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Abstract

The power isstill todayan issue in wearable computing applicatiofise aim of the present
paper is to raise awarenassthe powerconsumption of wearable computing devices ie-sp

cific scenariogo be able in the future to design energy efficient wireless sensors for context
recognition in wearable computing applicatiombe approachs based on a hardwaseudy

The objective of this paperis to analyzeand comparehe total power consumptiof three
representative wearable computing devices in realistic scenarios such as Display, Speaker,
Camera and microphone, Transfer by-Ki Monitoring outdoor physical activitynal Re-
dometer.A scenario based energy model is also developéd.Samsung Galaxy Nexus
19250 smartphong the Vuzix M100 Smart Glasses and tBenValey Smartwatch AW
420.RXare the three devices representative of their form factors. The power consuisption
measuredising PowerTutor anandroidenergy profilerapplicationwith logging option and

using unknown parameters so itadjusted with thaJSB meter. The result shows tHae
screen size is the main parameter influencing the power consumptionowkegonsunp-

tion for an denticalscenariovaries depending on the wearable desieneaning that others
components, parameters or processes might impact on the power consumptiartheend f
study is needed to plain these variationsThis paper also showthat different inputs
(touchscreen is more efficient than buttons controls) and outputs (speaker sensor isiinore eff
cient than display sensor) impact the energy consumptidifferent way This paper gives
recommendation$o reduce the energy consumptio healthcaravearable computingppi-
cationusing the energy model.
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Gl ossary

Android is the operating system used in the Vuzix M100 Smart GlaSs®¥/alley Smat-
watch AW420.RX and Samsung Galaxy Nexus 19250

GlassUpis a head mounted computdtp://www.glassup.net/

Google Glasss a head mounted computetp://www.googé.com/glass/start/

Google Play Storeis an online app store created in 2012 by Google for Android operating

systemhttps://play.google.com/store

Moto 360 Motorolais a smart watchttps://moto360.motorola.com/

Pebbleis a smart watchttps://getpebble.com/pebble

PivotHead is a head mounted computetp://www.pivothead.com/

PowerTutor is an android energy profiler application used during the experiments to measure

the total power consumptidritp://ziyang.eecs.umich.edu/projects/powertutor/

Samsung Galaxy Nexus 1925& the smartphone used during the experiments of this thesis
http://www.samsung.com/be fr/consumer/molpit®ne/mobilephone/mobilearchive/GF
[9250TSALUX#

SimValley Smartwatch AW-420.RX is the smart watch used during the experiments of this
thesishttp://www.simvalleymobile.de/AndroieWatchIP67-PX-1795919.shtnh

SmartWatch 3 Sony is a smart watch http://www.sonymobile.com/global

en/products/smartwear/smartwat@swr50/

Vuzix M100 Smart Glassess the head mounted computgsed during the experiments of

this thesidttp://www.vuzix.com/consumer/products mip@sumer/
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WeOn Glassess a head mounted computgtp://www.weonglasses.com/
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1. Introduction

The introduction defines wearable computing applications and their challenges. Based on this

latest the motivation, hypothesis and approach of this thesis is presented.

1.1. Background

Steve Mann, a pioneer of wearalslemputing, believes that wearable computers are ¢he d
vices that wi || fundamentally i mprove the
(Mann, 2012) He is wearing digital eye glasses for 20 years and his life hassbheéanced.
Nowadays, Eye glasses start to be more and more accepted by the society whereas-some pe

ple are still against this technology which uses the camera due mainly to privacy reasons.

Wearable computing idefined by Thad Starners * a Awprn bouopdtgr that is designed

to provideuseful services while the usearep e r f or mi n g (Starbeh 20d4)lttcans k s’
stitutes a new interaction between human and compitiercomputers are rdictly integrated

on the uses body in a way that they do not monopolize their attention, do not give a una
ceptable looking and do not disturb usemoves.They are used in the background as@& se
ond source of information to users by short interactfomms a few secondto a few minute.
Wearable computingpplications use&ontext recognition bynonitoiing, recognizing user
activities, analyzinghe surrounding situatiorand giving a meaning and descriptiohthe
current situationSchmidt, et al., 1999)NVearable computing takes place in more and more

domains such as healthcare, maintenance, production, emergency rescue, plant operation,
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manufacturing, language translation, mgtion, communication, gamesd spor (Genaro
Motti, et al., 2014)

Wearable computing faces the same challenges in every domain. The challenges described by
Thad Starner irfStarner, 2014{Starner, 2001}Starner,2001)arestill todaypower use, heat

dissipation, on and tbody networking, mobile input arautput

Power consumption of devices and its managenisrthe most difficult issue in wearable
computing. It gets a modest improvement comp#oeother tehnologies. In facthe batte-

ieshave oftera short period of time befotheyrun out.Designerseed to take into account

the fact that the batteityes to supply the wearable computing system for a minimum amount

of time equivalent at leasttothemmu m of ti me of the users’ u ¢
to deal with battery life and power supply by using chemical battergchargeable battery.
Harvestingenergyfrom the human bodgr environment such as solar paislalso an inve-

tigated approacto provide energy to wearable devicklsing radio transmission on body

an approach whictprovides powerfor exampleto sensors based dhe passive RFID ¢o

cept Low-powermode CPU and components, called also green components, allow-an eff

cient systen and longer battery lif¢Starner, 2001{Starner, 2014)

The second challenge, linked to the power issue, isd¢he dissipation The surface of the
devices becomes smaller. By consequenceh#a dissipation is less, and the temperature
can rise quicklyStarner, 2014)The device becomes unsafe and uncomfortable to the users
(LiKkamWa, et al., 2014)In addition, its performance slow®wn (Starner, 2014)The ds-
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play consumes a significant amount of energy and can be shut down for example to reduce the

temperature allowing healthier use and better performance.

Theon and off-body network issuedependson the protoco$ used for communication and
the place forcomputation, on or ofbody. It causes more dess latency and energy reo
sumed For exampleGoogle Glassucceeds to reduce thadacy when sending a message
sincetheydo the compution n the cloudwhere there arenore resourceiAnother example

is theLTE cellular connectionvhich also reduces the latency by using full IP protocol in the
Evolved Packet Core. Howeyesome technologies such as GREBGE or HSDPA castill
havean unacceptabl&atercy. Another improvement concerning body network is the Heve
opment from Bluetooth to Bluetooth Low Ener@®LE) which has been standardized in 2001
and allovs an appropriate body centered netwokkotherexample concerning this issue is
GPS. Before 2000GPS got an accuracy of 100 metddsie to the technology advancement
and political reasong&sPSnow succeedto get a standard accuracy of 20 metds® due to
the help ofon bodysensors and networkBlowever, this merge of sensors informatcamn-

sumes more energyhan the simple sensd6tarner, 2014)

Mobile inputs aredifferent to desktop inpatdivided in two categories: free hands such as
speech recognitionsing microphone for exampbknd norfree hands such asnartphoes
touchscreenas example Speech recognition is a viable input that can be wa#dsmart
glasses for example. However, it can be inappropriate to use thisnrgmme situationsuch

as takingnotes during a business meeting. Besidagerating syst@ssuch as Android or iOS
implemeneda nice user interface experientgng swipes, taps and gestureaotouchscreen
which is adequate for wearable computing devices in contrast with the caseadiWMP

interface(Windows, Icons, Menus and Pointingvees)which requiretoo much visual and
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manual aertion. Different mobile inputs such as voice recognition or touchscreen use diffe

ent sensors and migtitusimpact the energy consumptiq@tarner, 2014)

Also output is different byproviding information to userén a visual, tactile or audio form

The most commooutputwith mobile devicesrethe displayand the vibration alerfdr ex-
amplea message or a phone call) implemenmednostsmarphonesHead Mounted Display

ard Head Mounted Computaredevices which mainly provide information to usetis visual

form. Theycan also provide audimformation, as Google Glasswith its bone conduction
technology.Headsets provide audio outputuseal for example to listen tonusic awl voice
communicationHowever, bone conduction technology gets a better interaction with users by
free hands and neobstruction of the earStarner, 2014)Visual and audio outputs consume
different amourg of energy.In fad, the smartphone display is the component consuming the
most energy in this devig€arroll & Heiser, 2013)The choice of the output in a particular

wearable computing application might have an influence on the total ersargynoption.

1.1. Motivation

Wearablecomputingis a complexsystemtakinginto accountifferentaspectasdescribedn

the previoussectionl.1 suchas users requirementgnot monopolizingtheir attention,light

weight, not disturbedusers moves,easyandappropriatanteraction);contextrecognition(an-

alyzing environmentmonitoringactivity, giving a descriptionto the currentsituation);power
use;heatdissipation;on and off-body networking;mobile input and output. The overall goal

of this thesisis to be powerawarein orderto optimizethe energyconsumptiornof wearable
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computingapplicationsby measuringthe power consumptionand creatinga scenariobased

energymodelfocusingonly onthe hardwareandthe powerconsunption matter.

1.2. Hypothesis

It is known in the domain of smartphone that the screen size impact on the energypsonsum
tion. However only one paper measuring the energy consumption of wearable computing in
(LiKamWa, et al., 2014) with the Google Gldsas ber found Based orthis founding and

the fact that wearable computing devices are simatheir size and their purpgsenddif-
ferences aréasicallyonly the sizeand shapef the display, the hypothesis this thesids
wearable computingaVices shdd consume the same amount of endogyperformingtasks

in anyscenariqg except concerning the displayhe approach implemented in this thesin-

pares the devicesxaminedandmeasures thpowerconsumption oftlifferentwearable dew-

es in specifiscenarios

1.3. Approach

The hypotheses will be checked by the measurement and analysispofsbieconsumption

of wearable devices such as a smartphone, smart glasses and a smart watch with Android, the
most popular operating system, in a setest scenarioOne device is used as a represent

tive of eachclasswhenexamining its behavior in respect to th@wer and energgonsunp-
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tion. The representative devices a®amsung Galaxy Nexus 19250Vuzix M100 Smart
Glasse$and SimValleySmartwatch AW420.RX due principally to their screen size and
featuressuch as camerdhe devices are used ey are and not changed by any disasse
bling to access thieatteryfor example The measurement is done ligingthe erergy profiler
application PowerTut8ravailable o the GooglePlay Store (is anonline appstorecreated in
2012 by Google for Android operating systesup to the logging optioand a USB meteor

a better accuracyhescenariosareoriented hardwarandtry to deal with the previous issues
in orderto stay relevanto anywearable computingpplication In addition of the power ¢o
sumption analysis, a scenario based energy model is created in order to dbtreatrgy

consumption.

1.4. Organization of the thesis

This Chapter gives a brief overview wearable computing discussing the main challenges
and how this thesis contributes to these issues. This thesis is structured as follows:

Chapter2 presents the state of the art of wearable computing dealing with energynpensu
tion and communicationChapter3 uses a qualitativeapproach to select and describe vaear

ble computing scenari@nd the components settinghapterd presents the three devicas-u

! Samsung Galaxy Nexus 19256tp://www.samsung.com/be_fr/consumer/motgl®ne/mobilephone/mobile
archive/GFI9250TSALUX#

2Vuzix M100 Smart Glassehttp://www.vuzix.com/consumer/products_mipsumer/

® Simvalley Smartwatch AWA420.RX  http://www.simvalleymobile.de/AndroieWatch|P67-PX-1795
919.shtml

* PowerTutorhttp://zivang.eecs.umich.edu/projects/powertutor/

® Google Play Storenttps://play.google.com/store

16



http://www.samsung.com/be_fr/consumer/mobile-phone/mobile-phone/mobile-archive/GT-I9250TSALUX%23
http://www.samsung.com/be_fr/consumer/mobile-phone/mobile-phone/mobile-archive/GT-I9250TSALUX%23
http://www.vuzix.com/consumer/products_m100-prosumer/
http://www.simvalley-mobile.de/Android-Watch-IP67-PX-1795-919.shtml
http://www.simvalley-mobile.de/Android-Watch-IP67-PX-1795-919.shtml
http://ziyang.eecs.umich.edu/projects/powertutor/
https://play.google.com/store

der test theSansung Galaxy Nexus 19250/uzix M100 Smart Glasses arsimValey
Smartwatch AW420.RX and the measurement tools PowerTutor application and EzReal
KW-203 USB Detector Multimeter. Chapter 5 presents the power consumption behavior of
each scenario and devja@eates a scenario based model appreachmakes recommead
tion in the case of healthcare wearable computing applicaiospter6 summarizes the &

Sis.
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2. State of the Art

Wearable computing describasfamily of devicessensors, actors and energy sources that
interact all togetheand areworn by the usexr Wearable computing applications still face
challenges and need further research to design the perfect application (see2shclid-

ing with energy consumption can be done in differentspmegrying the focused area, the type
of device or the measement tool (see section 1.2)ne kind of measurement tool is the e
ergy profiler application which can have different ftioalities from one profiler to another

one (see sectiod.3).

2.1. Wearable Computing and Challenges

Wearable computings a family of worn devices and sensomesented iruse casapplia-
tions Sensors, actorgnergy sources and other components are connected to each other via
Wireless Body Area NetworkGepperth(Gepperth, 2012pives an overviewof recent e-
search and concept smart wearabkand clothing by stating applicati@eenarioscommon
problemsand challenges giving some approaches to déhl The authorpoints out that
wearable computing has to be flexible, comfortable and lightweight to not disturb the wearer
and has for purpose t o d\watalgarithmsnHe spedfiesrdife act
ent interfaces such as gesture control, tactile feedback or speech recognition which can impact
the energy. It appears that sometimes smart clothes are combined with smartphones to have a
faster process. The author stwoihiat he main issugconcerning wearable computing apphc
tion arethe functionality, theises acceptancehe integration of all the componerasd the
energy supplyThe main issues remain the samesgarner pointed outStarner, 2001since
2001,only few improvements haveeen implemented in this area.
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Smart watches are wearable devices directly attached to the human body monitoring activities
and recognizing gestures in addition of providing notifications. (Mitt, 2014)presents an
overview of current smart watches research describing limitations, design criteria and diffe
ent application domains. The author outcomes that already many research teams deal with the
gesture recognition lifting the progress of the development as moggesture recognition
methodologiesre identified to be similar. Witt shows that security and privaeanother

issue concerning smart watch due to the exposure of the screen oriented on the owtside. Ho
eva, this thesis does not focus on gesture recognition but on the battery life and emergy co
sumption which is still a concern and one more time confirmed by Witt. The author explains
that some smart watches are dependent on other devices for furthergsoedssg power

consumptionnevertheless this thesis deals with the indepersieatt watch.

2.2. Energy consumption in wearable scenarios

Carroll and HeisefCarroll & Heiser, 2010answer tovhereandhowthe energy is useby
providing a detailed analysis of the power consumptiomofopen nature and modern mobile
device,the Openmoko Neo Freerunner smartphdiney measure the power consumption of
principal hardware componerds well as the total power consumption of sheartphone for
micro-benchmarks and realistic usage scenarios. In particular, the paper presents an analysis
of the energy usage and battery lifetime based on a power model. They conclude by giving the
most promising area for a good power management asulis$ing about the most power
drawn components. However, the authors focus on the power consumption of each hardware

component such as CPU, whereas the thesis concentrates on the overall power consumption
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of the devices components together. For instameethesis evaluates the sum of the power
consumption of GSM, CPU, \ARi, Audio and GPS.

Andrew Rice and Simon HafRice & Hay, 2010)propose a fingrained measurement
frameworkwith annotated traces o r p hower ednsumptipn, designing to understand
howthe energy is used by an applicati®hey measuresing this frameworkhe power co-
sumption of Androiebased G1 and Magltandsets and show that the energy required to send
data could vary significantly depending on thessage size and send buffEine paper d-
cuses on detailed energy consumption basdati@communication such as data transmission,
whereas ththesis focuses oa higher level of the communication such asfMor GPS and

alsootheractivities based oweamble application as camera activity.

Thiagarajanyet al.(Thiagarajan, et al., 201@yesent an infrastructure fareasuing the a-

ergy consumption of mobile web browsing elements such as Cascade Style Sheetsa(CSS), J
vaript (JS), images and pldg objects. They measure the energystonptionto render
financial, blogging email, newse-commerceand social networking webites. They prove

that most energy consumirg renderinghe page are downloading and parsing @88 JS.
Based on their data, they do recommendations on minimizing the energy consumptien to re
der the page by optimizg the design of the web pagé&ar instance, they succeed to reduce
the energy consumption by 30% of the Wikip&dimbile site by modying scripts without
disturbing the userexperience. fie authorestimate the point whicteduces the energy co-

sumption of mobile browser by offloading the computatora remote proxyHowever, the

® Wikipedia: https://www.wikipedia.org/
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paper focuses on mobile web browsing elets@mergyanalysis such as CSS. In tuims

thesis focuses on wearable devices activfi@seranalysis such as listening music.

Trestian et al(Trestian, et al., 2012hvestigate the impact of network related factush as
netwok load and signal quality level on the power consumption of an Android mobile device
performing video delivery over TCP or UDP on a-Winetwork.In particular, they analyze

the efficiency of the system in several scenarios showing that combining thelnktad and
signal quality level impact the energy consumptidhe paper focuses on detailed energy
consumption based anultimedia video delivery combining computation and communication
such as codec and network lodthisthesisconcentratesn a highe level of multimedia sg&

arating connectivity such as audio playback and communication such as file transfer.

Lin and Di Francesc{Lin & Di Francesco, 2012analyze the energy consumption of remote
desktop access on mobilevites. The measurement is ddmg using PowerTutor, energy
profiler android application, in realistic usage scenarios. The authors measure the emergy co
sumption of different components to shbew remote desktop protocols perform. Theg{r

sent the impaadf remote desktop protocol features on the energy consumption. The authors

finally provide some considerations on sexperience and usability.

Caroll and Heiser(Carroll & Heiser, 2013present a detailed power analysisthe major
components such as CPU, RARNIsplay GPU, wireless radios, camera, GPS and enviro
mental sensorBom the Smartphone Galaxy S Ill smartphone. They measure the pawer co
sumptionby instrumentation at the circuit levial realistic workloadsud as gaming, video,
audio, phone call & SMS, web browsing, email and caméray compare the measurement
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with previous data from earlier smartphone generation. The outsbhowes thathe screen
sizeimpactsthe energymostin idle state compaceto the pocessor. However, they also-f
cusedon the energy consumption of different generations of smartphon&gbésl), while
the thesis concentrates on the energy used by different kind of wearable computing such as

smartphone, smaglasses and smart watch.

Table 1: Average system power for a range of usage scenarios across three smartphone generations. (Carroll &
Heiser, 2013)

| [Aemsesgempowerow)
_ 161 334 666
822 747 854
599 - 1299
349 - 1020
430 538 1080
271 412 874
460 322 226

Bedregalet al (Bedregal & Gutierrez, 2013)resent an energy consumption analyser -
plication on the Samsung Galaxy Nexus Smartphone. They used PowerTutor androéd applic
tion tool to measure thenergyconsumption by components and dplications. As a result,
they classify the applications by the amount of energy consumedwangeyeral recomnme
dations to savéhe energy. For instance, they imprdu@% the battery life by applying the
recommendations. The thesis adapts partially the same methodolBgdragalet al by s-
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ing the same smartphone, Samsung Galaxy Nexus andrtfeeraeasurement tool PowerT
tor. However, the authors focus on the energy consumed per application, whereas the thesis

focus on the totghbowerconsumed by the wearable devices.

LiKkamWa, et al.(LiKamWa, et al., 2014jneasuraising Monsoon Power Monitdhe power
consumption of theExplorer Edition ofGlass (XE12) by component (OMAP4430 SoC,
Screen, Bone conduction speaker, inertial motion unit, audio recording aRdBNietooth)

and by using scenarias idle, menu navigatn, internet browsing, telephony, image/video
capture and streaming. They also provide an analysis of the heat dissipaganthorsgive

some indication to improve the efficiency of components such as the display, CPU, input and
output toincrease theafety and utility of the device. However, the authors disassemble the
Glass to access the battery and dontieasurementyere the devices are used as identical to
the market and not changed by any disassemiipg:onsequence the thesis uses PowerT
tor andUSB meter to measure the powmmsumptionLiKamWa, et al.present an analysis

of theExplorer Edition ofGlass(XE12) while the thesis presents an analysis of Vuzix M100

Smart Glasses available on tharketcompared to XE12 which is not anymore

2.3. Android energy profilers

An energy profiler is an application that aids to perform an analysis of the application energy
usage Bakker (Bakker, 2014)presents an analysis and a compari@aeTable 2) between

six different Androidbased energy profilers taking into account different functionalities.
Bakkerconcludeghat there isho applicationbetterthananother;each energy profiler has its

own purpose and interest. The thesissiBawerTutor apptiation principally due tehe fact
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of per componenénergy usge and itdogging functionalitiesand in the second hand due to

its APK availabilityandpopularity.

24



Table 2: Energy profilers comparison (Bakker, 2014)

Power | Intel Perfor- | eDoctor | Trepn GSam CPU
Tutor mance Viewer Battery Monitor
Monitor
High-level func- | Per componeni Yes Yes No Yes No Yes
tionality per Per app Yes Yes Yes Yes Yes Yes
profiler Online profi- | yes Yes No Yes No Yes
ing
Detect ABD No No Yes No No No
Average ene | Yes No No No No No
gy use/app
Logging Yes No Yes Yes Yes Yes
Componentlevel | CPU Yes Yes Yes Yes No Yes
functionality per | 3G Yes Yes Yes Yes Yes Yes
profiler Wi-Fi Yes Yes Yes Yes Yes Yes
GPS Yes No Yes Yes No No
Battery status | Yes No No Yes Yes Yes
GPU No No No Yes No No
Data visusalis- Graphs per| Yes Yes No Yes No Yes
tion functionali- | component
ties per profiler | Graphs  per| Yes Yes No Yes No Yes
application
Textual yes No No Yes Yes Yes
(form’)
Overlay graphs No Yes No Yes No No
Availability of Availability Yes Yes No Yes Yes ( but| Yes
profilers for download? No APK)
#Downloads 100K- 5K-10K - Unknown 500K-1M | 10K-50K
500K
Google Play? | Yes Yes No No Yes Yes
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2.4. Summary

To conclude this chapteone ofthe main challengein wearable computing applicatisne-
mains the energy consumpti@s has beerpointed out in 2001 by Starné¢®tarner, 2001)
(Starner, 2001and stillis an issue as shawin (Gepperth, 2012and(Witt, 2014)

One way to consider the battery issue is to understénedeandhowthe power is consumed

in order to get better power management system. As shown in s@ciand summarizgin

Table3, researchers focus on this understanding but taking into account different aspects and
using different measurement tosl This thesis adapts the same objective by understanding
howthe power consumption is used by different kind of wearable devigealigtictest se-

narios An analysis and a comparison of the power consumption between smartphnatr

watch and smart glasses are presented using PowerTutor. This paper is a first attempt in the
field of wearable computing devices comparpayverconsumption irrealistictest scenarios
between such devices.
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Table 3: Summary references

Authors

Objective

Measurement

Outcome

Draining our Glass: An  Robert LiKam- 2014 power consumption - components Monsoon Power Moni- recommendation to im-
Energy and Heat Charac- Wa battery life - usage scenarios tor prove the energy con-
terization of Google Zhen Wang heat dissipation sumption
Glass Aaron Carroll
Felix Xiaozhu
Lin Lin Zhong
An Analysis of Power Aaron Carroll 2010 - detailed analysis of - Principal hardware power model promising area for a good
Consumption in a Gernot Heise power consumption  components power management
Smartphone - understanding of - energy usage
where and how the - battery lifetime
energy is used
Who Killed My Battery: Narendran Thi- 2012 energy consumption - energy consumption  energy model recommendations to min-
Analyzing Mobile agarajan in web browsing of top web sites imize the energy con-
Browser Energy Con- Gaurav Aggar- - energy consumption sumption
sumption wal of web components
Angela Nicoara
Dan Boneh
Jatinder Pal
Singh
Energy Consumption Ramona Tres- 2012 - wireless environ- - wireless link quality Hardware equipment Network load and signal
Analysis of Video tian ment |IEEE 802.11g - network load quality level impact the
Streaming to Android Arghir-Nicolae - power consump- - video quality level energy consumption
Mobile Devices Moldovan tion - transport protocol
Olga Ormond - delivery video (UDP/TCP)

Gabriel-Miro
Muntean
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Energy Consumption of  Youming Lin 2012 energy consumption - Virtual Netwark PowerTutor demonstrate how the en-
Remote Desktop Access Mario Di Fran- of remote desktop Computing ergy is consumed by re-
on Mobile Devices: An  cesco access on mobile - Remote Desktop mote desktop protocol
Experimental Study device Protocol feature
- TeamViewer
- CPU/LCD/Wi-Fi ener-
gy consumption
- usability and user
experience
The Systems Hacker's Aaron Carroll 2013  detailed power major hardware com-  hardware equipment the display consumes the
Guide to the Galaxy En-  Gernot Heiser analysis ponents most energy
ergy Usage in a Modern
Smartphone
Decomposing power Andrew Rice 2010 How the energy is - data transmission fined grained measure- message size and send
measurements for mo-  Simon Hay used per application - message size ment framework buffer impact the energy
bile devices - send buffer consumption
Optimizing Energy Con- Jose Carlos Val- 2013  per application application PowerTutor recommendations to op-

sumption per Applica-
tion in Mobile Devices

divia Bedregal
Eveling Gloria
Castro
Gutierrez
Robert E. Arisa-
ca M.

analysis of energy
consumption

timize the battery life
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3. Test scenarios

Chapter2 states that one of the main challenges in wearable computing is the.lf5dtergn
2.2 has suggestedifferent aspectsuchas componentsr usage scenarios and measurements
suchas software or hardware to deal with this challefige thesisaims to evalatethe hy-
pothesiswearable computing devices should consume the same amount of fEmepgy
forming the same scenarig except concerngthe displaypy measuring the poweonsunp-
tion in several test scenariadich are representative of the a common practice of the devices

Section3.1 describeghetest scenarios an@ation3.2 presents the setting of the differelat

vV i coermponents.

3.1. Test scenarios description

The scenaripare based on the component and usage scenarigyeconsumption measured
in (LikamWa, et al., 2014)Carroll & Heiser, 2013and(Carroll & Heiser, 201Q)

3.1.1. Display

The displayis the component which consumes the most energgmartphore(Carroll &
Heiser, 2013)and the hypothesisvearable computing devices shouldnsume the same
amount of energfor performingthe samescenariq except concerning the displesybased on
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it. The Display scenario investigat@nly the energy of the screen without any application
runningwhich might impact the energyonsumption The sleeping time of the screes set
after five minutes of inactivity to avoid interaction with the device wingght influencethe

result

3.1.2. Speaker

An alternative to the display to pside information is the speakéefhe test scenariSpeaker
uses the RwerAmp’ applicationwhich is one of the most populgseeTable 4, more than
10M downloads860,162 votesand 4.5 rating music playeron android devicesThe sound
played during te Speakerscenarias a five mindes 440 Hz tone which is used as a general
tuning standard for musical pitch.

Table 4: Popular music playerapplications on Google Play

Downloads Votes Rate

PowerAmp BetweenlOM and50M | 860162 | 4.5

Music Playeri Audio Player | Between OM and ®M | 455,617 4.1

Music Player for Android BetweenlOM and50M | 134,186| 4.0

" PowerAmp:http://powerampapp.com/
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3.1.3. Camera and microphone

Camera and microphone sensors are usethatyzethe environmenin handsfree applica-

tions. The scenariamera and microphoneses the riave camera application on eack-d

vice. Smart glass does not have access to GoogleSRiag this meanghatapplicationscan

be installed by downloading.APK android program from external resources like memory
card No application to record videos haseln successfully found roimg on all the devices.

The assumption is that the native camera application is correctly implemented and similar
from one device to another. iBrassumption allows comparing the resultom the different

native camera applidans.

3.1.4. File transfer by Wi-Fi

In additionto camera and microphoné&)e connectivityhas animportantrole in handsfree
information. The most popular wireless protocols are Bluetjaftigbe€ and WiFi'®. This
work usesWi-Fi protocol as a representatiwgreless protocol which isapableof high data
rateimplementationgLee, et al., 2007and long range connectiofBerro & Potorti, 2005)
TheFile transfer bywi-Fi scenariacusesAndFTP client’, the most popular (s€Eable5) ap-
plication that aims transferrindiles using FTP oveilCP. In this scenariothe devices are

used as a clierstnd a LG thlet is used as a server ($@gurel (d)). Thefile is a 26 MB ra-

8 Bluetooth:http://www.bluetooth.com/

? Zigbee:http://www.zigbee.org/

OWi-Fi: http://www.wi-fi.org/

HAndFTP clienthttp://www.lysesoft.com/products/andftp/index.htm
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dom file. The IP address of the server is saved on the AndFTP client applicdton toe
start the task allowing quick connection to the server when the application starts. During the
scenarig a private network is implemented, whemy the server and the client are cortnec

ed, to avoid congestion and intedace from the load.

Table 5: Popular FTP client applications on Google Play

Downloads Votes | Rate

AndFTP client BetweenlM and5M 23,421\ 4.4

Turbo FTP client & SFTP client | Between D0K and ®0K | 2,414 | 4.2

FTP Express Between50K and100K | 774 4.0

3.1.5. Monitoring outdoor physical activity

In orderto understand the ergy consumption of the GR&ed in agvity recognition this
thesis investigateMonitoring outdoor physical activityest scenarioLowe andOLaighin
(Lowe & OLaighin, 2012)compare six virtual trainerd.able 6 shows the attribugeof each
trainersystem Monitoring outaor physical activity test scenanimes Endomondd applica-
tion due to the fact that it uses only smartphone hardv@i®S technologgnd has more than
6.7M users Endomondo is a butih GPS and smartphone application that mosittistance
traveled, sped data, altitude data, energy and expendiiuvere & OLaighin, 2012)

12 Endomondonhttps://play.google.com/store/apps/details?id=com.endomondo.android
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Table 6: Virtual trainer system attributes (Lowe & OLaighin, 2012)

Hardware

Technologies

Parameters Moni-

tored

Users

Foot pod tion Speed data
Wristband GPS Altitude data
Footswitch Energy
Expenditure
Polar Wristwatch Wristwatch Distance traveled  Unavailable
Chest strap heart ral Heart rate ranitor Speed data
monitor Accelerometer Altitude data
Foot pod Energy
GPS module Expenditure
Heart rate data
miCoach Smartphone Heart rate monitor  Distance traveld Unavailable
Chest strap heart ral Accelerometer Speed data
monitor Smartphone apple&c  Altitude data
Foot pod tion Energy
Wristband GPS Expenditure
Heart rate data
Runkeeper Smartphone Smartphone apple&c Distance traveled 6,425,000
tion Speed data
GPS Altitude data
Energy
Expenditure
Endomondo Smartphone Smartphone apple&c Distance taveled > 6,700,000
tion Speed data
GPS Altitude data
Energy
Expenditure
Microsoft Ki- Kinect IR emitter Body orientation 18,000,000 kinec
nect Xbox 360 IR camera Body position users
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3.1.6. Pedometer

In orderto understand the energy consumption of the accelerosetear, the thesis invest
gatesPedometetest scenarioThetwo most popular pedometeavailable on Google Play
Storeare Noom Walk®and Runtastic pedometéwith both between 5M and 10M dow
loads(seeTable 7). The thesisuses Noom Walk applicatiorbecause iis the mast popular
with 121,441 votes Noom Walk application is a builh accelerometer and smartphone appl

cation that counts theumber ofsteps of the users.

Table 7: Popular pedometer applications on Google Play

Downloads Votes Rate
Noom Walk BetweerbM and10M | 121441 | 4.1
Podoneter Between 1Mand 5M | 52628 | 4.2

Runtastic Podometer| Betweer5M and10M | 75436 | 4.2

3 Noom Walk:https://play.google.com/store/apps/details?id=com.noom.walk&hl=fr
1 Runtastic pedometehttps://playgoogle.com/store/apps/details?id=com.runtastic.android.pedometer.lite
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3.1.7. Sequences of tasks in the test scenarios

The test scenarios are split in two groups Héeneks information test snarios (display,
spe&er, camera and microphone and file transfer byF/and Activity recognition test se
narios(monitoring outdoor physical activity and pedometer).

Table8 describes step by step the actions taken during the scemeribe beginning of ex+

ry scenario the device is switched ol scenaris startwith a preparation process which is
switchingon the device and waiig 30 seconds correspondingttee time of the starting pr
cessesThen, he Speakerscenario consists to firthe tone in the native file manager and play

it with PowerAmp applicationAfter the preparation procesSamera and microphongijle
transfer byWi-Fi, Monitoring outdoor physical activity andddometer scenariaonsist to
open the correspondent application (Native Camera, AndFTP client, Endomondo and Noom
Walk application)and performfew actions such as start to record the video, connect to the
server find and download the file, wait for GPS connectivity and turn on the activity recogn
tion. In Speaker and Bhitoring outdoor physical activity scenarios the screen is switched off
which is representative treal scenario whesomeone listening usic or monitoring activ

ty. In Display, Speaker,Cameraand microphon@ndPedometeiscenariosthe test is stopped
after five minutesThe File transfer byWi-Fi test is stopped whethe file is completely
downloaded and the dhitoring outdoor physicalcéivity scenario is finished after one turn

around the building.
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Table 8: Sequences ofasks inthe test scenarios

Sequences of

Test scenarios

tasks Handsfree information Activity recognition
N° Description display | speaker | Cameraand mico- File transfer bywi- Monitoring ogtploor physical pedometer
phone Fi activity
Switch on device 'H H H H H H
Wait 30 seconds| 'H H H H H H
Find tone inthe | H 4] 4] A n
file manager
4 | Play the tone A 'H A A n n
with Power Amp
5 | Openthe appl | A A H H 'H H
cation
6 | Starttorecord a| f N H N N N
video
7 | Connecttothe | f 4] 4] H n n
server
8 | Findthe fileto | A A n H n n
download
9 | Download the 4] 4] 4] H n n
file
10 | Wait for GPS A A A n H n
connectivity
11 | Turnonthee- | 7§ A A A H n
tivity recognifon
12 | switch off the N H N N H N
screen
13 | Wait 5 minutes | 'H | H H A n n
14 | Walk during5 | A A A n n H
minutes
15 | Walk around the| 7 n n n H n
building
16 | Stop the test H H H H H H

36



3.2. Test scenarios setting

Table 9 presents the state of the components such as the Display, Bluetoefh, ®8M,

Audio and GPS. For each scenario, only the main components under test are set asd RUE a
the others are set at FALSE in order to reduce the impact of these componentpammethe
consumption. If the intensity can be modified such as the brightness of the display dr the vo
ume of the audio, the value is set at maximum to evaluate the haghesnt ofpowercon-

sumed in the test scenario. During the experiments, the speaker of the smart glasses at max
mum volume makes the sound crackling. For this reason, the volume of the smart glasses is

set to 50 percent of its capacity and representmtheémum volume without crackling.

Table 9: Test scenarios setting

Monitoring outdoor

Test scenarios  Display Speaker  Camera and microphon File transfer by WiFi physical activity Pedometer
Display MAXIMUM FALSE MAXIMUM MAXIMUM FALSE MAXIMUM
Bluetooth FALSE FALSE FALSE FALSE FALSE FALSE
Wi-Fi FALSE FALSE FALSE TRUE FALSE FALSE
GSM FALSE FALSE FALSE FALSE FALSE FALSE
Audio FALSE MAXIMUM FALSE FALSE FALSE FALSE
GPS FALSE FALSE FALSE FALSE TRUE FALSE

3.3. Summary

This chapter desitres thetestscenarios which are under test to measwetiwer consupr
tion and estimatéhe energy consumptioi.he qualitative approach is used to understand
which scenario is the mosbmmonand the most representativeveéarable computing agpl

cation. Display, Speaker, @mera and micghone File transfer bywi-Fi, Monitoring outdoor
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physcal activity and lBdometer are described in Sectiid andthe setting of thdisplay,
Bluetooth, WiFi, GSM, GPS andudio componentsre presented in Secti@®2 A quanti-
tive approach is further used to evaluate the hypothesis providing numerica ogalihe

power casumption in each test scenario
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4. Experimental Setup

Chapter3 describes the six scenarios that are tested to measure the power aate dialu
energy consumption and additionpresents the components settifigese scenarios hate
run on wearable devices being able to perfornsealess. Three devicesSamsung Galaxy
Nexus 19250Vuzix M100 Smart GlasseendSimValey Smartwatch AWA20.RXare selet
ed as a representative of the differlemin factos (see sction4.1).

Chapter2 shows differentways of measuring the power consumption either via software or
hardware equipment. In the thesis the power consumption is measured using PowerTutor a

plication on android devices aadjustedusing USB metefsee sction4.2).

4.1. Devices

Steven Mautone (Mautone, 2014) presents the major wearable form factors (see Table 10).

Table 10: Wearable form factors (Mautone, 2014)

Smart Glasses and Goggles

Wristwatches, Bracelets, awdmbands

Rings and Gloves

Necklaces and Lanyards

Pins and Clips

Headbands and Headsets

Clothes:Belts, Shirts, Jackets and Par

Shoes
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Smart glasses argbggles, wristwatches, bracelets and armbands have similar feattines
smartphone and caprovide handdgree information and recognize uskeractivity. Rings,
gloves, necklaces and lanyards are usually used as contratisy.clips and shoes arento

monly tracking device$or day or a path tracking using GPS senswriMU (Inertial Meas-
uremet Unit) for example. Headbands might be used as brain waves readsmigtrigro-

vide audio information as headsets. Clothing is generally used to carry all the smart devices.
One common scenario using smart clothes is safety and security atovakampé the

chainsaw scenario.

Smart glasses and gogglesd wristwatches, bracelets and armbands are the two wearable
form factors which correspond to be the best to perform the scenarios described in Chapter 3.
One pair of smart glasses and one smart watetselected as representatifethese form

factors In addition, one smartphone is selected for the experiments as represaiftptipe-

lar device ‘ seen as an opportunity for smart Wwe
(Gepperth, 2012and also known for theitimited battery size and capaciand power e-

striction.
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(a)

(d)

Figure 1: Devices (a)Vuzix M100 Smart Glassegb) Samsung Galaxy Nexus 1925@Qc) SimValley Smartwatch AW-
420.RX(d) LG tablet

4.1.1. Smartphone: Samsung Galaxy Nexus 19250

Samsung Galaxy Nexus 192%6eeFigurel (b)) is usedduring the experiment$Screen size

of smartphones is the mastpactful parameters on the power consumptidable 11 shows

that the screen size dbamsung Galaxy Nexus 192%04 . 6 57 ) i's bet ween
| p h on e 6whigh4maks'the Samsung Galaxy Nexus 192%0representative device of

smartphone concerning the screen.size
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Table 11: Screen sizesmartphonescomparison (Apple, 2015)

Iphone5 4"
Samsung Galaxy Nexus 1925( 4.65"
Iphone6 4.7"

4.1.2. Smart glasses: Vuzix M100 Smart Glasses

The smart glagsused for the experiméare Vuzix M100 Smart GlasseseeFigure 1 (a))
allowing hands free information access and data collecttois. an android based wearable
computingcomposed omonocular display and computdir.is selected ashe representatie

of Smart Glasses and Gogglesm factors due to its features such asfand its availalbi

ity on the markefseeTable12).

Table 12: Comparison of smart glasses

Wi-Fi yes yes no no no
Market Availability not anymore  yes yes not yet yes

5 Google Glasshttp://www.google.com/glass/start/
¥ \WeOn Glassesttp://www.weonglassese/

1 pivotHead http://www.pivothead.com/

18 GlassUphttp://www.glassup.net/
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4.1.3. Smart watch: SimValley Smartwatch AW-420.RX

The smart watch used for the experiment is Sindysbmartwatch AWA20.RX (sed-igurel

(c)). It hasbeen chosen due to its featu(eseTable 13) regrouping most afhe smart watch

features in one watch. Its characterisscgh as Wi, GPS or Camerahowits ability to

perform every scenario describedChapter3. It is a complete computerithh full commun-

cation features.

Table 13: Smartwatch features comparison

Smart Watch Moto 360 Motorola™ | SmartWatch 3 Sony” | Pebble™ | Simvalley AW-420RX
Wi-Fi No Yes
GPS No Yes Yes
Gyro Yes Yes Yes
Sensors 3D Accele. Yes Yes Yes Yes
Compass Yes Yes Yes Yes
Camera Yes

¥ Moto 360 Motorolahttps://moto360.motorola.com/
2 SmartWatch 3 Sonyhttp://www.sonymobile.com/globan/products/smartwear/smartwa@iswr50/
% pebblehttps://getebble.com/pebble
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4.1.4. Comparison of the Specifications

Table 14 compares the specifications of Vuzix M100 Smart GlesSanValley Smartwatch
AW-420.RX and Samsung Galaxy Nexus 19250.

Table 14: Specifications comparison of thé/uzix M100 Smart Glasses, SimValley Smartwatch AWI20.RXand Sam-
sung Galaxy Nexus 19250.

Components Vuzix M100 Smart Glasses SimValley Smartwatch AW-420.RX Samsung Galaxy Nexus 19250
CPU TI OMAP4460 DualCore at 1.2GHz fast dualcore CPU at 1.0 GHz TI OMAP 4460 Duaicore 1.2 GHz
Battery 550mAh, up to 8 hours standby 600mAh, up to 75 hours standby 1,750mAh,up to 290h standby
Display 428 x 240 pixels, virtual image 4" 240 x 240 pixels, touchscreen 1.54" 720 x 1280 pixels, touch screen
465"
Camera 5MP photos, 1080p video. 3 MP photovideo 5 MP photo, 1080p video
Sensors GPS, 3 axis gyro, 3 axis accelereter, GPS, accelerometeE-compass9-axis  GPS, accelerometer, gyroscope,
and 3 axis mag/integrated compass. position sensor proximity, compass, barometer
Connectivity ~ Wi-Fi, Bluetooth. Wi-Fi , Bluetooth 4.0, GSM Wi-Fi , Bluetooth v3, GSM
Controls 4 cantrol buttons Touchscreen 1.54", 2 control buttons  Touchscreen 4.65", 3 controltbu
tons

All these devices have the simif@atures and have access to sensors or components such as
camera, speaker, Wi, accelerometer and GPS allowing performing thexages describes

in Section3.1 However, hardwarspecificationsvary between devices and might impact the
energy consumption. For example the CPU clock rate of the smartwatch is at 1.0GHz and
smartphone and smart glasses.atGHz, this difference might have a low impact on the e

ergy consumption while the display might significantly impact on the energy. Vuzix M100
Smart Glasses virtual screen sizg) (presents 86% of the screen size ofShensung Ga

axy Nexus 1925(04.65") and SimValey Smartwatch AWA20.RX screen siz€l.54") repre-

sents 33% of the smartphore.addition, the devices have different resolutions which might
impact on the energy consumptid@oncerning the battery, Vuzix M100 Smart Glasses has

the lower caacity 550mAh compare with the smartwatch ®@h and the smartphone
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1,750mAh impacting mainly the autonomy of the battdtye specifications concerning the
autonomy are accurate for new devices, however the three devices used in this thesis have
been alrady in used and the specifications might vditye smart watch and the smart phone
have a touchscreen allowing faster control and navigation on the device than smart glasses

composed only of four control buttons.

4.2. Measurement

There ardwo ways of measung the energy consumptiagitherusinghardwareor software
equipment The equipmenshouldbe usal with the same sapling rate onevery deviceto
compare and anatg similar, coherent and relevant dafeccess tahe battery of the smart
glassand the sm watchis not possiblevithout disassemblinghe devicesthis makest dif-
ficult to record thepower or the energgonsumedrom the battery to the deviaesing had-

ware equipment.

Software equipment is the most suitablegébthe power consumptiobehaviorof the devic-
es Smartphone, smart glasand smart watch are runnidghdroid which allows using the
same application oeachdevice.Many Android energy profiler applications are available on
the Internet andn Google PlayStore For a béter understanding of these applicatioribe

features of six popularenergy profilersare compared i(Bakker, 2014)seealsosection2.3).
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4.2.1. PowerTutor application

PowerTutoris used to measure the pewconsumption inLin & Di Francesco, 2012)
(Bedregal & Gutierrez, 2013)nd also here.

PowerTutor(Zhang, et al., 20103stimates the power consumption of major eystomjo-
nents and applications. The estimation is based on a model built on HTC G1, HTC G2 and
Nexus one.The main advantage of this application is the logging data opfio&power
modelused in PowerTutas based on theower states of smartphonempaments that infl-
ence the energy consumptiddomponents with an insignificant impact on the powaer-co
sumptionsuch as SD cardre excluded from the model, only CPU, OLED/LCD,-®i 3G,
GPS and audio states are taketo account.The model is constructeldy correlating the
power consumption measured with the power statdhe hardware componenfseeTable
15). The power consumptiomeasuredor each individual componehtad been defined ma
ually using Monsoon Power Monitgrandautomatically using the builh voltage senso(see
equation ). The system power consumptios calculatedy the sum of independent cooyp
nents power estimas(Zhang, et al., 2010)

6 6 6 O "YO@ "YO@ (1)

22 Monsoon Power Monitohttps://www.msoon.com/LabEquipment/PowerMonitor/
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https://www.msoon.com/LabEquipment/PowerMonitor/

Table 15: HTC Dream Power Model (Zhang, et al., 2010)

] Qi Qnt Qi QR oo qQa 6 0Y 1 ol @@ Qiri "o0Y | "o0Y
Model 1 w'Q "0Qft ®wQ 0Q | o0 f (e)®)
1 (of @)
Categoy | System variablg Range| Power coefficient | Category| System variable | Range| Power coefficient
util 1-100 T :434 LCD Brightness 0-255 T :240
CPU T :342 GPS GPS_on 0,1 f 1 429.55
freq,freq, 0,1 n.a. GPS sl 0,1 f  :173.55
CPU_on 0,1 T :121.46 Data_rate 0-c0 n.a.
Npackets, Rua 0-00 n.a. Downlink_queue | 0-c n.a.
o Rchannel 1-54 1 : Equation2 Uplink_queue 0-c0 n.a.
Wi-H Wi-Fi 0.1 20 | oM 3Gae 01 | 1 10
Wi-Fip, 0,1 |f . Equdion 3 3GcacH 0,1 T 1401
Audio Audio_on 0,1 f 1 384.62 3GpcH 0,1 T :570
Ty TY ™ QYY (2)
f X paiw 1Y Y (3)

PowerTutor is used during the experiments to measure the total power consushptien

devicesand based on thisesultthe energy consumptiois estimatedby theintegral of the

power over the timeéPowerTutoruns on startup, it means that the profiling service starts with

the device. At the end of the task the profiler is stopped and the log is $aeechodel po-

vides the power consumption wi#s% accuracy. Ithis thesis the accuracy might be diffe

ent agparameters fathe smartphone, smart watch and smart glasses can be diverse to those of

the model For this reason, the real values of the power consumption are measured using an

USB meter in order to adjuttte values of the Poweudor, however PowerTutor application

is still used during the measurement due to its logging data
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4.2.2. USB meter

The USB meter used is RealKW-203 USB Detector Multimete(seeFigure?2). The device
displays the current in Ampere and the voltage in Volt with a measuring rate superior or equal
to 2Hz andaccuracyequal ta9%%.

Figure 2: EzReal KW-203 USB Detector Multimeter
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During the experimentshé USB meter is pluggead series betweenthe energysouce (wall
plug or external battery) and the device (smartphone, smart wasrhart glassg (seeFig-

ure3).

Figure 3: Experimental setup: the USB meter(a) is plugged in seriesbetween the energy sourcec] and the devices
(b). The camera (d) is recording the USB meter during a period of two minutes.

The devices are fully charddefore thestartof a scenarioThe USB meter does not measure
the voltage and the currewtf the entire scenariobut onlythe steady state for the scenaig
usedto comparethe devices Only the steady state is used because it is the focus okthis r
search an@lso because thaitial state is unstablélhe USB meter does not log the data. To
get thedata, a camera is recording the USB meter during a period of two mifibé&esgideo
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is analyzed frame by frame andltage andcurrentfor every secondre entezd manually
into an Excel sheetThe power consumption is calculatesl the product ofoltageandcur-

rent (seeequation 4.

6 — oot o (4)

4.3. Summary

To conclude this chapterheé Section4.1 presentsSamsung Galaxy Nexus 19250uzix
M100 SmartGlasses an&imValey Smartwatch AWA20.RX the representative devices of
their form factors due principally tdeir screen size, to thefeatures such as Wi and their
ability to perform the test scenarios desalibeChapter3. These three devices have different

hardwarespecificationsnfluencingthe energy consumption.

Sectiond.2 presentghe PowerTutor application and EzReal KEO3 USB Detector Multire-

ter. PowerTutor is anAdroid applicdion used to measure the total power consumption of the
devices. However, this tooises valid parametes for other types of smartphone as describes

in (Zhang, et al., 201nd might be impreciseith respect to the devicesagshere For this

reason, th&JSB meter hardware equipmestusedto measure the power in the steady state of

the scenario and adjust the total power consummtidhe PowerTutoby a respective shift

This thesis combines the advantage of the PowerToggiing option with the advantage of
accurate value from the USB meter to measure the power consumption and create the scenario

based energy model.
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5. Empirical Evaluation

Chapter2 concludes thabne of the main challenges aademaining challenge in wearable
computing applicationand focused on this thesgsthe energy consumption and that one of
the main approaches is to understand/andwherethe energy is used. Chaptconcludes

that thebest methodologys to understandiow and wherethe energy is going anithe best
way to evaluate the hypothesisearable computing devices should consume the same amount
of energyfor performingthe samescenariq except concerning the displeg/to measwe and
compare the power consumption of different form factor wearable devices in representative
test scenarioChapterd presentsmartphone, smart glasses and smart watehthree form
factors in wearable computing used foe experimerstand concludes that the representative
devices arethe Samsung Galaxy Nexus 1925the Vuzix M100 Smart Glasses arttie
SimValley Smartwatch AWA20.RX.The power consumption is measured using PowerTutor

android application and correctedngiUSB meter.

This Chapter presents, compares and analyses thesre&dection5.1 compares the average
power consumption measured with the PowerTutor application and the USB meter during the
steady state of the scenari@d®n 5.2 presents theoefficients used to correct the Powe+T

tor values.Section5.3 presents the modifie@owerTutor values andevebps a scenario
basedenergy modelSection5.4 shows how to use thenergy modeliving recommendations

in healthcare use caapplicationexample.

The raw values from the experiments are stored and explaiethax A
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5.1. PowerTutor and USB meter

The subsection5.1.1 observes the average power consumption values and thsestitn
5.1.2analyses these values.

5.1.1. Power consumption

Figure 4 and Figure 5 compare the PowerTutor and USB mepewer consumptiomean

value for each device and each test scen@ihie. mean value is calculatédring the steady

state of the scenarmver a period ofwo minutesexcept forMonitoring outdoor physical@a

tivity scenariowhich is over one minute and forty eight seconds due to reading issue (bright
sunlight and backlight) of the valsien the USB meter and tikéle transfer bywi-Fi scenario

which is over the average time needed to fearthe 26MB random file either 14 seconds for

the smartphone, 17 seconds for the smart glasses a&tlsetonds for the smart watch in the
case of the USB meter aidd seconds for the three devices in the case of PowerHzohn
scenario is performethree timesunderthe same conditions (place, path, temperature) for
each devicdo validate the datarhree times is sufficient as the standard deviation is small.
The dark blue, green and red columns represent the power consumption measured with USB
meterrespectivelyfor the smartphone, smart glasses and smart watch. The purple, orange and
light blue columns represent the power consumption measured with PowerTutor respectively

for the smartphone, smart glasses and smart watch.
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Figure 4: Comparison of the mean value of the power consumption of the smartphone, smart glasses and smart watch
of hands free information test scenario between PowerTutor and USB meter.

Smart glasses did not perform the activity recognition test sosnagcause no .APK file has
been found for Monitoring outdoor physicattivity and Rdometer scenarios. It is for this
reason thafigure 5 showsonly the power consumption for the smartphone and the smart

watch.
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Figure 5: Comparison of the mean value of the poweconsumption of the smartphoneand smart watch of activity
recognition test scenario between PowerTutor and USB meter.

In the case of the USB meter, the figures show that the smartplasiégher power cam-
sumption(for example 139W in Display scenariofollowed by the smart glassé42mW)

and then by the smart wat@84mW) in all the test scenarios except for the Speaker scenario
where smart glasses has the higlp@wer consumption at 686W followed by the
smartphone &63mWandthe smart watch a25mW.

In the case of the PowerTutdhne power consumption valsibetween the smartphone, smart
glasses and smart watch for leacenario ar@almost similarwith a maximum variation of
107mW hn the case o€amera and microphone scenasiibh the smartphonat 983mW, the
smart glasseat 952nW and the smart watct 1059mW. There is nadevicethat significat-

ly consumesnore power than othefor example smartphone has the higher power copsum
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tion in the Pedometer scenario vehdmart glasses has the higher in Display scenario and

smart watch in Camera and microphone scenario.

5.1.2. Analysis

A first analysis of the power consumption from the USB meter is done isexfion5.1.2.1

and a second from the PowerTutor is done insdiion5.1.2.2

5.1.2.1. USB meter

The Display scenariounning no applicatiorshows that the size of the screen impacts the
power consumption. In fadghe smartphone whichas the bigger screen size has also the
highest power consumption (1396mWowever the power consumption is not proportional
to the screen sizas shown inrable 16 demonstrating that other components and parameters
might also mpact the power consumption.

Table 16: Screen size and power consumption percentage in Display scenario

Screen size Power consumption

Smartphone 100% 100%
Smart glasses 86% 60%
Smart watch 33% 42%
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Carroll and Heise¢Carroll & Heiser, 2010lemonstrates that the content of the display as an
impact on the power consumption, in fact a full black screen consumes 74.2mW and a full
white screen 33.1mW. In thexperimentsthe screens displagifferent and colorful main

menu foreach device with different background and icons. The content might impact the
power in addition of others components gadameters, further researcmiseded in this @t

main to understand exactly which areshcomponents andgpametes that impact the pe-

er.

Figure4 andFigure5 show that the smartphone, smart glasses and smart watch confume di
ferent amount of power in Speaker and Monitoring outdoor physical activityrgzepear-
forming with screen offThis impliesthat other componentsnpact the power consumption
andwearable computing devices consudiféerent amount ofpowerfor performingthe same
scenario In this case, an energy model needs to be created for ewicle dnd each scenario

separately.

In the case of the Camera and microphone, File transfer byi \@hd Pedometer scenarios
the screen is on and the results show always the same Tiemdmartphone consumine
most energy thenthe smart glasses atige smart watch showing similar trendto the Ds-

play scenaricand demonstratintghat the screen size might have the biggest impact on the

power consumption.

Display scenario consumes more power tigpeakerscenario in fact the smartphoneneo
sumes 139®W for 563mW, the smart glasses 842mW for 686mW dred dmart watch
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584mW for 123mWdemonstratinghat the chie of the output to provide information to the

usesimpact the power consumption.

5.1.2.2. PowerTutor

As seen in Sectiod.2.1, PowerTutomight useunknownparametersand might be imprecise
while USB meter collestdirectly the voltage and the current at¥®%ccuracyThe Figure4
andFigure5 show that the power consumptigalues fromthe PowerTutoaredifferentthan
the values from USB meter demonstrating that the gdheen PowerTutor need to be reo
rected.

To conclude this section, the screen size impacts on the power consumption, howewer comp
nents andthersparametrs might also have an impact. Further research is needgat t0
better understanding of tt@mponents and parameters influentiee resultsfurther show

thatPowerTutor values nedd be corrected.

5.2. Coefficients

In order to correct thpowervaluesfrom the PowerTutor, the coefficierdre calculated as

follows (equationb):

57



(5)

C

With i the test scenario andhe device; C the coefficient;  Pysgmeter the power co-
sumption measured by the USB metemiklV and Rowertutor the power consumption mea

uredby the PowerTutor in mwW

Table 17 presents the coefficients that are injected in the total power consumption values of

the PoverTutor to shift the values at the good level.

Table 17: Coefficients

Display 1.528761685 0.863002076 0.645355122

Speaker 1.348409298 1.68635066 0.315937683

Camera 2.398711216 2.324871801 1.169219075

File transfer by Wi-Fi 2.533016373 1.917267905 1.132275537
Monitoring outdoor physical activity 1.123594334 - 0.345999074
Pedometer 2.697617735 - 0.75263394

5.3. PowerTutor Correction

The subsecton 5.3.1 presents an analysis of the power consumption for each scenario and
each deviceBased on this analysis, a scenario based energy model is created in-the sub
section5.3.2
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5.3.1. Power consumption

Figure6 to Figure 11 present thgpower consumption imW for the smartphone (blue line),
smart glasses (green line) and smart watch (red line) in Display, Speaker, Camararand
phone, File transfer by i, Monitoring outdoor physical aciity and Pedometer testesc

narios.In ead figure, the sequence numbers frdmable 8 are indcated on the timeline for

each device.

59



In Figure6, the startup process&®m 1 to30 secondsave diferent power consumptioreb
havior etween the three devices. Smartphone requinere power at startup than smart
glassesand smartvatch;in fact smartphone requs&89 addtional mW during 16 seconds
compare to the initial power value (1376mWyhile the smart watchequires168 additional
mW during 16 seconds and the smart glassesatiiitional nW during 2 secondsThese
startup proceses are not measurable and dchéarther investigtion for more detailsAfter the
first processes, the power consumption tends to be stable for theseatago except for the
smart glasses where two peaks ap@ed77 seconds and 272 secoridsoking at the task
manager of themat glassesthe peaks correspond to amtatic processes launched ay-

otherapplication during a short pedmf time less than 5 sends.
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Time in seconds

- Smartphone Smart glasses = Smart watch

Figure 6: Power consumption in Display test scenario 1) Switch on device @jait 30 seconds 13) Wait 5 minutes 16)
Stop the test
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In Figure7, the starting processes have the same trend as explaiRegpie6 with different
values due to the differenvefficients usedFind the tone in the file manager provides light
variations of the power consumption. In tlvase of the smartphonew variations appeareb

fore finding the tone in the file manager (starting at 30 seconds), this might correspond to u
detected processthat are not measurable from the starivipen the tone is playeapeakof
power is detecte532nW for the smarglasses2033nW to the smartphone adé0mW to

the smart watch Switch off the screen causes a power drop of 1542mW éosrtfart glasses,
1389mW for the smartphone and 311mW forgheart watchWhen the tone stops the power
drop at 27mW for the smart glasses, at 7mW for the smartphon&nawd for the smart

watch and the scenario is stopped.
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Figure 7: Power consumption in Speaker test scenarit) Switch on device 2 Wait 30 seconds BFind tone in the file
manager 4 Play the tone with Power Amp 12 Switch off the screen 13 Wait 5 minutes 16 Stop the test
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In Figure8, the starting processes have the same trend as explaiRggiia6 with different

values due to the different coefficients us@gen the apptation requires more power the

case 6the smartphonevith 482 additionalmW and smart watchvith 497 additionalmWw.
Thenthe powerstabilizes atthe mean value 02357mW for the smartphone, 2214mW for the
smart glasses and 1238mW for the smart waialecordthe videa. The smartphone andeh

smart glasses have more noise than the smart waidher research is neededexplain the

reason When the scenario is stopped after 5 minutes and the video is saved, a peak of power
is detected on the smartpho@@1InW) and smavtatch (2496W).
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Figure 8: Power consumption in Camera and microphone scenario 1) Switch on device 2) Wait 30 seconds 5) Open the
application 6) Start to record a video 13) Wait 5 minutes 16) Stop the test

In Figure9, the starting processes have the same trend as explaiRggiia6 with different
values due to the different coefficients usad in Figure7, in the case offie smartphone,

few varitions appear before opeg the application (starting at 30 secondd)is might co-
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respond to undetected prooesthat are not measurable from the startup. The signalsnare u
clear and have variations. However, a rectangle of pandistinct during 17 seconds of file
downloaling andwith a mean value of 2771mW for the smartphone, 1966mW for the smart
glasses and 1256mW for the smart watch. Find the file to downdd@d more timen the

case of the smart glasses due to the 4rabbtittons compare to smartphone and smart watch
with a touchscreern the PowerTutor log files of the threevites, the WAFi state is not e

tected.
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Figure 9: Power consumption in File transfer by WiFi test scenario 1 Switch on device 2 Wait 30 seconds »Open
the application 7) Connect to the server 8 Find the file to download 9 Download the file 1§ Stop the test
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In Figurel0, the starting processes have the same trerd@ained irfFigure6 with different
values due to the different coefficients uségen the apptation requires a peak of power
(1839mWfor the smartphone and 565mW for the smart watgiting for GRS connection
consumes less poweiith 1524mW for the smartphone an@6inW for the smart watcthan
when the device is connected with 1596mW for smartphone and 529mW for the smart watch.
In this casethe smartphone is faste3(Qseconds) to connect to thePS than the smart watch
(45 seconds)Furtherexperiments shogd that the connecting time does not depend of the
device,and the smart watch can faster to connect to the GPS than the smartphium®. on

the activity recognition causes higher power witb5mwW and 646mW and switdif the
screen the powedropsto a mean value of 520mW and 154m\MW. the case of the
smartphone, three pealippear at 160, 220 aridB0 secondsvhich might be due to human

activity.
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Figure 10: Power consumption in Monitoring outdoor physical activity test scenarial) Switch on device 2 Wait 30
seconds 5 Open the application 10 Wait for GPS connectivity 11) Turn on the activity recognition 12) Svitch off the
screen 15 Walk around the building 16) Stop the test
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In Figurellthe starting processes have the same trend as explaiRgpiia6 with different
values due to the different coefficients usegenthe appication requires more power for the
smartphonewith 2991mW. The signals stay constant around 2761mW with noise for the

smartphone and 739mW with peaks for the smart watabh might be due to human activ

ty.
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Figure 11: Power consumption in Pedometer test scenarib) Switch on device 2 Wait 30 seconds 5Open the applia-
tion 14) Walk during 5 minutes 16) Stop the test

In Figure 10 and Figure 11, the experimets have been trying to be identical with a similar
speed and path. However, the human activitghthvary a little and influencne power co-

sumption in activity recognition test scenarios.
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In general, the power consumptiact to usersd e v i imtezactionandto connedion such
as GPSfor example Further analysis and measurement are needed concerning processes,

components and parameters that might influence the power consumption.

5.3.2. Energy model

This sectionproposesa scenario baseehergymodel of each deviceseparatelydue to their
different amount of power consumption as explained in Sebtibi2.1 The energy modeds

a function of timas represented as follows:
0o ©O O o

‘O 0 in J(Jould is the total energy consumed during the scen@io. in Jis the fix ene-
gy consumed at the beginning of the scenario before the steady state based on the PowerTutor
correction values (see Sectibr8.] and calculatedy the integral of the power over the time

0O 0 in Jis thevariable energy over the time corresponding to the steady statepand re

resented as follows:

0O 0 VD

0 in W is the mearvalue of the power consumpti@mdt in secondss the executiontime of

the scenario

In Table18, the’© and0 valuesof the scenario based energy maatel presented for the

smartphone, smart glasses andrsmwatch.
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Table 18: Energy model coefficients

(0] ] (U] O ] (U]
Display 46.3 1.396 245 0.842 19.3 0.584
Speaker 60.8 0.563 100.4 0.686 11.5 0.125
Camera 80.5 2.358 69.8 2.214 39.6 1.238
File transfer by Wi-Fi 1115 2771 125.4 1.966 43.6 1.256
Monitoring outdoor physical activity 154.7 0.52 - - 46.9 0.154
Pedometer 102.0 2.761 - - 27.3 0.739

For each scenarithe energy consumption trend corresponds to power consumption xrend e
cept for the File transfer by Whi. For examplethe energy trend for the Display scenario is
smartphonewith 46.3 J, smart glassewith 24.5 Jand smart watclvith 19.3 J and the powe
trend is smartphoneith 1.396 W, smart glassewith 0.842W and smart watckvith 0.584W.
However, n the File transfer by Wi, the energy consumed at the beginning is higher than
the smartphone while the power consumption is lekws i§ due to théime neededo access

the file fordownload and prothat the smart glasses inglgvicewith 4 control buttons is

less efficient thathetouchscreemsinput device.

5.4. Use case: Healthcare application example

The purpose of thisubsectionis to showhow to choose the best interface and the best d

vice using the energy model described in Seddi@2 An energy study is done onsample

example in the dorain of healtlcare.
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5.4.1. Scenarios description

Boronowsky, et al(Boronowsky, et al., 200 r e s e n t study inuesalescehasio such as
healthcareThe energy consumption has not beenistliduring their experiment3.he ene-

gy model created in the sectiérB.2a |l | ows t h e Ehaleealtjcaré scenaribrend y .
sists to provide information to the doctor concerning the patient when the dotdosin the
patienthospital room.This scenario implies a device that can broasddisplay the info-

mation.

The seenariopresented iBoronowsky, et al., 2007% adapted to the case of smartphone,
smart glasses and smart watthe scenario corresponds to thectorwho wants to see the
lastmedical testesult of thdirst patient Two scenariosysingvisual outpur audio outpyt
are describeth Tablel9.

Table 19: Activity description

Doctor enter in the patient’s room
Doctor switches orhe device antirowse tahe medical test resutif the first patient
The blood testesultsarepresenteddisplay or audio)30sec]

The device is in sleeping mode until the next patient

Bl WIN|F

5.4.2. Energy consumption

Table20 presets the energy consumption for each scenario and each device.
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Table 20: Energy consumption per scenario and devices

Activity  Correspod- Energy Energy Energy Energy Energy Energy
number ence with the Smart Smart Smart Smart Smart Smart
energy model phone (J) glasses (J) watch (J) phone (J) glasses (J) watch (J)
1 Device off 0 0 0 0 0 0
2 Switching ON 111.5 125.4 43.6 1115 125.4 43.6
+ Browsing =
(0] 0 in
File transfer
by Wi-Fi
3 P*30secin 41.88 25.26 17.52 16.89 20.58 3.75
Display or
Speaker
4 unknown unknown unknown unknown unknown unknown
Total energy 153.38 150.66 61.12 128.39 145.98 47.35

Each activity refers to a value from the energy modéhen the device is ofisin activity

number 1the energy consumption is null for each scenario and device. The activity number 2

corresponds to switch on the device and to bromsehis simiar to the energy consumed at

the initial state of File trafsr by WiFi scenariocor Speaker scenaridile transfer by Wi

has been switched to the correct value from the steady state with screen on while the Speaker

scenario has been switched to tloerect value from the steady state with screen off. In this

condition, although the both scenarios browse at the initial stetdsile transfer by WFi is

the most similar and representative of the activity numbé&rg. activity number Zorre-

sponds tgoower of the Display scenarirom the energy modehultiply by 30 second$or

the Visual output scenario and to fm@werof the Speaker scenarior the Audio output s&

nario. The activity number 4 does not correspond with the energy model presefection

5.3.2 The total energy consumption is calculated for each scenario and each device.
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TheTable21 ranks the scenarios and devidesthis scenario, the energy model recommends
to use firsthe Audio output with the smart watch (47.35J), second the Visual output with the
smartwatch (61.12J) and third the Audio outputh smarphone(128.39J)

Table 21: Scenarios and devices ranking

153.38 Visual outputvith Smart phone
150.66 Visual output withSmart glasse;
145.98 Audio output withSmart glasses
128.39 Audio output withSmart phone
61.12 Visual output withSmart watch
47.35 Audio output withSmart watch

This application example in higlacare demonstrates that the energy model created in Section
5.3.2is applicable in real scenarigives power awarenessnd recommendatiors the user.
However, a usestudy is neededh orderto find the good tradeff between the energy oe

sumption and user requirementgisignenergy efficientvearable computing applicatisn

55. Summary

To conclude this Chaptethe screen size influence the power congtion, in factwhen the
screen is switakd on, the smartphone withe bigger screen size has always the higher power
consumption followed by the smart glasses with medium screen size and finally the smart

watch with the smaller screen si&ection5.1.2.1showsthat the choice of the outpuydio
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or visual) might impact the power consumption as power consumption in Display scenario is
higher than Speaker scenartection5.1.2.1shows alsdhat not only the screen size il
ences the power consumption and furttesearch is needed to understand which processes,
components and parameters might influence the pd&estion5.1 shows that the PoweuF

tor values need to be corrected due to unknown parameters used in the applicatoodiThe
fied PowerTutor values are corrected using coefficieatsulatedn Section5.2 and presen

ed in Sectiorb.3.1 A scenario based energy model as function of time is presented in Section
5.3.2for each deviceshowing that input impastthe energy consumptiomn fact the smart
glasses with 4 control buttons inpdéviceis less efficient than the smartphone and smart
watch with a touchscreen in Transfer by-Witest €enario.Section5.4 shows how to use the
energy model in gimplehealthcare example appdion in order to choose the best interface
and devicesoncerning the energy consumptiarwearable comyting application.
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6. Conclusion

This thesisstateghatone ofthe remaining challengen wearable computing is still today the
power consumptionHowever, research focuséar moreon the energy consumption of the
smartphone than smart glasses and swatith.In this thesis, a comparison of the powen-co
sumptionfor smartphone, smart glasses and smart watch has been done in order to evaluates
the hypothesisvearable computing devices should consume the same amount of femergy
performingthe samescenaio, except concerning the display

The thesidollowed a qualitative approachn total six test scenarios (Display, Speakem€a

era and microphone, Transfer by ¥&li Monitoring outdoor physical activity and Pedometer
test scenarigswvere set upln eah test scenario the power consumption had been measured
usingthe energy profilePowerTutordue to its logging optigrhowever it is using unknown
parameters, so its values has beerrected using USB metefhe devices chosen as repr
sentatives of theiform factor arehe Samsung Galaxy Nexus 1925®hartphongthe Vuzix

M100 Smart Glasses arile SimValey Smartwatch AWA20.RX due to their screen sjze
features andbility to perform the test scenarios

The thesis confirmethatalso in wearable conuping applicationsthe screen size is the main
component that impagthe power consumptiohoweverwearable computing devicesreo
sumedifferent amount of energyor performingthe samescenariomeaning that other pr
cesses, components or paransi@vean impact on the energy consumptidhis paperur-
ther showedthat control buttonsas input device consumed more energy thamput as

touchscreemand thatwudio output consumes magrergythan visual output.
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In the domain of wearable computitiys thesis shows that there is still a gap in energy-co
sumptionresearchOnly few papers deal with this topic artbe topic remains challenge.

This thesis showed that the seresze is the main energy consuming compoaedthat n-

puts and outputs also imgathe energyconsumption Developers need to be energy aware
concerning the screen size, the input and output. Using the scenario based energy-model a
lows to choose the best way to get or provide information to the basesl on a previous-

e r studyandtaking into acountenergyrequirementsn order to saveenergy fora longer
battery life.

In general, he recommendations based on this hardware energy and powewstidybe

1 Use audio outputs instead of visual input.
1 Use touchscreen input insteaf control buttons inputs when browsing.

1 Use a smaller screen with smaller resolution.

This thesis provides further direct®im the analysis of power or energy consumption of
wearablecomputing devices such as the analyses of the processes, the eotapnd the
parameters that might influence the energyaddition, the study has to be completed by

computing and software analysis to allow optimization of the energy.
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Annex

Annex A

All thefiguresandraw datausedto plot the graphicsarestoredin the following link:

https://github.com/DonePetit/MasterThesisPERCCOM

Thefoldersareorganizedasfollows:
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https://github.com/DorinePetit/MasterThesisPERCCOM

Level Level Level Level
1 2 3 4

Monitoring
outdoor
physical

Activity activity task
recognition
tasks

Pedometer
task

Smart
glasses

microphone
MasterThesis
PERCCOM

Display task

Hands free
information

tasks Smart

glasses

Speaker tas

Wi-Fi task
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Thefoldersatlevel 4 containl1l files:

, 9 files correspond to the raw data running 3 times the same test scenarios to valid the

values.

I T[i].log corresponds to the log file from Pewrutor test number i

-

T[i].MP4 corresponds to the recording values from the USB meter test number i

for 2 minutes at the steady states of the scenario
I T[i].txt corresponds to the value from the log file test number i

, 2 excel files:

~

I  POWERTUTOR([test scenam name}[device].xIsxfile presents the values of the
total power consumption used on the device and plot the values of the 3 tests on

one graphic.

I USBMETER-[test scenario name]device].xIsxfile presents the current, voltage,
time manually entered andetpower consumption and the mean values for the 3
tests.

The folders at level 2 contain COMPARISON[name].xIsx file which compareshe values
from USB meterandPowerTutorto calculatethe correctioncoefficientsandcorrectthe pow-

er consumptiorof the PowerTutor.
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