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Abstract. As mobile technologybecomesa moreintegral partof our everyday
lives, understandinghe impact of differentdisplayson perceved easeof use
and overall performances becomingincreasinglyimportant.In this paper we
evaluatethreemobile displays:the MicroOptical SV-3, the Sory Libri&, andthe
OQO Model 01. Thesedisplayseachusedifferentunderlyingtechnologiesand
offer uniquefeatureswhich could impactmobile use.The OQO s a hand-held
device that utilizes a traditional trans ective liquid crystaldisplay (LCD). The
MicroOptical SV-3 is a head-mountediisplay that usesa miniature LCD and
offershandsfree use.Finally, the Librié usesa novel, low power re ective elec-
tronicink technologyWe present controlled15-participantvaluationto assess
the effectivenesf usingthesedisplaysfor readingwhile in motion.

1 Intr oduction

Mobile computingplatformsare rapidly replacingthe personalcomputerasthe most
widely adoptedcomputingdevice on the planet.Mobile phones,PDA, smartphones,
laptops palmtopsandwearablesrebecomingwidely usedfor example,in 2004there
were 1.3 billion mobile phonesubscribersandtwo billion arepredictedby 2007 [1].
Wirelesstext messagings widespreadwith predictionghatsoonoveronetrillion mes-
sageswill be sentper year[13]. Despiteslow initial adoption,electronicbooksare
becomingmore popular and somemobile phonemanufcturersare working on inte-
gratinghead-mountedisplaysinto their devices.

Thesedeviceshave oneimportantthing in common:they areall usedfor reading
onthego. Whetherthe useis browsingthewebon a smartphonevhile waiting in line,
usinganelectronicbookto reada documenbn theway to a meeting,or simply trying
to nd afriend'stelephonenumberwhile walking to a restaurantthe ability to readon
thegois quickly becominganimportantskill.

In this paper we presentan investigationinto how threedifferentmobile display
technologiesn uence the ability to readwhile in motion. Participantsperformreading



comprehensiotestswhile moving, usinga palmtopcomputeran electronicink book
reader and a head-mountedlisplay;to avoid confoundingeffects of differing input
techniqueger device, we usea commoninput methodacrossall of the devices.We
assestheability of participantso readonthego, aswell asthepercevedworkloadfor
eachdevice.

2 Mobile Displays

We usethreedifferentmobile deviceswith differentdisplaytechnologiegor our evalu-

ation.Two of thedisplaysarehand-heldandoneis head-mountedywo aretrans ective

(usinga backlight)andoneis re ective (usingambientlight). The hand-helddisplays
are the OQO Model 01 palmtop computerwith a trans ective LCD (Figure 1) and
the Sory Libri € EBR-1000ERelectronichookreademwhich usesare ective electronic
ink display(Figure2). The head-mountedisplayis the MicroOptical SV-3 Instrument
viewer, which usesa trans ective LCD (Figure3). Table1 shovs a comparisorof the

weight,displaysizeandresolutionfor eachdevice.

Fig.1. The OQO Model 01 Fig.2. The Sory
palmtopcomputer Libri& e-bookreader

Weight|Display Size Resolution|Pixel density
Device (gm) (mm) (pixels) (dpi)
OQOModel 01 (LCD) 397 | 109.5x66.6| 800x480 185
Sory Librié (e-ink) 190 |122.23x90.5 800x600 165
MicroOptical SV-3 (LCD)| 35 N/A 640x480 341

Table 1. Characteristicef devicesanddisplays.

1 Thefocusof the SV-3 may be changedy the user meaningthe pixel densitycanchangeAt
afocusdepthof 1.6m,the SV-3 hasapproximately34dpi.



2.1 OQO Model 01 Palmtop

Typically, mobiledevicescanbecatejorizedaseitherlow—pover-useJow—performance
devices, such as personaldigital assistant{PDAs) and mobile phones,or as high—
power-use high—performanceéevices,suchaslaptopandtabletcomputersRecently
however, a new categyory of mid-power-use,mid-performancealevices hasbeenintro-
duced:the palmtopPC. The palmtopPC is usually equivalentin performanceo an
olderlaptopbut is closerin sizeto a PDA. PalmtopPCsalsousuallyhave standargro-
cessorandrun desktopoperatingsystemssuchasWindows XP. We selectedhe OQO
Model 01 palmtopPCasoneof the displaydevicesfor our study

The OQO Model 01 (Figurel) is a smallform-factorpalmtopcomputerit weighs
approximately400gand ts comfortablyin the palm of the hand.The OQO displayis
atrans ective TFT liquid crystaldisplay(LCD) thatmeasure409.5x66.6mnandhas
aresolutionof 800x480 resultingin approximatelyl85dpi.The OQOhasa Transmeta
CrusoelGhzprocessqr256MB memory anda 20GB harddrive. It alsohasa variety
of peripheralportsincluding USB 1.1 host,VGA output,andFirewire. The screemon
the OQO slidesto reveal a miniatureQWERTY keyboard;however, during our study
thekeyboardremainechidden.

2.2 SonylLibri & E-book reader

Electronicbook (or e-book)readertechnologyhasyet to gain a signi cant consumer
market share.Detractorsof e-bookreaderamostly attribute their lack of commercial
succesgo unwieldy size and weight (largely due to batteries)and hard-to-readdis-

plays (moste-bookreaderdo datehave usedcheapemblack-and-whitd CDs suchas

thosefound in early PDAS). In the pastfew years,however, E-Ink Corporationhas
successfullycommercializeda non-LCD displaytechnologyideal for e-books.Called

“electronicink” or “digital papef’ thedisplayis re ective ratherthantrans ective and

offersa contrastratio closeto that of standardpaper Table2 (from [5]) compareghe

re ectivity and contrastratio of electronicink technologyto otherre ective display
technologies.

White State/Contrast
Display Technology Re ectance| Ratio
Trans ective Mono STN LCD (olderPDA with touchscreen) 4.2% 4.1
E-Ink 41.3% 115
Wall StreetJournalNewspaper 64.1% 7

Table 2. Characteristicef E-Ink displaysandotherre ective displaytechnologie$5].

Electronicink consistsof microcapsuleslled with a clear uid, black particles
andwhite particles.Whenan electricalchageis appliedto a microcapsuleit causes
the black particlesto move in onedirectionandthe white to move in the otherdirec-
tion, producinga changen color. Oncethe particlesmove within the microcapsuleno
power is neededo keepthemin place;the batteriescanbe removed from the device



andthe display contentsremainunchangedFurthermorefor staticimages this tech-
nologyrequiresno refreshcycle. The speedf updatewhenchangingoetweerimages,
however, is slow: anupdateakesapproximatelyonesecondAdditionally, whena pixel

is changedrom blackto white, a grey-coloredresidual‘ghost” imageremainswhich

eventuallyneedso becleared.

The Sory Librié (Figure?2) is oneof the rst publicly-availabledevicesto useE-
Ink's digital papertechnology The Librié& is currentlyonly soldin Japanandwasde-
signedto be the samesize and weight as a standardJapanes@aperbackoook. The
Libri & runsa versionof theLinux kernelandhasa greyscaledisplaywith aresolution
resolutionof 800x600.We modi ed the Libri & softwareto provide additionalfunction-
ality to displayimagessentto it over USB from a hostcomputer®.

2.3 Micr oOptical SV-3HMD

Dueto its expense the head-mountedlisplay (HMD) is still a relatively uncommon
displaytechnology Although rst developedin the 1960s,only recentlyhave HMDs
becomesufciently light andlow—poweredto beworn on adaily basis.Head-mounted
displaysare currently usedby medicalpersonnelthe military, andbridge inspectors.
In addition,HMDs arebeingmarketedasconsumeDVD -playerdisplaystargetedfor
airplaneuse.

TheMicroOptical SV-3 is a head-mountedisplay (HMD) which attachego a pair
of eye-glassegFigure3). It is monoculalseerby only oneeye) andopaquelt contains
avery smallLCD andbacklight,with a 90-degreemirror andlensto directtheimage
into theuserseye (Figure4). Thelensis adjustableandcanbeusedto changehefocus
of thedisplayfrom 0.6to 4.5 meters.

Fig. 3. The MicroOptical _ _
S\V-3 head-mountedlis- Fig.4. Top-davn view of
play and the head-vorn the MicroOptical SV-3 head-

accelerometer mounteddisplay

The SV-3 weighs35g and hasa resolutionof 640x480.The viewport of the dis-
play measure®.5x11mm,but the dimensionis not a goodindicator of the viewable

2 anorymized:url to software



displayasthelenssystencreates virtual imageviewableby theuser Thedisplayhas
ahorizontalviewing angleof 16 degreesyesultingin 40 horizontaldotsperdegree.For
a focusdepthof 1.6m (about oor depth),the display hasabout34dpi; at a focus of
0.6m(abouthand-helddisplaydepth),the displayhas71dpi. The SV-3 acceptsa stan-
dardVGA signalasinput, anda small controllerbox corvertsthe signalto drive the
integratedLCD.

3 RelatedWork

As mobile technologybecomesncreasinglypopular it is importantto evaluatethe
impactof mobile settingson thesedevices.Kjeldskov and Stageexamineddifferent
usability techniguesandwaysto obtainresultsin a laboratorysettingthat are similar
to ndings from a more naturalistic eld ervironment[9]. Oulasvirtaet al. evaluated
the useof awebbrowseron a mobile phonewhile walking in a city setting[15]. They
found that while participantswere waiting for web pagesto load while walking on a
busystreettheir participantspentmostof theirtime focusedon their ervironmentand
interactedwith the devicein approximatelyfour secondoursts.

Readings onefundamentataskperformednmobiledevices.Mustoneretal. eval-
uatedlegibility of text on mobile phoneswhile walking at differentspeed®on a tread-
mill andwhile walking down an emptycorridor[14]. They found visual performance
deterioratesvith increasedwvalking speedand that as subjective taskloadincreases,
performancaleclines Studiesconductedy Bernardetal. [2, 3] examinedword search
andreadingcomprehensioon a PDA while eitherwalking on a treadmill,following a
pathonthe oor, andwhile sitting. They alsoexaminedcontextual factors,n particular
lighting level. Participantsratedsubjectve workloadhigherwhile walking on a pathas
opposedo awalkingonatreadmill. They alsofoundparticipantseadfasterhadbetter
comprehensiorand perceved lessworkloadwhile sitting ascomparedo walking on
a path. The experimentalprocedureusedin our study leverageshe designfrom this
work.

The above studiesall examinedvarioustaskson hand-helddisplayssuchasPDAs
andmobile phonesSomestudieshave exploredthe useof head-umdisplaysin aviation
[18,19], automobileg6], andsoldiercombaf20]. Therehasalsobeenwork evaluating
stationaryuseof head-mountedisplays.Curry et al. examinedthe useof aHMD and
a corventionaldesktopdisplayfor pointing tasks[4]. The pointing device, a standard
mouse,was constantacrossall display types. The resultsindicatedthat “the human
performanceon the visual componentbf pointing tasks[for the HMD] is equivalent
to that of a desktopdisplay’ Sheedyand Bergstromcomparedifferentdisplaytypes
for usein paragraphreading,word count,andword searchtasks[16]. All of the tasks
werecompletedwhile stationary The resultsof this studyshaved performancespeed
for the head-mountedisplaywascomparablédo the at paneldesktopandhardcopy
conditions.Themonoculameareye displayandthe hardcopy displaytogetheishoved
bestperformanceén paragrapheadingandtheHMD wassecondn performanceo the

at paneldisplayfor theword searchtasks.



Fig. 5. An examplereadingpassage. Fig. 6. A multiple choicequestionexample.

4 Method

4.1 Experimental Design

In orderto testreadingperformancenthethreedevices,we designed single-\ariable
within-subjectsexperimentwith one condition per device. The conditionswere: the
MicroOptical S\-3 head-mountedisplay the Sory Libri & e-bookreadeyandthe OQO
Model 01 palmtopcomputer Our experimentaldesignis largely basedon the studies
performedby Barnardetal. [2, 3] whereparticipantsvalk a prede nedpathwhile per

forming readingcomprehensiofrials.

Eachparticipants presentedvith tenreadingcomprehensiotrials. A readingcom-
prehensiortrial consistof a shortpassagéollowedby two questiongFigure5 and6.
Both the passageandquestionsvereselectedo be shortenoughto t on onescreen
withoutscrolling,andweretakenfrom abookdesignedo preparéehigh schoolstudents
for standardizedests[12] (the samesourceusedin the Bernardetal. experiments).

The experimentwas conductedn a laboratoryervironmentand a pathwas con-
structedby placingtapeon the oor (Figure7). We designedhe pathto be approxi-
mately40 meterdong and30 cm wide acrossdts entirelength.The pathwascurvy and
requiredthe participantsto navigatearoundseveral objects:tables,a tall garbagecan,
andacouch.Furthermoretheevaluationoccurredn afunctionalcomputersciencdab-
oratorywith mary visualdistractiongn theervironmentincludingcomputersshelving
andof ce clutter Both the pathandpositioningof obstaclesemainedconstantacross
all participantsThe startof the pathwasmarkedwith redtape,andat 30.5cm(1 foot)
intervalswith pencil (barelyvisible to participants}o facilitatemeasuringlistance.

Thedirectionthe participantawvalked on the path(clockwiseor counterclockwise)
is randomizedhcrossconditionsandparticipantsThe orderof thereadingcomprehen-
siontrials andthe distribution of the passageacrossconditionsis alsorandomizedor
eachparticipantto preventary effectsorderingor variabletrial dif culty mayhave on
performanceandworkloadmeasures.



Fig. 8. Thekeypadused
Fig. 7. Thepathparticpantsvalked along. for input.

4.2 Equipment and Software

The OQO senes asthe baseplatform for the experiment.Our customexperimental
software,written in Java, presentghe readingcomprehensiopassageandquestions
andperformsall of the datacollection. The OQO s alsousedto drive the Librié and
MicroOpticaldisplays.

During eachcondition, the participantswear a backpackand safety gogglesand
carry a customkeypad. The participantalso carries(or in the HMD conditionwears)
the displayfor the currentcondition. The backpackcontainsthe unuseddisplays;this
techniqueensureghatthe participantcarriesthe sameamountof weightin eachcon-
dition. Safetyglassesare usedfor mountingthe head-mountediisplay but are also
wornin thenon-HMD conditions Figures9, 10,and11 illustratetheapparatusor each
condition.

Thecustomkeypadusedfor inputhas ve buttons(Figure8). Four buttonsareblack
andcorrespondpatiallyto answersn thereadingcomprehensiotask,andonebutton
is red andconceptuallycorrespondso a “Done” or “Next Screen’key (Figure6). We
choseto usea separatéeypadfor input becauseve areinterestedn studyingmobile
displays)py standardizingnthisinputdevice acrosghe conditionswe have attempted
to removeinputasa sourceof in uence.

For all threedevices,we controlledfor the numberof pixels usedon the display
Regardlessof the actualresolutionof the screenour software utilizes only 640x480
pixels. Any extra pixels arerenderedwhite, andthe text is centerecbn the screenln
normaluseasane-bookreadertheLibriéis heldin portraitorientation(soits resolution
is 600x800);we have participantsholdit in landscap@rientation(800x600).



Fig.9. The 0QO Fig.10. The Librié Fig.11. The SV-3
hand-heldcondition. hand-heldcondition. HMD condition.

ThelLibriéis attachedo the OQOwith aUSB cable.Sincewe did not have adirect
methodfor writing to the screenwe devised softwarewhich pushesmagesfrom our
experimentalsoftwareover USB to the Libri é. In the head-mountedisplaycondition,
theMicroOpticalis attachedo the OQOby aVGA cable.

To collectmotionandorientationdata,we utilize severalwirelessBluetooththree-
axis accelerometersAn accelerometeis strappedo eachankle. Additionally, an ac-
celerometervasvelcroedto the backof the hand-helddisplays,andan accelerometer
wasattachedo the safetyglassesn the side oppositeof the dominanteye (Figure 3).
Datafrom theaccelerometeris sentdirectly to the OQOthroughBluetoothandlogged
in atime-stampede.

4.3 Procedure

The experimentbeginsfor eachparticipantwith a brief descriptionof the experiment,
anintroductionto the NASA TaskLoad Index (TLX) questionnairesanda shortback-
groundsuney. Oncethe papervork is complete the participantperformsasimpleeye-
dominancetestas previous researcthasshavn that HMDs shouldbe worn over the
dominanteye [10,11]. The participantcentersa smalltriangularhole in a pieceof pa-
per over a dot on thewall ve metersaway, andthen closetheir left eye. If the dot
remainscenteredn view with theleft eye closed the experimenterecordsthe partici-
pantasbeingright-eye dominant.If not,theexperimenterepeatshe proceduredesting
the othereye to con rm left-eye dominanceNext, the participantis introducedto the
accelerometerandthe experimenterattachesn accelerometeto the participants left
andright anklesandoneto the safetyglasse®n the sideof thenon-dominangye.
Baselinedatafor averagenaturalwalking speedalongthepathis thencollected The
participantis instructedo walk oncearoundthe pathin eachdirectionata comfortable
pacewhile wearingtheglassesndbackpackThetimeto completeesachiapisrecorded.
Beforethe rst conditionstarts the experimenteexplainsthedesignof the studyin
moredetail,includinganintroductionto thehardwareandsoftwareandademonstration
of how to usetheinput device. At the beginning of eachcondition, the experimenter



con guresthe appropriatedisplay The participantthen calibratesthe displayusinga
blank screemnumberedone throughnine with a numberin eachcorner at the center
of eachedge,andin the centerof the screenWe includedthis stepto ensureghe head-
mounteddisplayis positionedproperly and suchthat the entire screenis visible. For
consisteng, we performedhis procedurdor all threedisplays.

For thehand-heldisplaystheresearcheplaceshedevicein the participants non-
dominanthandin the landscapeorientation.For the head-mountedlisplay condition,
the experimenteishaws the participanthow the MicroOptical moveson two ball joints
andwhat part of the device to move to adjustthe focal depth(Figure 4). The exper
imentermountsthe display on the safetyglassesover the participants dominanteye.
With the aid of the experimenterthe participantadjuststhe display usingthe calibra-
tion patternandchangeshedisplay'sfocallengthto matchthe oor . After thedisplayis
calibratedandreadyto use theexperimenteplacesheinputdevicein the participants
dominanthandandstartsthe experimentakoftware.

Eachconditionbegins with one practicereadingtrial which is performedwith the
participantstandingstill at the beginning of the path.Oncethe readingtrial hasbeen

nished, andthe participants questionshave beenaddressedhe trials begin. Partic-

ipantsareinstructedto walk alongthe pathas during baselinemeasurementhatis,

alongthe pathandinsidethe lines. The participantsareinstructedto continuewalking

until they nish thelast(10th)trial andinformedthatthey canslow down or speedup

asdesiredput notto stop;they arealsoinstructedo answeitthe questionsaisaccurately
aspossible The experimentettells the participantwhento start;the participantbegins
walking andmustpresstheredbuttonto seethe rst passage.

As the participantwalks aroundthe pathandcompletedhetrials, the experimenter
follows behindas quietly as possibleand usesa silent tally counterto keeptrack of
the numberof timesthe participantstepsoutsidethe pathandthe numberof complete
laps.Whentheparticipantcompleteghe nal trial, thesoftwareshovsanendingscreen
askingtheparticipantto stop.Theexperimentenotesthetime requiredto completethe
10trials andrecordgthe participants nal position.

At the end of eachcondition,the experimenterdirectsthe participantto complete
the NASA-TLX suneys, remindingthemto consideronly the mostrecent10 trials
andthedisplayjust used.After the TLX, the procedures repeatedvith the remaining
displaydevices.Onceall threeconditionsarecomplete anotherassessmerdf natural
walking speeds conductedheforeremaoving the bag,glassesandaccelerometers:i-
nally, theexperimenteasksthe participantso shareary commentghey hadabouttheir
experiencewith ary of thedisplaysandthetaskperformed.

4.4 Participants

Twenty-two participantswererecruitedfrom the studentbody by word-of-mouth.We
did not control for any demographidactors(i.e. gendey eye-sight, native language,
etc.).All participantsverecompensate®10 perhour, regardles®f their performance.
Time to completethe studyrangedfrom 1.25to 2 hours,with a medianof 1.5 hours.
Of the 22 datasetsgeneratedpnly 15 datasetswere used.Seven of the twenty-two
datasetsweremissingaccelerometedata.We consideronly the 15 completedatasets
throughoutherestof this paper



The 15 participantsrangedin agefrom 21 to 49 years,with a medianof 25 years.
Two participantswere left-handed twelve were right-handedand one was ambide-
trous. Six participantswereright-eye dominantand nine were left-eye dominant.The
sevennon-natve Englishspeakingparticipantshadexperiencaeadingenglishranging
from 5 to 17 years,with a medianof 12 years.Only two participantsndicatedhaving
experiencewith ahead-mountedisplay andbothnotedthattheir experienceconsisted
of simply looking througha displayonce.

4.5 Data Collection and Analysis

To assesgarticipantperformancewe recordreadingtime, responsé¢ime, responsec-
curagy, pathaccurag, walking speedandwalking accurag. Readingtime is thetime

from whena passagés rst displayedto whenthe participantpresseshe red button

to proceedo the question.Responsdime is the time from whenan answerscreenis

displayedto whenthe participantpressesheredbuttonto proceedResponsaccuray

is whetheror not the participantselectedhe correctanswer All of thesevalueswere
calculatedrom the datalogs after the experimentwas competedPath accurag is the

numberof timesthe participantsteppedutsidethe path.Total distancewvascalculated
by countingthe numberof laps(full andpartial) aroundthe path.To assesperceved

workload,eachparticipantcompleteghestandardNASA-TLX scaleanddemandctom-

parisonsurneys aftereachdisplaycondition.

The accelerometersn eachankle are usedto track the movementof eachfoot.
Previous researctanecdotallynotedthat userstendedto increaseor decreasevalking
speedwith changesn taskdif culty [3]. Thetime-stampedcceleratiordataprovides
quantitatve datathat canbe usedto analyzethe changesn walking speedn relation
to whatthe participantwasseeingon the displayandwhatbuttonsthey werepressing.
Theaccelerometersnthehand-helddevicesandheadprovide orientationinformation.
Previousresearchhasdemonstratetoththeutility andvalidity of usingaccelerometers
in experimentglesignedo investigatamobile device while in motion[21].

5 Results

5.1 Passageand QuestionPerformance

Our 15 participantsreada combinedtotal of 450 passagesind answered00 ques-
tions. Table 3 shaws the percentag®f questionsanswerecorrectly the averagetime
spentreadingeachpassageandthe averagetimesspentansweringhe rst andsecond
questiongor eachdisplaycondition.In termsof accurag, the participantsperformed
surprisinglypoorly, regardlessof displaytype. A repeatedneasureANOVA on the
displayconditionshows no statisticaldifferencein ability to answerthe questionsor-
rectly. Theaverageaccurag acrossall conditionsis only 69.4%.
Examiningtheaveragetime spentduringeachof thethreephase®f thetrials (read-
ing the passageansweringquestionone,andansweringguestiontwo) revealsstatisti-
cally signi cant differencedor thethreeconditions While apost-hogairwiseanalysis
revealsno signi cant effectsfor the time spenton eachquestionphase,we do nd



Device

Librigl OQQ|MicroOptical p-value
Percentorrect,overall||70.30{71.5266.36 p 1.00
Percentorrect,Q1 68.48|72.7367.27 p 1.00
Percentorrect,Q2 72.12|70.306545 p 1.00
Passagdime (s) 68.04/|66.0989.46 p 0.01
Time Q1 (s) 14.63|14.561457 p 0.01
Time Q2 (s) 14.25|15.6617.69 p 0.01

Table 3. Performanc®n passageguestions.

signi cant pairwiseeffectsfor readingtime. Resultsshowv participantsreadfasteron
both of the hand—helddevicesthanon the head—mountedisplay This nding is re-
inforcedby participantcommentsstatingthey would often losetheir placein the text
while readingon thehead-mountedisplay Severalparticipantindicatedthatthey lost
their placedue to motion of the HMD, while othersmentionedbeing distractedby
theernvironment.Theissueof distractingervironmentabackgroundss consistentvith
ndings from studiesof stationaryhead-mountedisplayuse[11].

5.2 Walking Performance

We alsotracked measureselatedto thewalking portion of thetask:total distancerav-
eled,total time spentwalking aroundthe path,andtotal numberof stepsoutsideof the
pathfor eachdisplay condition. From this datawe computedwo additional,normal-
ized values:walking speedandnumberof stepsoff the pathperunit distance(meter).
Themeanvaluesfor eachconditionandthep-valuefrom a one-way repeateaneasures
ANOVA areshawn in Table4.

Device
Librié| OQO [MicroOptical p-value
Distance(m) [|50297|48070, 60929 p 0.01
Time (s) 69745(67362/100338 p 0.01
Speedm/s) 0.72 0.7 0.63 p 1.00
Stepsoff path|11200/11667| 19767 p 0.01
Stepsoff/m 0.22 0.23 0.31 p 1.00

Table 4. Walking performancdor thethreeconditions.

Theanalysigevealsstatisticallysigni cant differencedetweerthethreeconditions
for distance speedandnumberof stepsoff the path.Post-hogairwiseanalysisshovs
worseperformancdor the head-mountedisplay conditionrelative to eachhandheld
display(p 0.01).lt is interestingto note,however, that our two normalizedmetrics
(walking speedandstepsoff pathpermeter)shav no statisticallysigni cant difference.

Usingthe datafrom the accelerometersye calculatedthe angleat which the hand
held displayswereheldrelative to the ground.We calculatedhe meananglefor each



passageandsetof questionsTheLibriéwasheldonaverageatanangleof 40.9degrees
(SD=10.8)where0 degreesis parallelto the ground.In contrastthe OQOwasheld at
58.0 degrees(SD=9.0).A Students t-testrevealsa statistically signi cant difference
betweerthesetwo conditions(p  0.01).

Finally, thedatashaw thatparticipantssloved dowvn while readingandwalking the
path,regardlessof displaytype. The baseling'natural” walking speedfor the partici-
pantswas0.99m/s (SD=0.18)while the meanwalking ratein the conditionswasonly
0.69m/s(SD=0.22).

5.3 NasaTaskLoad Index

TheNASA TaskLoadIndex (TLX) is aquestionnaireisedto measuresubjectve work-
loadratings.Previousstudieshave indicatedthatit is bothareliableandvalid measure
of theworkloadimposedby atask[8, 7]. The NASA-TLX consistf six scalesmen-
tal demand physicaldemand temporaldemand performanceeffort, andfrustration;
eachscalehas21 gradationsFor eachscale,individualsratethe demandsmposedby
thetask.In addition,they rank eachscales contrikution to the total workloadby com-
pleting 15 pairwisecomparisondetweeneachcombinationof scalesThis procedure
allows aninvestigationof how taskdemanddoad on eachscale,aswell asa measure
of thetotal workload.

Interpretationof the mental,physical,andtemporaldemandscalesare straightfor
ward; eachscalecapturegshe demandmposedby its title. The performancescalecap-
tureshow successfuparticipantsfelt they wereat accomplishinghe giventask. The
effort scalecaptureshow hardindividualshadto work in orderto achiese their level of
performanceboth mentaland physicaleffort cancontribute to this scale.The frustra-
tion scalecaptureshow muchthetaskanngsor discouragemdividuals.

The overall workloadrating is calculatedby summingthe productof eachscales
ratingandweight. This calculationresultsin a scorebetweer0 and100. It re ects an
individual's perceptiorof the amountof workloaddevotedto eachof the scalesalong
with eachscales contribution to overall workload [8]. Here, we analyzethe overall
workloadratingsin additionto the six individual scaleratings.For eachanalysisaone-
way repeatedneasurefANOVA is used.

Device

Librigl OQQ|MicroOptical p-value
Totalworkload|30.84({34.29(42.56 p 0.01
Mental 48.13|43.73/40.27 p 0.01
Physical 10.80|28.00/30.53 p 0.01
Temporal 6.13| 4.40 4.47 p 0.01
Performance {|10.07| 9.67/14.20 p 0.01
Effort 13.87|13.07|22.67 p 0.01
Frustration 3.53| 4.0015.53 p 0.01

Table 5. Total TLX workloadaswell asweightedcomponenscores(out of 100). Eachmetric
shaws thatthethreedisplaysarestatisticallydifferentatthep 0.01level.



The analysisshaws signi cant effects(p  0.01) for the total workload as well
asthe six componenscales(Table5). Pairwise post-hocanalysisrevealsstatistically
signi cant differencesor totalworkload frustrationandeffort with theLibrieéandOQO
scoringbetterthanthe head—-mountedisplay In contrastthe physicaldimensionfor
theLibriéis ratedaslessdemandinghaneitherthe OQO or MicroOptical.

6 Discussion

Overall, our dataand analysisshav participantsperformedleastwell in the head-
mounteddisplaycondition.Whentherearestatisticallysigni cant differencesboth of
thehand-heldisplaysyield betterperformancehanthe HMD. The only exceptionwe
foundin the datais thatparticipantsatedthe Libri &€ aslessphysicallydemandinghan
eitherthe OQO or MicroOptical. Ratingthe HMD worsethanthe Librié is consistent
with the other ndings. The differenceof the Librié relative to the OQOQiis likely due
to the weight of the devices. Eventhoughthe Librié hasa large heightand width, it
is muchthinnerandlighter thanthe OQO. This resultis supportedby commentgrom
several participantsabouttheweightof the OQO.

TheHMD may have seenareductionin performancelueto its monoculamature;
the participantsvereableto seethe hand-helddisplayswith both eyes,but hadto use
only onetolook attheHMD. Velger[17] identi es severalcharacteristicthatcancause
dif culty in viewing whenan imageis only shavn to one eye with an HMD: when
presentingan image: brightnessjmagecharacteristicgi.e., text vs objects),viewing
distance contrastresolution,color, motion and orientation.Velgeralsodiscusseshe
issueof binocularrivalry, wherethe braincausesheimagesfrom eacheyeto alternate.
This factormay have causedlif culty in readingbecausef distractingbackgrounds
[11]. Anotherpotentialfactorthatmayimpacttheseresultsis thatall of our participants
werenoviceswith head-mountedisplays.As aresult,the displaysmay not have been
positionedoptimally, and the participantsdid not have the bene t of stratgies that
might bedevelopedby moreexperiencedisers.

We wereanticipatingsomeissueswith theLibri & dueto its slow refreshrate.While
several participantscommentedn the delayin screenupdatespur datado not show
statisticallysigni cant resultsindicatingthis delayhadanimpacton the readingcom-
prehensionask.

As expected participantsslowed their walking rate while performingthe reading
tasksusingthe mobile displays.On average they slowed down from a mean“natural”
walking speeddf 0.985m/sto 0.687m/sduringthetrials.

Many participantscommentedhatthey weresurprisedoy dif culty of completing
thereadingcomprehensiotaskswhile walking, regardlesof displaytype. This issue
is re ectedin the data,with a meanresponseccurag of 69.4%acrossall conditions.
Therecouldbe sereralfactorscontributing to this effect. For example,it is possiblethe
taskmaybeunrealisticallydif cult. Thereadingcomprehensiopassageandquestions
aredesignedor preparingstudentdor standardizedestsasopposedo a moretypical
taskrequiringlessconcentratiorsuchasreadinga webpage.



7 Future Work

We intendto further analyzethe datacollectedfrom the accelerometert get more
detailedinformation aboutary potentialgait changeghat may have occurredwhile
performingthe readingcomprehensioask with the differentdisplays.We also plan
on examiningmoreexperiencedHMD usersto seeif practicemight mitigate someof
theperformanceenaltieobsenedin this study It would alsobeinterestingo explore
thesadevicesin amorelongitudinalsettingto seeif training,particularlywith theHMD,
mightimpactparticipants‘ability to readonthego.

While ourlaboratoryexperimeniof readingcomprehensioability while walkingon
a pathprovidesinterestinginsights,we arealsointerestedn exploring the capabilities
of thesedisplaysin more naturalsettings.Walking on our pathinvolved navigating
static obstaclesA mobile device userin the real world would also encountemobile
obstaclesuchasotherpeople Furthermorethe usercanbemobilein otherways,such
asriding in anautomobileor standingon a subway train.

As notedabove, our experimentusedpassagesdesignechelp studentspracticefor
standardizetiests.We would alsolik e to explore othervisualtasksthatarelik ely to be
performedon mobile devicessuchasbrowsingemailor readinga webpage We would
alsolik e to examinemore fundamentalssuesof the displayswhile in motion suchas
fontsizeandpsycho-perceptudhctordik e visualacuity. Anotherapproactwouldbeto
evaluatethe effectsof visuallayouton our participants‘ability to readwhile in motion.
Several participantscommentedn the HMD conditionthat while they werereading,
they would lose their placeand end up rereadingthe sameline multiple times. It is
possiblethat addingmore white spaceor othervisual separatorsnight minimize this
effectandalter performance.

In additionto the devicesusedin this study thereareothernew interestingdisplay
technologiebeingcreatedIn particular Symbolhasa smallpersonakcanningprojec-
tor 3 approximatel\8.3 cubiccmin size.With thistypeof technologyit will bepossible
to carryaprojectorto createa displayonthe oor. It would beinterestingto exploreif
thetechnologyhasary potentialbene t for usewhile in motion.

8 Conclusions

We evaluatedin-motion readingperformanceon mobile devices using threedifferent
displays:a MicroOptical SV-3 monocularhead-mountediisplay a Sory Librié elec-
tronic ink e-bookdisplay and an OQO palmtop computerdisplay Furthermorewe
updatedan existing framawork for evaluatingdevicesfor usewhile in motion[2, 3] by
introducinga methodfor decouplingnput from output.

Theresultsof our studyindicatethatthe performancef our participantsvasworst
when using the head-mountedlisplay; we found no signi cant differencesbetween
the two hand-helddisplaysfor mostmeasuresThe only exceptionwasthe subjectve
measuref percevedphysicaldemandjn which theLibrié waspercevedasbeingless
demandinghanthe OQO.While the Libri & screertakeslongerto updatethaneitherof

3 http://www.symbol.com/products/oem/lpd.html



theotherdisplaysour ndings did notindicateary signi cant negative effectsfrom the
slow refreshrate.
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