi-
toring the necessity of performing profiling again. The resity is
measured by an opportunistic verification process. Spadifjt
is periodically invoked to measure the location-sensingratter-



istics and compare them with the information stored in thodiler

database. If the comparison results in a large discrepaaiog vit

indicates that another profiling is needed. Also, becauseéri-

odic verifications are enabled when other location-sensggests
exist and because the verifications are piggybacked on ¢a&dm-

sensing results of the existing requests, they do not indditianal

sensing overheads.

3.2 Sensing suppRession (SR)

Smartphone users may use the phones in various scenaribs, an

continuous location sensing may often not be needed. Farios,
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when the smartphone is in static state such as being put on ata Applications may request and register location sensingain v

ble in an office, continuous location sensing is unnecesdéig

desirable to “suppress” the sensing from energy efficietapds
point. The design principle of Sensing suppRession (SR) det
tect phones’ mobility state by using less-power-intensigasors
and to suppress unnecessary invocation of location sendihg

basic mobility-state information is whether the phone &istor

moving, but it can contain more sophisticated informatioohsas
moving speed and direction.

The fundamental requirement of this design principle it
the mobility state (e.g., static or moving) of a phone witlergy-
efficient sensors. There are many existing research eff¢&s],
[27], [24]) that attempt to profile users’ mobility patteffor exam-
ple, SoundSense [27] uses the microphone to determine énis us
logical location. In this work, we are primarily interestem use
low-powersensors to supprebgh-powerocation sensing. Specif-
ically, we attempt to use sensors such as accelerometerrimd o
tation sensors to profile smartphones’ states. Other sesswh
as camera and microphone used by the mentioned works, llypica

ious ways, as supported by the underlying framework or syste
Android platform, for example, allows application designt® per-
form two types of sensing registrations. In the first type &p-
plication statically registers a location listener to thederlying
framework, and the framework periodically notifies thedrgr of
location updates based on the specified parameters sucheimii
terval and distance interval. This method is simple, butlies on
the underlying framework for GPS to sleep between two sensin
invocations. For example, if a Gps request takes 30 secorkyt
form one invocation of sensing and if the specified time wekis
more than 30 seconds, then the framework can turn off the GBS a
put it into sleep to conserve energy.

The other type of registration is to explicitly registenegister
GPS requests to enable hardware sleeping. For instanbe, ifé-
ferred location update interval is 1 minute, the applicatan reg-
ister/unregister the request every one minute. Assuminggister-
ing Gps will turn GPS off, this method does not rely on the uhyde
ing framework to support energy conservation through GE&psl

consume much more power than the low-power sensors, and thusng. The downside of this method is the increased complefiap-

are not considered in this work.

A challenge that arises is to ensure the correctness of ityobil
state detection. False positives (i.e., falsely detedtingthe phone
is moving while it is not) will lead to the unnecessary looati
sensing, while false negatives will bear more serious aunesgces
on LBA performance for changing locations. We propose vexrio
methodologies to reducing these errors, particularly #sefneg-
atives. First, a configuration option is exposed to a uskwalg
the user to manually enable/disable a suppression optiecorfs,
the aggressiveness of suppression is automatically adjimstsed
on information such as the confidence levels of the learndailmo
ity context. The confidence levels reflect the familiarityttwihe
current mobility contexts such as commuting routes. Theug-
pression is adjusted based on the application requiremefas
example, if the application requires very coarse-grairaedtion
information, suppression will be invoked. Fourth, a vesdtfion
mechanism is employed to verify the correctness of the tetec
Briefly, location sensing is periodically invoked for vecdiion pur-
pose even in a suppression mode.

3.3 Sensing Piggybacking (SP)

Sensing Piggybacking (SP) is designed to improve the erefrgy
ficiency of location sensing when multiple LBAs are concuotie
running. It can re-use the existing sensing registrationpiggy-
backing new sensing requests on existing ones, thus elimjna
some location-sensing invocations. For example, let umasshat
an existing LBA registers GPS location-sensing every 2 e
When a new LBA starts and requests Gps with the same time inter
val, it can simply piggyback on the existing registratioguests,
thus avoiding separate sensing. Reducing the number ofatepa
sensings can help save the energy associated with sensthg as
sensing hardware can go to sleep between consecutive tiomea

plication design. It needs more involvement from the apitns
by requiring the application to control when to start angdtxra-
tion sensing. But such involvement also gives the userizgtpn
more control over when and how to perform location sensirgg.
instance, the user may require different degrees of acgwaad
frequency when performing locations sensing in differasnsr-
ios. Such requirements are hard to satisfy with single-tieggs-
tration and not supported by current APIs and systems. g ref
to the first type of registration @ne-timeRegistration, while the
second type ablulti-time Registration. For One-time Registration,
depending on the mobile systems, optimizations might béiegpp
to save energy. Whether and how to apply the techniques depen
on the GPS location management of multiple registratiopsc-
ically, when there are multiple sensing registrations, uhderly-

ing location manager needs to accommodate multiple regjists
with different sensing requirements. For example, if tremetwo
registrations with 2-minute and 1-minute update intervaspec-
tively, the location manager may combine these two regdistra

by simply considering the finer one, i.e., every 1 minute.

In this work, we focus on Multi-time Registration, as mobile
platforms such as Android have already employed mechartisms
synchronize the location sensing actions for One-time Regi
tion scenarios. For Multi-time Registration, we proposeitggy-
back the otherwise wasteful sensing on other sensing itionsa
Specifically, we present Sensing Piggybacking (SP) witpees
to the following two scenarios which involve the joining ohaw
LBA. We assume the joining LBA has location sensing require-
ment of(G1,T1, D1), whereG1 is the granularity of sensing (e.g.,
fine (or Gps) and coarse (or NetJ}, is the minimum time interval
andD; is the minimum distance interval for location updating. We
also consider the cases where other applications are iymiien
the LBA joins. We usgGy, 1>, D) to denote the finest existing

F



Gps registration, wheré, and D are the finest sensing intervals.
Similarly, we usgG., T3, D3) to denote the finest Net registration.

e The joining LBA has Gps request:When a new Gps regis-
tration with (71, D1) comes, the currently registered requests
(G, T2, Ds) are retrieved. (i) If Gps requests have been regis-
tered so far with(1%, D2) and if (T1, D1) > (1%, D2), SP does
not invoke sensing in response to the new request, but wait fo
the next sensing dff», D2 ) request. Statistically, the new reg-
istration request waits, on average, %rtime. If (Th,D1) <
(T2, D2), the new request is registered immediately. (ii) If only
Net requests are registered, then SP immediately registers

new Gps request. Figure 5 illustrates one piggybacking sce-
nario where both Gps and Net registrations have been main-

tained. The joining LBA requests Gps, and the new registnati
is delayed to piggyback on other Gps registrations.

e The joining LBA has Net requestvhen a Net registration with

ituti Ressi R Substituti SS
Substitution (SS) SuppRession (SR) ubstitution (SS)
|(j Piggybacking (SP) 4>|
|<j Adaptation (SA) ‘—)|

LBA-1 LBA-2 Stops Battery Starts LBA-2
Starts Starts Moving Low Moving Stops
T0 T1 T2 T3 TT4 T5 >
Figure 6: Integrated Operations
3.5 Integrated Operation

So far we have separately described four design principles-t
prove energy efficiency. The four design principles can work

(T1, D1) comes, the current registered requests are checked.gether for better energy saving in various scenarios. We she

(i) If there are Net requests registered so far &fd, D1) >
(T3, D3), SP waits for the firing of next sensing. On average,
the new request waits fo@é time. (i) If only Gps requests are
registered, then SP checks to see whether Gps registrations
isfy its requirement. If so, SP uses the current one; otrserwii
registers a Net request.

3.4 Sensing Adaptation (SA)

There are different ways to save phone battery power andafach
these focus on adapting a specific phone attribute. Suchumesas
may include adjusting the screen light, sleep-time, or gkiervol-
ume of ringtones. In the present work, we focus on energirgav
methodologies in the context of location sensing.

The key rationale behind the Sensing Adaptation (SA) princi
ple is to adapt the location sensing frequency based on tientu
battery level, driven by user’s general preference of lomj@ne-
operating time over higher location accuracy. Except foning
several accuracy-critical applications, users are mkskyliwilling
to trade accuracy for longer battery life. For instance, mihe bat-
tery level is low and a user is running Twitter on his mobil@epéa
and using the Gps for the location sensing, the user wouldrgen
ally be more willing to run the LBA with less-accuracy in retu
for longer phone use time.

SA is designed to respect the preference for longer operatio
time. When the battery level is low, SA is invoked to adaptlthe
cation sensing parameters to save energy. SA can be implednen
in three ways: (i) changing the sensing frequency or integia
changing the sensing distance interval, and (iii) adjgsthe ag-
gressiveness of other design principles. The first two walapta
the sensing intervals of location requests and registratioFor
newly joining LBAs, this can be done by hooking into the regis
tration process and directly changing the registratiomests. For
already-running LBAs, SA needs to remove existing rediisting
and add new registrations with adjusted parameter valysecifs
cally, when the battery level is low and the user wants to eores
energy, the sensing time and distance intervals will beemsed
correspondingly based on two adaptation functifins. and faist,
respectively. Denoting the requested time update intedistance
interval, and current battery level &, D;, and L, respectively,
T; and D; can be obtained b5, D;) = (frime(Lv), faist(Ls))-
Furthermore, users may be given the opportunity to manirgdiyt
the desired adaptation degrees rather than using pre-defires.
For this, the user can be greeted by a GUI interface thatitsaliser
input for controlling the adaptation degree.

integrated operation for an exemplary scenario in Figurln@he
scenario, the user is initially in motion and the battereles high.
After the user starts LBA-1 at tinig,, SS begins to work. After the
second LBA starts df’, SP becomes operational. When the user
becomes static, SR kicks in. When the battery level becoowes |
SA comes into play. As the user starts moving again, SR stoys,
SSisinvoked if possible.

3.6 Inherent Tradeoffs

So far we have presented four design principles and thesr int
grated operation to save energy associated with locatiosiragp
These design principles essentially trade accuracy anelitiess
of location sensing for energy saving. Along these lines,dae
note that some applications might be sensitive to the looadic-
curacy and sensing timeliness, regardless of the batteey énd
power consumption. Examples of such applications inclugth-
care and military LBAs. For these applications, all adapietech-
niques have to respect application requirements. Thuswagdo
safely perform the adaptation without violating the apgtiicn re-
quirement is to be application-aware and application-i§jgecin
other words, the four design principles can be selectivdbpged
by application designers, when LBAs are developed. Foants,
an LBA can be designed to detect the phone’s mobility state an
perform SR when possible. In this way, the decision aboutfdre
to apply a specific design principle and how to apply is madéaby
designer, and the application requirement regarding ilmtaens-
ing accuracy is not violated.

However, the aforementioned application-layer adoptias #n
associated implementation cost and is not scalable, phatig be-
cause of a plethora of existing and future applications. liRag
this, we propose another adoption model—a middleware apgpre-
which maintains transparency of application requiremees will
elaborate on this functionality in Section 4. With the mildare
approach, smartphone users are explicitly asked to dedig¢her
to apply a design principle or not to maintain applicatioguiee-
ment about accuracy. Practically, users may be greetedamith
user-interface asking the preferred action. Users can lewgiven
finer controls such as deciding the adaptation parameters.

The primary reason for users’ involvement is to equip thertn wi
final decision-making authority. For any LBA, different usenay
require different levels of location accuracy. For exampieen a
health-care LBA, a healthy teenager may think that hightlooa
accuracy is unnecessary, while an elder patient may thih&rot
wise. Furthermore, even for the same application and thessam
user, the importance of location accuracy may also vary. ifor
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Figure 7: Software Architecture

stance, when a person is sick, the health-care LBA becomes mo
important. A more intelligent design is to remember or eves p
dict the users’ selection, thus reducing the users’ ovetlireauch
decision making. We see this enhancement as part of future wo

4. SOFTWARE ARCHITECTURE AND
SYSTEM IMPLEMENTATION

We now present the software architecture of a system that-inc
porates the design principles discussed in the previoumeetVe
explain its detailed system implementations on Android ébey-
ment Phones (ADPs).

4.1 Architecture and Deployment Model

Even though our solution can potentially be applied to any mo
bile platform that deploys location-based services, weiipally
present the architecture on Android OS for the ease of pratsem
and the concreteness. Such a selection is also justified Bsofts
open nature and increasing popularity. Note that the archite
and design principles can also be implemented on otherophast
such as Symbian, Windows Mobile. As illustrated in Figuréheg,
system is realized as a middleware solution, residing batvapli-
cations and underlying Linux kernels. Specifically, Andrpiat-
form includes Application Framework that packages manyulise
classes in Java. The solution is implemented inside the d\tdr
Application Framework by modifying existing classes aslvasl
creating new classes. As illustrated in Figure 7, SA suppie
other three design principles with adaptation informatiand all
principles work closely with several existing componenistsas
LocationManager and SensorManager in Android Framework.

With this deployment model, the adoption of the proposed so-
lution on Android phones is through a new system image, which
includes both new Application Framework and embedded egpli
tions. Users may choose to re-compile the source code tinobta

BH@ 258 PM
Security & location
My Location sources
Use wireless networks
ed by Wi-Fi and/or

bile nets

Enable GPS satellites

Screen unlock pattern

N
Submit

(a) Enable/Disable interface (b) Configuration

Figure 8: Two prototype interfaces

the default “Security & location” setting menu of G1 phong&ée

new menu item, called “Smart Energy Saving”, has been added.
Figure 8(b) shows the configuration interface for the delsBé&
degree in time (TIME) and distance (DIST). The interfacenals
shows the expected battery saving time with the current LBA r
quests and SA degrees. Briefly, the prototype first calcsiltite
expected number of saved GPS invocations with SA. Thenpassu
ing a typical operation of making a phone call and its assedia
power level, the prototype estimates the improved battéyrom

the saved energy.

With current Android APIs, GPS is invoked through a major
function call, requestLocationUpdates(), which takeseast four
input parameters: LocationProvider (i.e., Gps or Net)oreépg
frequencies in term of time and distance, and an Pendinglote
LocationListener. Our prototype mainly captures this tiorccall
and embeds intelligence inside the function as well as atbler
evant functions. Specifically, SS may substitute anotheation-
Provider for the requested one, SR may freeze the furtheutra
of the function when necessary, SP may piggyback the cucaght
on existing registrations and freeze further executiorhefftinc-
tion call, and SA may adjust reporting frequency based otebat
level or user preference.

We illustrate the high-level operations of the four designg-
ples, as well as the major data structures, information fland
the function calls in Figure 9. SP is hooked into the location
sensing registration function, requestLocationUpdaté(henever
the framework detects a new location sensing registrafiBrrecords
the registrations into Registration State and obtains ithgypack-
ing time by checking this state. SA and SR are implemented in
separate threads, and their invocations are triggeredtisripéevel
changes and timers. SA registers for battery change updattes

the new system image or simply download the system image from Broadcast Receiver. SR periodically checks the user’s lityobi

Internet, and then update the phones vt tboot utility provided
in Android SDK to flash the phones.

4.2 Implementation Overview

We prototype the proposed solution on G1 Android Developer
Phone (ADP1) with OS version 1.5 Cupcake. All the four design
principles are implemented in Java inside Android Fram&w®he
prototype contains Graphic User Interface (GUI) whichafioa
user to enable, disable and finely configure the prototypey- Fi
ure 8(a) shows the interface for enabling/disabling theptida
location-sensing framework. The interface is implemeritesitie

state for the purpose of registering or unregistering seresalings.
SS reads the state of Area Profiles, periodically deterntfressur-
rent M-Area and selects the most appropriate location desvi

4.3 Sensing Substitution (SS)

SS aims to determine the most appropriate location prowdder
the-fly. Specifically, when Net is available and currentlysGg
being used, SS may decide to use Net to replace Gps for lacatio
sensing. The decision of whether to perform SS is contrdiieithe
user with a pop-up dialog informing the Net accuracy andragki
for actions. Similarly, when Net is being used and becomes un
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Figure 9: Prototype on G1 Android Phone

available, SS may turn to Gps. Since Gps consumes more power,a set of criteria including visiting frequency, most receistt time
Gps is requested with reduced location update frequencyato-m  and area size.
tain the same level of power consumption as Net.

In order to perform dynamic selection of location providersi 4.4 Sensing suppRession (SR)
accommodate the mobility of the phone, SS needs to be invoked gR monitors user's context with less-energy-intensivekacom-
periodically. The Handler class in Android SDK is used to lieap eter and orientation sensors. When the user is in a staté she
ment a separate thrgad jnside the LgcationManager Claslajfx)r prototype saves energy by suppressing the new locatioringens
purpose. As shown in Figure 10(a) line 1-2, whenever thei@sk  \yhen LBAs are running and the location services are regidter
invoked, SS attempts to determine the most appropriate 8Ar  , thread is created to monitor and identify whether the pliire
where the phone resides. After finding such an M-Area, SS then giatic or moving state. If the current state is static, thenaurrent

determines the available location provider with getPrexdcall. location sensing registration is removed; if the state is-siatic,
Specifically, the prototype captures the registration efgitovider, SR re-registers the previous sensing request, as showrgimeFi
and records the registered provider, the listener, thetegid time 10(b) (Lines 8-12). The thread is invoked periodically (eayery
update interval and the distance interval. This informat®used 1 minute) and the reading for each invocation lasts for shwerc-
for new registrations (with the same interval values andstirae onds. The reason for doing so rather than continuous mémgtor
listener). If the available provider is Net, the requesteavialer is that otherwise the continuous sensor reading and cotiguta

is Gps, and Net can satisfy LBA's requirement (Lines 3-4gnth  pecome expensive in terms of energy consumption. However, t
SS unregisters the current provider and registers theadkaibne disadvantage of periodic reading as compared to persisading

(Lines 5-6). If the available provider is Gps and the reqest g that short-term static states might not be detected. , frardic
provider is Net, then SS unregisters Net and registers Gp®ap  jnvocations work better for long-term static states.

priately (Lines 7-10). _ o Inside the thread, the prototype reads accelerometer aeuor
Area Profiles are initialized with training data and updalgd tation sensors to detect mobility (Lines 1-7). The basimrate
monitoring the sensed environmental characteristics wihening is that whenever there is change of the state, these sendbrs w

LBAs. A separate profiler process keeps running when the usergeg g arge variation in readings. As the motion sensors may r
carries the phone and moves around. The process recordsoGPS | port updates quite frequently (e.g., 20 times per secohd)user

cations, network-based locations, and the time. The pcbia state is detected to be static only when both microscopte stad

are stored in files, and then further extracted into M-Are&sea macroscopic state are static. Microscopic state is detenby
Profiles are read into the memory whenever the instance d-LoC  finer successive sensor readings, while macroscopic staletér-
tionManager is created. Profiled locations are organizedlias of mined by coarser reading changes (e.g., 2 second). We ribéite

M-Areas, each of which has the same characteristics of théaw both microscopic and macroscopic detections are necessary
cation providers. In other words, locations inside the sarea has there are scenarios where slow changes (i.e., macrosd@ppen

the same physical characteristics of Gps and Net (i.e.labity, but such changes cannot be detected by microscopic chedking
accuracy, prec!smn). '_I'he structures and operations dfltieeas instance, the most infrequent sensor reading rate (i.esupply-
are presented in Section 4.7. o ing SENSOR_DELAY_NORMAL in the registerListener() calb o
To reduce false negatives of area determination, the pfmot  Android platform is about 10-20 times per second, as obskirve
uses both current location and mobility properties to dedte our experiments. When the state change is slow, simply compa
current M-Area. The mobility properties include currentvimg ing two continuous readings does not allow detection of thees

speed and direction. For each invocation of SS, if the ctilen  change. Furthermore, to reduce the false negative (i.ebjlityo
cation is inside the same M-Area apd |f' the moving dlrgctlod a  being detected as being static) probability, our prototgses one
speed suggest that the user will be in this area for a whiéz the step further. If no mobility is detected, then the user statensid-

M-Area is determined to be a candidate M-Area. If multipleca  greq to baransientlystatic, and this state has to sustain for certain
didate M-Areas exist, the most appropriate one is chosezdbas period before inferring that the state is static.



(c) Sensing Piggybacking (SP)

(a) Sensing Substitution (SS)

Variables
provider: Requested location provider
Set areq: Profiled M-Areas
Areaprev: Previous M-Area

Areacyr: Current M-Area 1
1 Obtain most recently sensed location 2
2 DetermineAreac,, based orfet arcq 3
3 If provider == Gps 4
4 If Areac.r's Net can satisfy LBA 5
5 Unregister the corresponding Gps 6
6 Register a new Net 7
7 Else // provider == Net 8
8 If Gps is not available AND Net is available 9
9 Unregister the corresponding Net 10
10 Register a new Gps 11
11 End 12
12 End 13
14
(b) Sensing suppRession (SR) 15
Variables 16
Statec.,: Current motion state (static or moving) 17
Statepre,: Current motion state (static or moving) 18
Statemicro: Micro transient motion state 19

Statemacro: Macro transient motion state
Stateaps,reg: Currently requested Gps state
Obtain motion sensor readings
DetermineStatemicro andStatemacro
If Statemicro @andStatemacro == Static
Statec,, = Static
Else
Statec.,r = moving
End
If Stateprev andStatec., == static
Unregister the corresponding Gps
Else
Register a new Gps based $tutegps, reg
End
Statepres = Statecur

O©CoO~NOOThA, WN P

CoOo~NOoOUWNE

Variables

Stateaps: Gps registration state
Statene:: Net registration state
time: Requested location sensing frequency
dist: Requested location sensing distance
Received requestLocationUpdate(provider, time, dist,.
Store information about provider, time, distance
Check validity ofStateqps andStatene:
If provider == Gps
CompareStategys to time anddist
If Statec,s allows piggybacking
Delays the registration to enable piggybacking
End
Else // provider == Net
CompareStatene: to time anddist
If Statene: allows piggybacking
Delays the registration to enable piggybacking
Else
CompareStatecys to time anddist
If Stateaps allows piggybacking
Delays the registration to enable piggybacking
End
End
End

(d) Sensing Adaptation (SA)
Variables

Bat..: Current battery level
Bat.y,: Battery level threshold to trigger SA
ftime: Function to adjust time parameter
faist: Function to adjust distance parameter
If provider == Gps ANDBat i < Batipy
time =time™* fiime
dist =dist* faist
Obtain user preference
If SA is allowed
Unregister the current Gps
Register a new Gps wittime anddist
End
End

Figure 10: Pseudo-code : (a) Sensing Substitution, (b)iggssippRession, (c) Sensing Piggybacking, and (d) Sergiagtion

4.5 Sensing Piggybacking (SP)

LBAs request location sensing through a registration fionct
call of requestLocationUpdates(), which takes severahmpaters
including the location provider, time interval and distariater-
val. The essential idea of SP is to force the incoming regfisin
request to synchronize with existing location-sensingstegfions.
SP predicts the next sensing registration request fronentiyrrun-
ning LBAs and asks the incoming LBA to delay the registration
SP learns and maintains the location-sensing registréiigtory,
stored in two array lists—one for Gps and the other for NethEa
element of the lists contains three values: registratiorefitime
interval and distance interval.

SP first needs to determine the validity of the maintainetksta
Since the prediction of future registrations is based ototially
maintained states, the states can be outdated becausgqubstieg
LBAs might stop running or change the registration. A stateiid
only when the most recent registration time recorded is heemo

than certain time earlier than the current time. The detaudshold
value for determining the validity is 200% of the time intelrvin
other words, if the predicted registration which is suppldseoccur
after ' time does not come i7" time, then the state is invalid,
indicating either the application changed the registrapiattern or
the application has stopped running.

As shown in Figure 10(c), SP is hooked into the registerLoca-
tionUpdate() function in the LocationManager Class of Audr
Framework. When receiving the above function call, SP chéuk
validity of the maintained registration state (Lines 142}he state
is invalid, the request is passed through and is added tcetyis-r
tration history by the addReg() function. If the state isdjathen
SP determines the piggybacking time (i.e., the delay) wétPgy-
gyTime() function (Lines 4-16). The current prototype detimes
the piggybacking time in six different usage scenariosetas the
currently maintained registration-state types as welhasricom-
ing new registration type. In the following, we will discusach



of the six scenarios below. For simplicity, we use the notatf
{(Maintained states), Incoming state} to denote each stenw/e
use(t, To, Do) to denote the incoming request, wheiis the time,
Ty is the requested update time interval, aigl is the requested
distance interval. For the maintained states, we(G&es, 71, D1)
to denote the Gps state with the finest time interval b&ingnd
finest distance interval beinB.. We use(Net, 1>, D) to denote
the Net state with the finest time interval beifig and the finest
distance interval bein@-.

e {(Gps), Gps}: The prototype checks whether tiiéps, 77, D1)
state is valid. If so, then it comparé:, D1) to (o, Do). If
Ty < Tp and D1 < Dy, then piggybacking is enabled, and the
piggybacking time is calculated.

e {(Gps), Net}: As Net typically has coarser location infortiwa
than Gps, the operations are similar to the ({Gps},Gps)aden
but the comparison is betweé, D) and (7o, Do).

e {(Net), Net}: Similar to {(Gps), Gps} case by replacing Gps
with Net.

e {(Net), Gps}: Since Gps is typically finer than Net, the regue
cannot piggyback on existing Net registrations. The nevisreg
tration is passed through immediately.

e {(Gps, Net), Gps}: Similar to {(Gps), Gps}.

e {(Gps,Net), Net}: The prototype firstly checks the Net state
which is similar to that of {(Net), Net}. If not possible to gi

gyback, then it checks the Gps state, which is similar to §Gp
Net} scenario.

4.6 Sensing Adaptation (SA)

The operations of SA are shown in Figure 10(d). SA is invoked

|

A

(1) Horizontal merging (I1) Vertical merging

Figure 11: Merging operations

4.7 Mobility Profiling

Both SR and SS use the M-Area structure to organize the lo-
cations. Each M-Area contains three types of propertiese Th
first type is boundary property. Each M-Area is a rectangéaar
bounded by a starting point, an ending point, and a widthezalu
The points are specified with latitude and longitude coatis.
The second type is usage property. M-Areas also containttire n
ber of visits and the last visit time (i.e., LastTime). Thedhype
is provider property. M-Areas also maintain the sensingattar-
istics, such as availability and accuracy, of Gps and Net.

The construction of M-Area consists of the two steps. Ihjtia
each M-Area is constructed as a rectangle, based on the iglo-ne
boring location readings from the mobility traces. LaterAvka
can be merged and replaced. Two M-Areas can merge into one
when they have compatible boundary-related propertiessante
provider-related properties. There are two types of megrgaenar-
ios: Horizontal and Vertical. Horizontal merging occursemtthe
starting point of one M-Area is adjacent to the ending pofrithe

when Gps is used and the phone’s battery level is low. When the other M-Area or the starting point is inside of the other MeAr

battery level is below a user-specified threshold (e.g. 2@A)de-
termines the preferred adaptation degree for both time mtadte
intervals of Gps registrations (Lines 1-3). SA also asksex'sisn-
tention on whether to perform SA or not. If adaptation is déedpb
the user can choose the preferred adaptation degrees. Ttwe pr
type then functions based on the decision and values pra\igie
the user (Lines 4-7).

SA learns the current battery level information with Androi
power-APIs. It registers a BroadcastReceiver to handldrtent
of ACTION_BATTERY_CHANGED. The function used to regis-
ter is registerReceiver(), which is a method of the Contéad<in
Android SDK. Because of this, the prototype piggybacks #ugs-
tration on an existing application in Android platform: S&tySet-
tings, which is extended from Context. Specifically, in tieCoe-
ate() method, SecuritySettings registers the BroadcasiRe and
an IntentFilter. Whenever the battery level changes, tbeiver is
notified and appropriate information is recorded.

Applications running on Android platforms are essentiatly
dependent in the sense that each application has a privae di
tory and each application runs in a separate Java virtuahimac
For communication between activities within a single aggtion
and between different applications, Android SDK providegesal
mechanisms including shared preferences, content prsvited
database. Unfortunately, none of these mechanisms woekb/ne
for the communication between application layer and fraorkw
layer. Our prototype uses files (under /proc) as the inteiated
media for these two layers to communicate. Specificallyliapp
cations and frameworks both access the same files under tine da
directory of the system, which can be obtained by getDa&Dir
tory() call. There are various types of data that need to bheesh
For simplicity, we use a separate file for each type of data.

Vertical merging occurs when the two neighboring areas laave
jacent starting-points and ending points. When conditamesmet,
merging is performed and the properties of the new M-Area are
updated. The two merging operations are illustrated in feidu.
Specifically, the starting/ending points and the width godaied

to represent the new M-Area. The LastTime is updated to the mo
recent LastTime of the previous two M-Areas, and the Frequen
is set to be the average of the two Frequency values.

One important design issue is the size of the profiled M-Areas
Since the size impacts the efficiency of processing speedamd
pression effectiveness, there is a performance tradetffrgard
to the number of M-Areas maintained. Specifically, incregshe
size results in higher suppression probability. Howevealso oc-
cupies more storage space and inflates the processing tinee.
propose to adjust this size based on the hardware capatfilihe
smartphones. If smartphones can afford to provide moresspiad
process the operations sufficiently fast, maintaining imegal more
M-Areas benefits Sensing Substitution. In addition, repiaent
mechanism that only maintain higher-utility M-Areas candaes-
ily applied to alleviate the storage concern and maintaafedxlity.
The prioritization is enforced in the following order: Fremcy,
LastTime, and Area size.

5. PERFORMANCE EVALUATION

We evaluated the effectiveness of our prototype. We firstehod
the energy saving when each of the four design principlepdis a
plied. Then, we show the effectiveness of each design ey
considering a typical scenario where each design pringiplexs.
Finally, we evaluate the integrated operations of the pypwand
show its aggregated saving.



5.1 Analysis

We analyze energy-saving benefits coming from reduced GPS
invocations. For simplicity, we assume that LBAs requestimber
of GPS invocations per hour by default and that the energy cos
of per-GPS invocation i€,. Similarly, we useE, to denote the
energy cost of per-Net invocation, and Usgto denote the energy
cost of running each design principle in an hour. The eneayng
benefits are expressed in the reduced number of GPS invosatio
and, for a more concrete understanding, they are transtatethe
extended battery life when other tasks are performed. Sgalty,
we choose the representative task of making phone callsthend
power consumption level of the task is denotedyy We useN,
to denote the number of GPS invocations reduced by eachrdesig
principle in an hour, and usg. to denote the extended operation
time, when making calls.

e Sensing Substitutio®ssumingp,, percentage of GPS invo-
cations are replaced by Net invocations:

rpu(Eg — En) —
P,
e Sensing SuppressioAssumingp, percentage of GPS invo-
cations are suppressed, we have,
_rpsEy — E,
==
e Sensing Piggybackingssumingp, percentage of otherwise-

independent GPS invocations can piggyback on other invo-
cations. We have,

Ng = rpy ,andT, = Bo

Ny = rps , andT:

_ rpgEy — E,

= 5

e Sensing AdaptationAssuming the time-interval adaptation
degree isi: (%), we have,

Ng =rpy , andTe

100

Ng=r(1——),and (1)
dy
~ r(dy — 100)Ey — E,
T. = N )

We now show exemplary values based on experiments and as-
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Figure 13: Sensing Substitution

only Gps is available. In Area 4, only Net is available. We run
an LBA requesting Gps updates every 5 seconds. The sulmstitut
checking thread uses an interval of 15 seconds. We thendréoer
events of SS and location updates in Figure 12. As shown in the
figure, in Area 1, Gps is used to perform location updatingth%s
user moves into Area 2, Gps is replaced by Net, since Net has ac
curacy similar to Gps’s. Then, as the user moves into Areles, t
component substitutes Gps for Net, since only Gps is avail&t-
nally, when in Area 4, Net again replaces Gps to perform lonat
sensing.

Figure 13 shows the recorded GPS invocation times and im-

sumptions mentioned above. Our measurements show that eachproved battery life in our experiments. Because SS repléqes

GPS invocation costs about 9 Joules (i.e., 150-M47Vx 15 sec-
onds). The average energy overhead of running the desigai-pri
ples on our smartphone prototype is negligible (i.e., a feW)m
compared to GPS sensing power, so for simplicity in the follo
ing presentation we ignore this cost. Next, though the pdees
of making phone calls varies on different phones and coatiers

with Net only when Net provides the desired location sensicig
curacy, we vary the location accuracy required by LBAs frabn 5
meters to 300 meters. We set the Net accuracy according to the
traces collected from a particular user who commutes alavagjle

ing route. The user lives and works in Bay Area of Califort8A.

As shown in the figures, with coarser requirements, the numibe

scenarios, we choose an averaged value of 600 mW, measured ifPS invocations decrease. While 50-meter accuracy regeire

an ADP. For an LBA requesting Gps every half minute, we have
r = 120. Thus, with SA andi, = 300, the energy saved per
hour isE, = 120 x 2 x 9 = 720 (J) with Equation 1. We have
T. = % = 1200 (seconds) with Equation 2. In other words,
with SA, for every hour of running an LBA, about 20 minutes of

phone-call time can be saved.

5.2 Sensing Substitution (SS)

We evaluate SS by asking a person, who carries a smartphone
to walk along a route. The route is manually split into four ar
eas with pre-defined different characteristics of Gps and Rer
ease of evaluation, we pre-set the characteristics of tedi®as
as follows. In Area 1, both Gps and Net are available, with Net

does not see much improvement, 300-meter requirementieéc
reduces the number of invocations by about 50%. Correspghyi
improved call-making time increases as accuracy requinésrize-
come coarser.

5.3 Sensing suppRession (SR)

SR is invoked only when the phone is in static state. We con-
sider a scenario where an LBA is running and user’s mobitaies
vary between being static and moving. The State-Checkireath
is invoked every 1 minute. Figure 14 shows the various e\amnth
as thread invocations, starting and stopping of the agmicaand
the user’s mobility. As shown in the figure, the phone is atlii
static. After LBA starts, accelerometer is invoked. Sirfzephone

being much less accurate than Gps. In Area 2, both Gps and Netis not moving, the State-Checking thread puts the phoneaistg-

are available, with Net having accuracy similar to Gps. lea\8,

pression mode, after a while. Once the phone starts moueg, t
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Figure 15: Sensing Suppression

We vary the adaptation degree from 100% (i.e., without SA) to
350%. We observe that no-adapting results in about 60 tirhes o
GPS sensing, as requested by the applications. The higher ad
tation degree results in the less number of GPS invocatiamd,
specifically, withd: = 350, GPS is only invoked 15 times. As
shown in Figure 19(b), SA helps improve call-making time lpy u
to 650 seconds per hour.

thread detects the mobility and takes the phone out of theresp
sion mode. Finally, after the application stops, the acoeteter is
unregistered.

Figure 15 shows the recorded GPS usage with varying GPS in-
tervals requested by LBAs. Note that we put the phone intiicsta
state for half of the entire period (i.e., 30 minutes in a hoike
plot the improved battery life when making calls in Figurgl)5
SR effectively suppresses about half of the GPS sensingvii- 5.6 Integrated Results

proves the battery life when making calls by up to 400 seconds We also evaluate the effectiveness of integration operstin
. . . energy saving. We run two LBAs concurrently at low battemele
5.4 Sensing Piggybacking (SP) to enable corresponding components of SA and SP. The aiteptat

SP can help reduce the number of GPS invocations by piggy- degree is set to be 200%. The two LBAs request GPS sensing with
backing GPS sensing requests from multiple LBAs. We run two same frequency of every 30 seconds, but start with 15-sediénd
LBAs concurrently but with different starting time. Bothmiza- ference. We use the traces collected from a particular user w
tions request GPS sensing every 2 minutes. Figures 16(ajpand commutes along a route in the Silicon Valley, California. S0
show the sensing updates received by the two applicatioesed/ vary the user states to invoke the SR. Specifically, we vagyithe
that when SP is not working, GPS is invoked for a total of 1e8m  length of the user being static. The GPS usages are plotteig-in
in 10 minutes, while when SP is used, GPS is only invoked 6gime ures 20. We see that by default GPS is invoked about 240 tiares p
Note that in Figure 16(b) the last two GPS invocations ndiifyh hour. By invoking all the four components, GPS invocatioas ¢
applications about the new location updates. be reduced to about one-fifth even when the phone is congtantl

Figures 17(a) and (b) show the GPS invocation times and im- moving (i.e., SR is not invoked). Even more significant reiturc
proved battery life time during experiments. We vary the G&S on the number of GPS invocations can be achieved when thesphon
questing frequencies of LBAs from every 1 minute to every 3.5 is put in longer static state (i.e., up to 98%). Also, with puoto-
minutes. With SP, the number of GPS invocations is reduced by type, improved call-making time is more than 2,700 secoondalf

half, and correspondingly, call-making time is improvedugyto considered scenarios.
910 seconds. Even though the above evaluation results show the savings in
. . terms of GPS invocation times and predicted operation titris,
5.5 Sensing Adaptation (SA) also necessary to show the improved battery life since tipgréne
We evaluate SA by considering two scenarios with differett b~ design components (e.g. computation) also consumes enéfgy
tery levels. We set the adaptation degree for time intenvdl t= show the improved battery life with our prototype with a soen

200. The Gps location updates received by the applications are where two LBAs are running, each requesting GPS every 1 minut
plotted in Figure 18. As shown in the figure, the LBA requebest  The two LBAs start with 30-second difference. To show the ef-
location sensing updates every 1 minute, and with this corp fect of SA, we invoke the component for all battery levels,,ithe
the update interval is increased to every 2 minutes. battery level threshold is set to 100%. A user carries thenpho
Figure 19(a) shows the GPS invocation times at low battesi.le and walks along the commuting route with different moviteis
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Figure 19: Sensing Adaptation

time. As shown in Figure 21(a), our prototype can improve the
battery life from 81% to 92% after an hour.

We also use the LBA of Real Time Traffic to measure the ef-
fectiveness of our prototype. Using the same configuratams
described in Section 2. The user carrying the phone folldves t
commuting route and spends half time walking and half timiedpe
static. The instantaneous battery level results are shovigiure
21(b). We observe that our prototype can improve the batifery
from 79% to 88% after an hour—up to 75% improvement.

5.7 Profiling Results

To evaluate the location-sensing characteristic profile&$, we
ask three users to carry phones with our prototype instatied
we continuously obtain their location information on a gdibsis
for 3 weeks. The users live and work in the Bay Area of Califarn
U.S.A. We show part of a M-Area map (defined in Section 3.1hbot
before and after the merging operations in Figure 22. Welsate t
there are totally 5 M-Areas before merging, and these ae=astr
in 3 new M-Areas after merging.

The profiling process has several pre-defined parameteexfor
tracting and merging M-Areas. One of the parameters is titialin
width of extracted M-Areas. The setting of this value patcly
affects the merging operations since only adjacent M-Acaasbe
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6. RELATED WORK

Recently, the use of smartphones (e.g., iPhones, Windows Mo
bile, Symbian and Android) becomes pervasive. These simargs
are equipped with location sensing capability to enable £BAs
mentioned before, to the best of our knowledge, existingilmob
platforms including Android do not employ techniques sanilo
our designs to improve energy efficiency of LBAs, althoughlap
cation developers partially adopt similar concepts (éngreasing
sensing interval).

As users are increasingly adopting a wide variety of LBAs on
smartphones [2, 4, 10], several research efforts have baele o
the design and use of LBAs. For example, work in [22, 23, 29,
36] presents traffic monitoring designs. BikeNet [18] dd®es an
extensible mobile sensing system for cyclist experiencppimg.
StarTrack [12] extracts users’ sequences of locationsdirfidim of
tracks so that other applications can take advantage offbena-
tion. Other works aim to improve the performance of positign
mechanisms such as GPS. For instance, Skyhook [8] imprbees t
response time of positioning by combining the unique benefit
GPS, cell-tower triangulation and WiFi positioning.

Since typical smartphones are equipped with multiple tygfes
sensors, applications that take advantage of these semedrsom-
ing, and many existing works attempt to detect and extraetsus
states and context based on the readings from these seh3¢t5,[
21,25]. Many approaches have been proposed to combineftine in
mation obtained from sensors including Bluetooth, acoeheter,

merged. A larger width value encourages merging and leads to audio, camera and GPS [16, 20, 24, 28, 35].

smaller M-Area sets, while the accuracy of the M-Area esttoac
might be compromised since all the locations inside the ssime
Area are supposed to have the same characteristics. As shown
Figure 23(a), setting the width to 10 meters rather than 3&rse
increases the resulting M-Area set by more than 70%.

We also measure the Net accuracy with profiled data of 3 users,

Realizing the battery shortage problem of mobile systemus; v
ous solutions have been proposed to save energy [11, 32}:hEthe
lenges and general approaches for energy management drefcind
devices are described in [34]. Turducken [33] presentsratuki-
cal power management architecture for mobile systems.

To address the power consumption problem of GPS sensing, som

and we show CDF in Figure 23(b). We see that for the locations works attempt to trade accuracy of GPS for energy [14,1728.9,

visited, more than 70% of locations have a Net-accuracy fraar
100 meters. This suggests that for an LBA requiring locagiotu-
racy coarser than 100 meters, SS can be invoked most of time.

30]. Work [14] proposes to use accelerometers to sense nesusm
for saving energy, and the mechanism bears similarity wétiisig
suppRession. ENloc [17] addresses the optimal locatiorisgn
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problem given an energy budget. Micro-Blog [19] proposeisaie
ance the competing goals of accurate location coordinaigfoag
battery life by infrequently using more accurate, but petvengry
localization services such as WiFi to offset the error idtroed by
less accurate, but more power-efficient localization sewi(e.g.,
GSM localization). These two works share certain featurits w
Sensing Adaptation. In addition, work [31] selects betwega
data services driven by history, which bears the idea oft&ubs

tion. Parallel to our work, a-Loc [26] presents a method te dy

namically trade-off location accuracy and energy, usirappbilis-
tic models of user location and sensor errors. A-Loc chotises
most energy efficient location sensor to meet applicati@ui@cy
requirements. The accuracy requirements may be specifigid-ex
itly by the applications, or automatically determined bi.ac for
important classes of applications such as mobile searclsacidl
networking. Work [30] proposes to trades-off location aecy
for reduced energy use by using a combination of spatio-oeahp
location history, user activity, and celltower-RSS bléstithg to se-
lectively activate GPS only when necessary to reduce positn-
certainty. The work also proposes sharing position readamgong
nearby devices using Bluetooth in order to further reduc& &ei-
vation. Though sharing certain degree of similarity wite #tbove
approaches, our work differs from them in the exact usagesst®s
and detailed designs. In particular, compared to theseoappes,
our work provides a comprehensive energy-saving soluséibored

for smartphones running multiple LBAs, and it has been imple

mented as a middleware on an Android smartphone.

7. CONCLUSION

In this paper, we consider the problem of energy efficierdtion-
sensing on smartphones. We first identify four critical dastthat
affect energy efficiency of location-sensing with GPS tigtoex-
tensive experiments. These factors are static use of totagns-
ing mechanisms, absence of use of power-efficient sensofsito
mize location-sensing, lack of sensing cooperation amouigjpte
LBAs, and unawareness of battery level. We then present @ ad
tive location-sensing framework that includes the desigmcples
of Sensing suppRession, Sensing Substitution, SensinyFagk-

ing, and Sensing Adaptation to reduce the usage of GPS in vari

ous scenarios. We implement these design principles asalanid
ware on Android-based smartphones by modifying the Appitioa
Framework. Our evaluation results on the implementatioowsh
that our prototype can significantly reduce the GPS usagehyg u
98% and improve battery life by up to 75%.
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