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Abstract

The use oflarge screensmartphons hasbeen increasingearly. Large screes have many advantages tinat theycan
display a lot of information at oncédowever when people operate smartphength one handseveralusability problems
canoccurdue tothe posturef the use® handwvhenholding the deviceAmongthoseproblems a significantonewe have
noticed waghat itis difficult to reachthe top of the screen with the thunib.this paper, wegroposeOndexAcces® a
systemto assist the onbanded operation of comparatively large smartphdayepuling downthe GUI on the screen by
backof-deviceoperationusing oneCfnger (excluding the thumb)n this study, we impimented the IndexAccess system
with an application for iOS and a sensor module. After this, we conducted an experiment to investigate the performanc
and effectiveness of this systeon usability by comparing with Apple®s Reachability an experimentConsequently,
IndexAccess enabdghe paticipants topoint more rapidlyin the upper hal&reaof screen than Reachability. On the other
hand, the participantsuchedslowerin the lower half of the screen than Reachability. It is thought that one of the reasons
for this is the prototype was detecting the position of the index finger and moving the display at alCtnsexjuently

we will improve the usability of IndexAcceby usng a pressuresensitivetouch panel instead of a pheteflective sensor.

We will alsoattemptto movethedisplay not onlyertically buthorizontally.
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1 Introduction There isample researchand several examples that assist
onehanded operation df large screen smartphonsing the
front touchscreen [1][[7 In these wag, a thumb is the only
digit usal in almost all operatiorBased on thiswe assume
that using the fingersther thanthe thumb in the eea except
the front touchscreen isan effective way to improve

onehanded operatioriThis is, as it were, rolsharing ofthe

The size ofsmartphonescre@s has been increasingince
smartphonesvere first introduced Specifically, while screen
sizes werepreviously less than 3.5inches (71.1mm ™
53.3mm)as of 2010Qthey areoften nowmore than Snches
(101.6mm™76.2mm) as of 2015 Large screeshave some
advantage D on legibility for instance by displaying

characters aniinageslarge’; andby allowing users who have fingers.

comparativelylarge fingers to point and tap the GUI easily. In this paper, weintroduce IndexAccess,a backof-device
Whereasn terms of usabilityfor usershaving relatively small (BoD) interactionsystemthat enable users to reach and tap
hands (hereafterreferred to assmalthand uses), a large the whole of the screen easilgnhancing usability of large

screen has the disadvantageat when theyhold andoperate
smartphone with one hand, theea theithumb canreachis
limited (Figure 1) It is possible that to toudhe upper part or

the edge of the left and right aflarge screen with the thumb 1 |

though it require the userto stretchtheir hand or to shift the l‘

positionin which they are holdinghe device. Because of the -1 (D

risk of dropping a device like thisusers bange between - l; i
onehandd operation andwo-handed operation frequently

depending on the purpaskEor instance, wasually scroll on /

4

the screen in one hand ande the other hand touch the
search window or the back button in the top of screen.
two-handed operation referred to herecansideredn on of
thefollowing two ways: (1) holding a devicein one handand
operate withthe other hand, anq2) holdng a device in two
handsfrom both side, and operahg with both thumbs.

Figure 1: The possible area for each finger (thumb: blue
index finger: yellow, middle finger: green)
to touch on the 5 inch smartphone.
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smartphoneluringone-handed operation.

2 Related works

Thereis alot of previous research dBoD interaction and they
discussawide range of purposes

Firstly, before smartphosefirst appeared, there are some
studies that focused on the characteristic of feature glaoke
PDAs (Personal digital assistgnhavingkeys and buttons on
the front side ofthe device Hiraoka et al. (2003) [4] put 12
keys on the back a device to reduce the buttona thefront
side andto make the screen larger. Okada et al. (2009) [5]
allowed users to do pointing operatsmn a feature phone.
Secondly, somestudiesfocused on theroblem of occlusion
when users touch the screewigdor et al. (2007)[2]
suggested LucidTouch, whigitovides feedback as d@finger

on the back ofthe device can be seen through the device.
Baudisch et al. (2009B] focused on the devices have a dmal
screen device thas keenlyinfluenced by the occlusioof the
fingerlike a wearable device.

Thirdly, somestudies focused oproblemsdue to large screen
devices.MagStick, by Roudautet al. (2008) [6]is a cursor
which moves ina direction that is opposite to the direction the
thumb moved an attached t@target.This allowed users to
point at atarget but not to seledt. Conversely TouchOver
assertedby Onishi et al. (2014) [1}ends operatiadone in
the lower area of the screen to the upper &oezperate the
lower area indirectly. This allowed not only pointing the
GUI but also taping or selectingln addition, here are studies
that describeallowing easy onéhanded operation by wayf
operaing on screen directly. Karlson et .a(2008) [7]
presented ThumbSpacehich reducel the size of GUI and
display in the lower area of the scre@sa et al. (203) [8]
proposed LoopTouch, a device that has a touch sensor on the
front and back othedevice to operat&Ul components that a
userOs thumb cannot reach. Hakoda et al. (29]Lpjesented

a tactile interfacesystemusinga hole on the back of device
Finally, as an important advanced example, there is AppleQs
Reachability which is provided iniPhones from model6
runningiOS8or above When users tap the home button twice,
the GUI moveslownwarda certain fixed length

Thesestudiesaddresghe problem of the unreachable area by
moving the GUI and operating in the area that éachableoy

the thumb However, some of the mawg GUI operations are
done withthe thumb. Itincreass the operation route of the
thumb, which can lead to fatiguAdditionally, some of them

fix the distance that users can move. There is a possibility that
the fixed distance can neiccommodatevarious handsizes
However, in thispresent studyywe suggest more intuitive
operation of movement.

3 IndexAccess
IndexAccesss an interactivesystem that assists toanipulate
the GUI in the area wher¢he thumb can not reach easily

There are two mairfieatures of this system.

Move GUIs downwards flexibly
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As a solution to the unreachable area problem, we dise
method that mowethe GUI in the thumbOs unreachable area
downward and enaldethe userto touch themwithin the
reachable aredn this way, users can tap tBUI as theysee

it. Moreover,n order to managearioushandsizes we aimed
that the usersanmovethe GUI as far as they nedbxibly.

Back-of Device interaction with index finger

As away ofimplementingflexible moving, we adopted a BoD
interaction with the index fingeldn a related work [9],the
index fingerwas used for simple detectioof whethera hde
in the back of deviceis coveredor not. In this systemwe
detect the vertical distance thte index fingerhas moved
with some sensorand link it with the diance thathe GUI is
moving This way allows user® operatentuitively as if they
touch the screen frorthe back of deviceand pull down the
screerdirectly.

In other related workghe thumb desall operationof moving
the GUI as well asregular input(e.g, tapping abutton, the
thumbOs tasks are increasifigerefore such a rolesharingof
operationbetweenall of the fingers canreducereliance on
thumbmovement, therefore reducifatigue.

4 Prototype system

Figure 3 shows the system flow of IndexAccess. We
implemented thiprototype which consistf a sensor module
and a smartphoneinning our applicationVe usedaniPhone

6 (dimenson of device: 1384mm x 66.97mm x 6.85mm,
dimenson of screen: 4.7inch (104.05mnx 58.5mm),
resolution: 750 x 1334) as an exampégarded as a large
smartphonevhich can bedifficult to use inone hand for the
smalthanceduser.

Comectedi MESerisi2
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Figure 2: Moving of index finger on back of the
device (left) and the GUI on the front screen (right)
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Figure 3: The system flow of IndexAccess.

4.1 Sensor module and Mounting tool

Figure4 shows the circuit diagram of tlsensomodule.This
module is corsisted of a photereflective sensor(ROHM
Comp.Os RPR20) and a Buetooth Low Fergy (BLE) module
(ASAKUSAGIKEN Corp.Os BLESerial2and built on a
universal circuit board (72mm x 47mm)Ne used the
photoreflective sensor to detect the position tbe index
finger on the back of the device because itwas easy to
implement. The data from the senswmas sent via the
microcomputer to the iPhorgeusing BLE.

As shown in Figure 2we attaclkd this module tahe back of
the iPhone6 with an original mounting toolthat we modeled
with 3D CAD softwargRhinoceros for Macand printed with
a 3D Printer (Figure 6). Due to the characterisicof a
photoreflective sensor,he datawe capturedis not from
measuring thedistanceof index finger movementsbut an
absolute distance from thesensor to theindex finger.
Therefore, we designed this taed as tomake itpossble to
slide vertically andadjust the position othe sensor for each
user. Additionally, we prepared two modules vamg the
position ofthe photoreflective sensor. One (shown Figure
5) has two photgeflective sensors ia paosition closer to left
and right,another has one sensor in the center of the width of
the smartphone.
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4.2 Application

We aimedto createanintuitive interactiorwhereusers feel as
if they are touching the GUI directly and dragying it
physically from the back of device In this study, we
demonstratedthis BoD interaction with simple graphical
feedbackon the front screenas shown inthe right side of
Figure7. We drew a rectanglthe same sizasthe screerasa
hypothetical GUI We setcoordinates (0,0) at the left upper
corner and coordinates (320, 568) at the right lower camer
the iPhone60s screefhis rectangleOs-dbordinatechanges
within the range of 0 y ! 370according to the dateeceived
from microcomputer Thus, this interface moves downward
from the start position but @ not move upward.
Additionally, this prototypesystemdoesnot have the function
of switching between ON and OFRhereforethe interface
follows movementof theindex finger onthe back of deviceat
all times

5 Performance evaluation experiment

We conducted an experimetd investigate theoperational
perfamance of IndexAccessThis experiment consistl of
performance check testind a questionnaire about using
smartphone on a daily basis.the tests, & askedarticipants

to doa simple pointing task andrecordedthe timetakenand
accuracyrate In addition, to compare the performance of
IndexAccess and AppleOs Rediility, we asked participants
to dothe samecontent and the samemountof tasks using
bothof the two systems.

5.1 Participants

Nine participants (five males and four females,daga-35)
took part in this expement. All participants usa smartphone
everyday. Severof the nine usersvere righthanded,the
others were lefhanded. The period they had use@d
smartphonevaried from21 to 84 months and the average was
46.4 months.

Figure 4: The sensor circuit diagram of the sensor module Figure 5: Sensor module built on the universal circuit boal

Figure 6: Jig modeled with 3D CAD
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5.2 Apparatus

We usedan iPhone 6 (dimersion of device: 138.14mm x
66.97mm x 6.85mm, dimeion of screen: 4.7inch (104.05mm
x 58.5mm), resolution: 750 x 1334We prepared an
application for iOS specifically for this experimentand
installedit on the iPhoneb. Figure7 shows the GUI displayed
onthefront screen while participants did the taskise screen
is divided into 112 cells consising of 8 by 14squars having
one sideof 7.3mm so thatthe screen ifully filled. This square
is larger than thahaving one sideof 7mm that isthe size
unaffectedon accuracyy the size of tip of theithumb[10].
As shown in Figure 7, a large green rectangle buttorthe
bottom of the screeis a start taskutton and a small red
squares a target button.

In this experiment, & set the following twghases as one
task, and 112 (cells) tasks as one session.

Inactive Phase Pointing Phase

Figure 7: GUI of the application for the experiment
Inactive phase (left), Pointing phase (right).

Inactive phase (first time): In this phase, astart button
appears on the bottom of the scredfhen @rticipans tap the
button,the interface iswitched to thepointing phase

Pointing phase: In this phase, a target button appear
Participantdap the target buttoand the interface proceeds to
the next taskThe time fromwhen the pointing phase GUI
appearedo whenthe target button touchedasrecorded. We
alsorecordedwhetherthe usertappedthe correctareaor not.
No matterwhetherthey toucled the correctarea of the target
or not the phase wertb the nextstage

Inactive phase (from the second time): After a 0.8 second
delay,thestart button appears again.

The farget button appeed at a random celfor each task. In

the experiment using IndexAccess, as mentioned previously,
the interface followghe movementf the index finger at all
times. Thereforewhen participants touch the bottom of the
interface, they shouldise their index finger todisplay the
whole interface on screen. We set the start button on the
bottom of the screen because we want participants to put the
interface back into its original place so asstmw thewhole
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of the interface before the target button appears.

5.3 Procedure

User instructions

At first, we asked participants &t downandhold the device
in one handas they wouldold their own smartphonén order

to investigaterealistic performance of the IndexAccess and
Reachabilitywe instructedill of themto usethe sameholding
position and integrateit the way theywould normally hold
such adevice In addition, we asked themot to shiftthe
position if possibleandrely on the function of IndexAccess
and Reachabilityo do the tasksUnder these conditiors, in
casas wherethe area in whictthe target button appears
unreachabléor their thumb(in spite ofusing IndexAccess or
Reachability, we aked them to tap the point nearéstthe
target We told them that we recordélde time from the start
button touched to the target button touched and the
correcterror of each pointingaction Accordingly, we told
that they should ngput an emphasisnoperforming quickly
butwith accuracy.

Experiment

Before beginning the mairxperimentwe createda practice
session so as tallow the participantsto get used to
onehanded operation using IndexAccess &shchability. In
IndexAccessduringthe practice sessipthey could move the
module sensor vertically and decide the hmssition After
fixing thatfirmly, they startedhe mainexperiment

In the main experiment, first they used IndexAccess and did
the five sessions, and next they used Reachability and did the
same number of session¥he total number of tasks we
required of them wasl120(112 cells x 5 sessions xsgstems.
The time that this experiment took was Bs minutes for each
participant.

5.4 Result
Some ofthe participants used their left hand to do the tasks.
Therefore, we flipped the data of tparticipants horizontally.

Figure 8 showshe average pointing time and error rate with
the depth of a color per cell on the screen. In the figure of the
pointing time, the average pointing time is longer, theer

the color. We numbered each cellslétl on the screen as in
the left of Figure 8In thefigure of the error rate, the rate is
higherfor the darker the colorit is. The average pointing time
for all cells on the whole screefcell IDs 1112) using
IndexAccess is 1188.28 milliseconds (S[259.83), and that
using Reachability is 1114.41 milliseconds (SD = 167.07).
Similarly, in the upper half part of the scre@ell IDs 156),

the average pointing time using IndexAccess is 1408.67
milliseconds (SD = 320.00) anfbr using Reachability is
1529.13 milliseconds (SD = 235.71)n the lower half part
(cell IDs 56112), using IndexAccess is 975.62 milliseconds
(SD = 282.43) and using Reachability is 714.25 seltionds
(SD =114.60) (Figure)9
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Figure 8: The ID of cells filled on the screen (left) and
the result of the experiment: the data of each cells with depth of the color (center and right).

Figures 10 and 11show he result ofine participants in each
session using IndexAccesd Reachability These grapts
showthe change of thaverage pointing timand error ratef
each participant over thieve sessionsThe average pointing
time means that the average time taken to tap the tarienbu
in eachtask Through thefive sessions, five participants had
come to pointat the targetfaster and more accurately.
However the other fouwerefaster but increased the number
of errors or were more accurateut slower In thefirst session,
the average of all participants was 1.3 secqfds = 2.5)and
the error rate was 17.9 percet8D = 12.0) andin the fifth
sessionthe average timavas 1.1(SD = 1.8)secondand error
rate was 16.7 percer(SD = 12.7. Thus, the decrease of
pointing timeand error ratevas 16 percent and 6.7 percent
respectively

We compared théd5 sessions (Participants x Sessionsjlata
in these two situationsgsingIndexAccess and Reachability

following three areas: the whole area of screen, the upper half

area, the lowe half area. V@ usedthe paired t-testin the
whole area, and Wilcoxon rank sum ttés the upper and
lower half areaFrom te calcuktion comparinghe average
pointing timeon each celbn whole of the screen, there is no
significant difference between thefin(45) =-1.911, p = .0&

> .05). Similarly, the calculationof Wilcoxon rank sum test
comparingthaton the uppehalf part of screen shows that the
averagepointing timeusing IndexAccess is largehan that
using Reachability significahy (W = 689, p = 0.008695
< .01) and on theupper half of the screen,that using
IndexAccess is smallerthan that using Reachability
significantly (W = 1634, p = 1.658@7 < .0).

5.5 Discussion

According to Figure 10in the first sessionthe data of a
participant who took the longest timeto point was
approximately twice thadf another participant who took the
shotest amount of time topoint. One reason for such a
difference is that the participantschaarious hanebsizes and

some of them did not match with our prototype because of the

position of the photo reflective sensevhich was fixed
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Figure 9: Average of the pointing time over the two
systems and the three areas.

position on the sensor module.

From the result comparinndexAccess and Reachability i
the upper area and the Ilower area, IndexAccess
demonstratetb bemoreeffectivein theupper halfarea é the
screen than Reachability. Howevem the lower area,
Reachability is estimated to Ineore effective. One reason for
this result is that the posture thieir hand while they toucthe
target appearing in lower arg@asdifficult. As mentioned in
the experiment categorypur prototype didnot have the
function switching this interactiorbetween ON and OFF.
Therefore when they touet the targetappearing nearby the
lower edge, they shouldnove their index fingerup on the
back of device to pull up the GUI.

In Figure 8 arightmostline of boththe pointing time and the
error ratehasparticularlydark color on either case usirgjther
IndexAccess or Reachabilitifrom this,it can be determined

that thiswas the hardest area for the participants to operate

speedily and accuratelyWe suggestthat not only vertical
movement ofthe GUI but also horizontal movement dfe
GUI is aneffectiveway of addressing this

6 Conclusion and future work

In this study,we proposed andmnplementedhe IndexAccess
system. It isbased on the hypothesis that the probleim
unreachable are@n onehanded operation of smartphaenig
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solvedby using the fingergexcludingthe thumb on the back

of thedevice and to movthe GUIvertically on the screeby
theBoD interaction

We conducted an experiment to investigate the effectiveness
of this system by comparing with AppleOs Reachability,
which, like oursystem movesthe GUI vertically.From the
resuls described aboyeve can assertwo main points about
this prototype.

The first point ighatin the upper half area on the screen, there
is a possibility that IndexAccess allewsers to reacimore
rapidly with their thumbthan ReachabilityHowever, in the
lower half part of screen, we left some problems with this
prototype Secontly, the area unreachable with the thumb
not only the area near by the top of the screen but also the
right and left edge of the screekdditionally, the result in the
questionnaire wecarried out at the same time as the
experiment, all the participants answered the function moving
the GUI horizontally may effective.

As immediate future work, wewill implement another
prototype usinga touch panel in order to control the moving
and stopjpg more easilyand will also adda function to move

the GUI horizontally
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