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Abstract. As mobile technologybecomesa moreintegral part of our everyday
lives,understandingthe impact of different displayson perceived easeof use
andoverall performanceis becomingincreasinglyimportant.In this paper, we
evaluatethreemobiledisplays:theMicroOpticalSV-3, theSony Libri é, andthe
OQO Model 01. Thesedisplayseachusedifferentunderlyingtechnologiesand
offer uniquefeatureswhich could impactmobile use.The OQO is a hand-held
device that utilizes a traditional trans�ective liquid crystaldisplay (LCD). The
MicroOptical SV-3 is a head-mounteddisplay that usesa miniatureLCD and
offershandsfreeuse.Finally, theLibri é usesa novel, low power re�ective elec-
tronic ink technology. Wepresentacontrolled15-participantevaluationto assess
theeffectivenessof usingthesedisplaysfor readingwhile in motion.

1 Intr oduction

Mobile computingplatformsarerapidly replacingthe personalcomputerasthe most
widely adoptedcomputingdevice on the planet.Mobile phones,PDA, smartphones,
laptops,palmtopsandwearablesarebecomingwidely used:for example,in 2004there
were1.3 billion mobile phonesubscribers,andtwo billion arepredictedby 2007[1].
Wirelesstext messagingis widespread,with predictionsthatsoonoveronetrillion mes-
sageswill be sentper year [13]. Despiteslow initial adoption,electronicbooksare
becomingmorepopular, andsomemobile phonemanufacturersareworking on inte-
gratinghead-mounteddisplaysinto theirdevices.

Thesedeviceshave oneimportantthing in common:they areall usedfor reading
on thego.Whethertheuseis browsingthewebon a smartphonewhile waiting in line,
usinganelectronicbookto reada documenton theway to a meeting,or simply trying
to �nd a friend's telephonenumberwhile walking to a restaurant,theability to readon
thego is quickly becominganimportantskill.

In this paper, we presentan investigationinto how threedifferentmobile display
technologiesin�uence theability to readwhile in motion.Participantsperformreading



comprehensiontestswhile moving, usinga palmtopcomputer, anelectronicink book
reader, and a head-mounteddisplay; to avoid confoundingeffects of differing input
techniquesper device, we usea commoninput methodacrossall of the devices.We
assesstheability of participantsto readonthego,aswell astheperceivedworkloadfor
eachdevice.

2 Mobile Displays

Weusethreedifferentmobiledeviceswith differentdisplaytechnologiesfor ourevalu-
ation.Two of thedisplaysarehand-heldandoneis head-mounted;two aretrans�ective
(usinga backlight)andoneis re�ective (usingambientlight). Thehand-helddisplays
are the OQO Model 01 palmtopcomputerwith a trans�ective LCD (Figure 1) and
theSony Libri é EBR-1000EPelectronicbookreaderwhich usesa re�ective electronic
ink display(Figure2). Thehead-mounteddisplayis theMicroOpticalSV-3 Instrument
viewer, which usesa trans�ective LCD (Figure3). Table1 shows a comparisonof the
weight,displaysizeandresolutionfor eachdevice.

Fig.1. The OQO Model 01
palmtopcomputer.

Fig.2. The Sony
Libri ée-bookreader.

Weight Display SizeResolution Pixel density
Device (gm) (mm) (pixels) (dpi)

OQOModel 01 (LCD) 397 109.5x66.6 800x480 185
Sony Libri é (e-ink) 190 122.23x90.5 800x600 165

MicroOpticalSV-3 (LCD) 35 N/A 640x480 341

Table 1. Characteristicsof devicesanddisplays.

1 Thefocusof theSV-3 maybechangedby theuser, meaningthepixel densitycanchange.At
a focusdepthof 1.6m,theSV-3 hasapproximately34dpi.



2.1 OQO Model 01Palmtop

Typically, mobiledevicescanbecategorizedaseitherlow–power–use,low–performance
devices, suchas personaldigital assistants(PDAs) and mobile phones,or as high–
power–use,high–performancedevices,suchaslaptopandtabletcomputers.Recently,
however, a new category of mid-power-use,mid-performancedeviceshasbeenintro-
duced:the palmtopPC. The palmtopPC is usually equivalent in performanceto an
olderlaptopbut is closerin sizeto aPDA. PalmtopPCsalsousuallyhavestandardpro-
cessorsandrundesktopoperatingsystems,suchasWindowsXP. WeselectedtheOQO
Model 01palmtopPCasoneof thedisplaydevicesfor ourstudy.

TheOQOModel 01 (Figure1) is a small form-factorpalmtopcomputer. It weighs
approximately400gand�ts comfortablyin thepalmof thehand.TheOQOdisplayis
a trans�ective TFT liquid crystaldisplay(LCD) thatmeasures109.5x66.6mmandhas
aresolutionof 800x480,resultingin approximately185dpi.TheOQOhasaTransmeta
Crusoe1Ghzprocessor, 256MB memory, anda 20GBharddrive. It alsohasa variety
of peripheralportsincludingUSB 1.1 host,VGA output,andFirewire. Thescreenon
theOQOslidesto reveala miniatureQWERTY keyboard;however, during our study
thekeyboardremainedhidden.

2.2 SonyLibri é E-book reader

Electronicbook (or e-book)readertechnologyhasyet to gain a signi�cant consumer
market share.Detractorsof e-bookreadersmostly attribute their lack of commercial
successto unwieldy size and weight (largely due to batteries)and hard-to-readdis-
plays(moste-bookreadersto datehave usedcheaperblack-and-whiteLCDs suchas
thosefound in early PDAs). In the past few years,however, E-Ink Corporationhas
successfullycommercializeda non-LCDdisplaytechnologyideal for e-books.Called
“electronicink” or “digital paper,” thedisplayis re�ective ratherthantrans�ectiveand
offersa contrastratio closeto thatof standardpaper. Table2 (from [5]) comparesthe
re�ectivity and contrastratio of electronicink technologyto other re�ective display
technologies.

White StateContrast
Display Technology Re�ectance Ratio

Trans�ective MonoSTN LCD (olderPDA with touchscreen) 4.2% 4.1
E-Ink 41.3% 11.5
Wall StreetJournalNewspaper 64.1% 7

Table2. Characteristicsof E-Ink displaysandotherre�ective displaytechnologies[5].

Electronic ink consistsof microcapsules�lled with a clear �uid, black particles
andwhite particles.Whenan electricalcharge is appliedto a microcapsule,it causes
theblack particlesto move in onedirectionandthewhite to move in theotherdirec-
tion, producinga changein color. Oncetheparticlesmovewithin themicrocapsule,no
power is neededto keepthemin place;the batteriescanbe removedfrom thedevice



andthedisplaycontentsremainunchanged.Furthermore,for staticimages,this tech-
nologyrequiresno refreshcycle.Thespeedof updatewhenchangingbetweenimages,
however, is slow: anupdatetakesapproximatelyonesecond.Additionally, whenapixel
is changedfrom black to white, a grey-coloredresidual“ghost” imageremainswhich
eventuallyneedsto becleared.

The Sony Libri é (Figure2) is oneof the �rst publicly-availabledevicesto useE-
Ink's digital papertechnology. TheLibri é is currentlyonly sold in Japan,andwasde-
signedto be the samesize and weight as a standardJapanesepaperbackbook. The
Libri é runsa versionof theLinux kernelandhasa greyscaledisplaywith a resolution
resolutionof 800x600.We modi�ed theLibri é softwareto provideadditionalfunction-
ality to displayimagessentto it overUSBfrom a hostcomputer2.

2.3 Micr oOptical SV-3 HMD

Due to its expense,the head-mounteddisplay(HMD) is still a relatively uncommon
displaytechnology. Although �rst developedin the 1960s,only recentlyhave HMDs
becomesuf�ciently light andlow–poweredto beworn ona daily basis.Head-mounted
displaysarecurrentlyusedby medicalpersonnel,the military, andbridgeinspectors.
In addition,HMDs arebeingmarketedasconsumerDVD -playerdisplaystargetedfor
airplaneuse.

TheMicroOpticalSV-3 is a head-mounteddisplay(HMD) which attachesto a pair
of eye-glasses(Figure3). It is monocular(seenby only oneeye)andopaque.It contains
a very smallLCD andbacklight,with a 90-degreemirror andlensto direct the image
into theuser'seye(Figure4).Thelensis adjustableandcanbeusedto changethefocus
of thedisplayfrom 0.6to 4.5meters.

Fig.3. TheMicroOptical
SV-3 head-mounteddis-
play and the head-worn
accelerometer.

Fig.4. Top-down view of
the MicroOptical SV-3 head-
mounteddisplay.

The SV-3 weighs35g andhasa resolutionof 640x480.The viewport of the dis-
play measures9.5x11mm,but the dimensionis not a goodindicatorof the viewable
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displayasthelenssystemcreatesavirtual imageviewableby theuser. Thedisplayhas
ahorizontalviewing angleof 16degrees,resultingin 40horizontaldotsperdegree.For
a focusdepthof 1.6m(about�oor depth),the displayhasabout34dpi; at a focusof
0.6m(abouthand-helddisplaydepth),thedisplayhas71dpi.TheSV-3 acceptsa stan-
dardVGA signalasinput, anda small controllerbox convertsthe signalto drive the
integratedLCD.

3 RelatedWork

As mobile technologybecomesincreasinglypopular, it is important to evaluatethe
impactof mobile settingson thesedevices.Kjeldskov andStageexamineddifferent
usability techniquesandwaysto obtainresultsin a laboratorysettingthat aresimilar
to �ndings from a morenaturalistic�eld environment[9]. Oulasvirtaet al. evaluated
theuseof a webbrowseron a mobilephonewhile walking in a city setting[15]. They
found that while participantswerewaiting for web pagesto load while walking on a
busystreet,theirparticipantsspentmostof their timefocusedontheirenvironmentand
interactedwith thedevice in approximatelyfour secondbursts.

Readingisonefundamentaltaskperformedonmobiledevices.Mustonenetal.eval-
uatedlegibility of text on mobilephoneswhile walking at differentspeedson a tread-
mill andwhile walking down anemptycorridor [14]. They foundvisualperformance
deteriorateswith increasedwalking speedand that as subjective taskloadincreases,
performancedeclines.Studiesconductedby Bernardetal. [2,3] examinedwordsearch
andreadingcomprehensionon a PDA while eitherwalking on a treadmill,following a
pathonthe�oor , andwhile sitting.They alsoexaminedcontextual factors,in particular
lighting level. Participantsratedsubjectiveworkloadhigherwhile walkingonapathas
opposedto awalkingonatreadmill.They alsofoundparticipantsreadfaster, hadbetter
comprehension,andperceivedlessworkloadwhile sitting ascomparedto walking on
a path.The experimentalprocedureusedin our study leveragesthe designfrom this
work.

Theabove studiesall examinedvarioustaskson hand-helddisplayssuchasPDAs
andmobilephones.Somestudieshaveexploredtheuseof head-updisplaysin aviation
[18,19], automobiles[6], andsoldiercombat[20]. Therehasalsobeenwork evaluating
stationaryuseof head-mounteddisplays.Curry et al. examinedtheuseof a HMD and
a conventionaldesktopdisplayfor pointing tasks[4]. Thepointingdevice, a standard
mouse,was constantacrossall display types.The resultsindicatedthat “the human
performanceon the visual componentof pointing tasks[for the HMD] is equivalent
to thatof a desktopdisplay.” SheedyandBergstromcompareddifferentdisplaytypes
for usein paragraphreading,word count,andword searchtasks[16]. All of the tasks
werecompletedwhile stationary. Theresultsof this studyshowedperformancespeed
for thehead-mounteddisplaywascomparableto the �at paneldesktopandhardcopy
conditions.Themonocularnear-eyedisplayandthehardcopy displaytogethershowed
bestperformancein paragraphreading,andtheHMD wassecondin performanceto the
�at paneldisplayfor thewordsearchtasks.



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

4 Method

4.1 Experimental Design

In orderto testreadingperformanceonthethreedevices,wedesignedasingle-variable
within-subjectsexperimentwith one condition per device. The conditionswere: the
MicroOpticalSV-3 head-mounteddisplay, theSony Libri ée-bookreader, andtheOQO
Model 01 palmtopcomputer. Our experimentaldesignis largely basedon thestudies
performedby Barnardet al. [2,3] whereparticipantswalk a prede�nedpathwhile per-
forming readingcomprehensiontrials.

Eachparticipantis presentedwith tenreadingcomprehensiontrials.A readingcom-
prehensiontrial consistsof a shortpassagefollowedby two questions(Figure5 and6.
Both thepassagesandquestionswereselectedto beshortenoughto �t on onescreen
withoutscrolling,andweretakenfrom abookdesignedto preparehighschoolstudents
for standardizedtests[12] (thesamesourceusedin theBernardetal. experiments).

The experimentwasconductedin a laboratoryenvironmentanda pathwascon-
structedby placingtapeon the �oor (Figure7). We designedthe pathto be approxi-
mately40meterslongand30cmwideacrossits entirelength.Thepathwascurvyand
requiredtheparticipantsto navigatearoundseveralobjects:tables,a tall garbagecan,
andacouch.Furthermore,theevaluationoccurredin afunctionalcomputersciencelab-
oratorywith many visualdistractionsin theenvironmentincludingcomputers,shelving
andof�ce clutter. Both thepathandpositioningof obstaclesremainedconstantacross
all participants.Thestartof thepathwasmarkedwith redtape,andat 30.5cm(1 foot)
intervalswith pencil(barelyvisible to participants)to facilitatemeasuringdistance.

Thedirectiontheparticipantswalkedon thepath(clockwiseor counter-clockwise)
is randomizedacrossconditionsandparticipants.Theorderof thereadingcomprehen-
siontrials andthedistribution of thepassagesacrossconditionsis alsorandomizedfor
eachparticipantto preventany effectsorderingor variabletrial dif�culty mayhave on
performanceandworkloadmeasures.



Fig.7. Thepathparticpantswalkedalong.
Fig.8. Thekeypadused
for input.

4.2 Equipment and Software

The OQO servesas the baseplatform for the experiment.Our customexperimental
software,written in Java, presentsthe readingcomprehensionpassagesandquestions
andperformsall of thedatacollection.The OQO is alsousedto drive theLibri é and
MicroOpticaldisplays.

During eachcondition, the participantswear a backpackand safetygogglesand
carry a customkeypad.The participantalsocarries(or in the HMD conditionwears)
thedisplayfor thecurrentcondition.Thebackpackcontainstheunuseddisplays;this
techniqueensuresthat theparticipantcarriesthesameamountof weight in eachcon-
dition. Safetyglassesare usedfor mountingthe head-mounteddisplay, but are also
wornin thenon-HMDconditions.Figures9, 10,and11illustratetheapparatusfor each
condition.

Thecustomkeypadusedfor inputhas� vebuttons(Figure8).Fourbuttonsareblack
andcorrespondspatiallyto answersin thereadingcomprehensiontask,andonebutton
is redandconceptuallycorrespondsto a “Done” or “Next Screen”key (Figure6). We
choseto usea separatekeypadfor input becausewe areinterestedin studyingmobile
displays;by standardizingonthis inputdeviceacrosstheconditions,wehaveattempted
to remove inputasa sourceof in�uence.

For all threedevices,we controlledfor the numberof pixels usedon the display.
Regardlessof the actualresolutionof the screen,our softwareutilizes only 640x480
pixels.Any extra pixels arerenderedwhite, andthe text is centeredon the screen.In
normaluseasane-bookreader, theLibri éis heldin portraitorientation(soits resolution
is 600x800);we haveparticipantshold it in landscapeorientation(800x600).



Fig.9. The OQO
hand-heldcondition.

Fig.10. The Libri é
hand-heldcondition.

Fig.11. The SV-3
HMD condition.

TheLibri é is attachedto theOQOwith aUSBcable.Sincewedid nothaveadirect
methodfor writing to thescreen,we devisedsoftwarewhich pushesimagesfrom our
experimentalsoftwareover USB to theLibri é. In thehead-mounteddisplaycondition,
theMicroOpticalis attachedto theOQOby aVGA cable.

To collectmotionandorientationdata,we utilize severalwirelessBluetooththree-
axis accelerometers.An accelerometeris strappedto eachankle.Additionally, an ac-
celerometerwasvelcroedto thebackof thehand-helddisplays,andanaccelerometer
wasattachedto thesafetyglasseson thesideoppositeof thedominanteye (Figure3).
Datafrom theaccelerometersis sentdirectly to theOQOthroughBluetoothandlogged
in a time-stamped�le.

4.3 Procedure

Theexperimentbegins for eachparticipantwith a brief descriptionof theexperiment,
anintroductionto theNASA TaskLoadIndex (TLX) questionnaires,anda shortback-
groundsurvey. Oncethepaperwork is complete,theparticipantperformsasimpleeye-
dominancetestasprevious researchhasshown that HMDs shouldbe worn over the
dominanteye [10,11]. Theparticipantcentersa small triangularhole in a pieceof pa-
per over a dot on the wall � ve metersaway, and thenclosetheir left eye. If the dot
remainscenteredin view with theleft eye closed,theexperimenterrecordsthepartici-
pantasbeingright-eyedominant.If not, theexperimenterrepeatstheproceduretesting
theothereye to con�rm left-eye dominance.Next, theparticipantis introducedto the
accelerometersandtheexperimenterattachesanaccelerometerto theparticipant's left
andright anklesandoneto thesafetyglasseson thesideof thenon-dominanteye.

Baselinedatafor averagenaturalwalkingspeedalongthepathis thencollected.The
participantis instructedto walk oncearoundthepathin eachdirectionatacomfortable
pacewhilewearingtheglassesandbackpack.Thetimetocompleteeachlapis recorded.

Beforethe�rst conditionstarts,theexperimenterexplainsthedesignof thestudyin
moredetail,includinganintroductionto thehardwareandsoftwareandademonstration
of how to usethe input device. At the beginning of eachcondition,the experimenter



con�gures the appropriatedisplay. The participantthencalibratesthe displayusinga
blank screennumberedonethroughnine with a numberin eachcorner, at the center
of eachedge,andin thecenterof thescreen.We includedthis stepto ensurethehead-
mounteddisplay is positionedproperlyandsuchthat the entirescreenis visible. For
consistency, we performedthis procedurefor all threedisplays.

For thehand-helddisplays,theresearcherplacesthedevicein theparticipant'snon-
dominanthandin the landscapeorientation.For the head-mounteddisplaycondition,
theexperimentershows theparticipanthow theMicroOpticalmoveson two ball joints
andwhat part of the device to move to adjustthe focal depth(Figure4). The exper-
imentermountsthe displayon the safetyglassesover the participant's dominanteye.
With theaid of theexperimenter, theparticipantadjuststhedisplayusingthecalibra-
tion patternandchangesthedisplay'sfocal lengthto matchthe�oor . After thedisplayis
calibratedandreadyto use,theexperimenterplacestheinputdevice in theparticipant's
dominanthandandstartstheexperimentalsoftware.

Eachconditionbeginswith onepracticereadingtrial which is performedwith the
participantstandingstill at the beginningof the path.Oncethe readingtrial hasbeen
�nished, andthe participant's questionshave beenaddressed,the trials begin. Partic-
ipantsare instructedto walk alongthe pathasduring baselinemeasurement;that is,
alongthepathandinsidethelines.Theparticipantsareinstructedto continuewalking
until they �nish thelast (10th)trial andinformedthatthey canslow down or speedup
asdesired,but not to stop;they arealsoinstructedto answerthequestionsasaccurately
aspossible.Theexperimentertells theparticipantwhento start;theparticipantbegins
walkingandmustpresstheredbuttonto seethe�rst passage.

As theparticipantwalksaroundthepathandcompletesthetrials, theexperimenter
follows behindasquietly aspossibleandusesa silent tally counterto keeptrack of
thenumberof timestheparticipantstepsoutsidethepathandthenumberof complete
laps.Whentheparticipantcompletesthe�nal trial, thesoftwareshowsanendingscreen
askingtheparticipantto stop.Theexperimenternotesthetimerequiredto completethe
10 trials andrecordstheparticipant's �nal position.

At theendof eachcondition,theexperimenterdirectsthe participantto complete
the NASA-TLX surveys, remindingthem to consideronly the most recent10 trials
andthedisplayjust used.After theTLX, theprocedureis repeatedwith theremaining
displaydevices.Onceall threeconditionsarecomplete,anotherassessmentof natural
walking speedis conductedbeforeremoving thebag,glasses,andaccelerometers.Fi-
nally, theexperimenteraskstheparticipantsto shareany commentsthey hadabouttheir
experiencewith any of thedisplaysandthetaskperformed.

4.4 Participants

Twenty-two participantswererecruitedfrom thestudentbody by word-of-mouth.We
did not control for any demographicfactors(i.e. gender, eye-sight,native language,
etc.).All participantswerecompensated$10perhour, regardlessof their performance.
Time to completethestudyrangedfrom 1.25to 2 hours,with a medianof 1.5 hours.
Of the 22 datasetsgenerated,only 15 datasetswereused.Seven of the twenty-two
datasetsweremissingaccelerometerdata.We consideronly the15 completedatasets
throughouttherestof this paper.



The15 participantsrangedin agefrom 21 to 49 years,with a medianof 25 years.
Two participantswereleft-handed,twelve wereright-handed,andonewasambidex-
trous.Six participantswereright-eye dominantandninewereleft-eye dominant.The
sevennon-nativeEnglishspeakingparticipantshadexperiencereadingEnglishranging
from 5 to 17 years,with a medianof 12 years.Only two participantsindicatedhaving
experiencewith ahead-mounteddisplay, andbothnotedthattheirexperienceconsisted
of simply looking througha displayonce.

4.5 Data Collection and Analysis

To assessparticipantperformance,werecordreadingtime,responsetime,responseac-
curacy, pathaccuracy, walking speedandwalking accuracy. Readingtime is the time
from whena passageis �rst displayedto whenthe participantpressesthe red button
to proceedto thequestion.Responsetime is the time from whenan answerscreenis
displayedto whentheparticipantpressestheredbuttonto proceed.Responseaccuracy
is whetheror not theparticipantselectedthecorrectanswer. All of thesevalueswere
calculatedfrom thedatalogsafter theexperimentwascompeted.Pathaccuracy is the
numberof timestheparticipantsteppedoutsidethepath.Total distancewascalculated
by countingthenumberof laps(full andpartial)aroundthepath.To assessperceived
workload,eachparticipantcompletesthestandardNASA-TLX scaleanddemandcom-
parisonsurveysaftereachdisplaycondition.

The accelerometerson eachankle are usedto track the movementof eachfoot.
Previous researchanecdotallynotedthatuserstendedto increaseor decreasewalking
speedwith changesin taskdif�culty [3]. Thetime-stampedaccelerationdataprovides
quantitative datathat canbe usedto analyzethechangesin walking speedin relation
to whattheparticipantwasseeingon thedisplayandwhatbuttonsthey werepressing.
Theaccelerometersonthehand-helddevicesandheadprovideorientationinformation.
Previousresearchhasdemonstratedboththeutility andvalidity of usingaccelerometers
in experimentsdesignedto investigatemobiledevicewhile in motion[21].

5 Results

5.1 Passageand QuestionPerformance

Our 15 participantsreada combinedtotal of 450 passagesand answered900 ques-
tions.Table3 shows thepercentageof questionsansweredcorrectly, theaveragetime
spentreadingeachpassage,andtheaveragetimesspentansweringthe�rst andsecond
questionsfor eachdisplaycondition.In termsof accuracy, theparticipantsperformed
surprisinglypoorly, regardlessof display type. A repeatedmeasuresANOVA on the
displayconditionshows no statisticaldifferencein ability to answerthequestionscor-
rectly. Theaverageaccuracy acrossall conditionsis only 69.4%.

Examiningtheaveragetimespentduringeachof thethreephasesof thetrials(read-
ing thepassage,answeringquestionone,andansweringquestiontwo) revealsstatisti-
cally signi�cant differencesfor thethreeconditions.While apost-hocpairwiseanalysis
revealsno signi�cant effects for the time spenton eachquestionphase,we do �nd



Device
Libri é OQO MicroOptical p-value

Percentcorrect,overall 70.30 71.5266.36 p � 1.00
Percentcorrect,Q1 68.48 72.7367.27 p � 1.00
Percentcorrect,Q2 72.12 70.3065.45 p � 1.00
Passagetime (s) 68.04 66.0589.46 p � 0.01
TimeQ1(s) 14.63 14.5614.57 p � 0.01
TimeQ2(s) 14.25 15.6617.69 p � 0.01

Table 3. Performanceonpassagequestions.

signi�cant pairwiseeffectsfor readingtime. Resultsshow participantsreadfasteron
both of the hand–helddevicesthanon the head–mounteddisplay. This �nding is re-
inforcedby participantcommentsstatingthey would often losetheir placein the text
while readingonthehead-mounteddisplay. Severalparticipantsindicatedthatthey lost
their placedue to motion of the HMD, while othersmentionedbeing distractedby
theenvironment.Theissueof distractingenvironmentalbackgroundsis consistentwith
�ndings from studiesof stationaryhead-mounteddisplayuse[11].

5.2 Walking Performance

We alsotrackedmeasuresrelatedto thewalkingportionof thetask:totaldistancetrav-
eled,total time spentwalking aroundthepath,andtotal numberof stepsoutsideof the
pathfor eachdisplaycondition.From this datawe computedtwo additional,normal-
izedvalues:walking speedandnumberof stepsoff thepathperunit distance(meter).
Themeanvaluesfor eachconditionandthep-valuefrom aone-wayrepeatedmeasures
ANOVA areshown in Table4.

Device
Libri é OQO MicroOptical p-value

Distance(m) 502.97 480.70 609.29 p � 0.01
Time (s) 697.45 673.62 1003.38 p � 0.01
Speed(m/s) 0.72 0.71 0.63 p � 1.00
Stepsoff path 112.00 116.67 197.67 p � 0.01
Stepsoff/m 0.22 0.23 0.31 p � 1.00

Table 4. Walkingperformancefor thethreeconditions.

Theanalysisrevealsstatisticallysigni�cant differencesbetweenthethreeconditions
for distance,speedandnumberof stepsoff thepath.Post-hocpairwiseanalysisshows
worseperformancefor thehead-mounteddisplayconditionrelative to eachhandheld
display(p � 0.01).It is interestingto note,however, thatour two normalizedmetrics
(walkingspeedandstepsoff pathpermeter)show nostatisticallysigni�cant difference.

Usingthedatafrom theaccelerometers,we calculatedtheangleat which thehand
helddisplayswereheldrelative to theground.We calculatedthemeananglefor each



passageandsetof questions.TheLibri éwasheldonaverageatanangleof 40.9degrees
(SD=10.8)where0 degreesis parallelto theground.In contrast,theOQOwasheldat
58.0 degrees(SD=9.0).A Student's t-test revealsa statisticallysigni�cant difference
betweenthesetwo conditions(p � 0.01).

Finally, thedatashow thatparticipantssloweddown while readingandwalking the
path,regardlessof displaytype.The baseline“natural” walking speedfor thepartici-
pantswas0.99m/s(SD=0.18)while themeanwalking ratein theconditionswasonly
0.69m/s(SD=0.22).

5.3 NasaTask Load Index

TheNASA TaskLoadIndex (TLX) is aquestionnaireusedto measuresubjectivework-
loadratings.Previousstudieshave indicatedthatit is botha reliableandvalid measure
of theworkloadimposedby a task[8,7]. TheNASA-TLX consistsof six scales:men-
tal demand,physicaldemand,temporaldemand,performance,effort, andfrustration;
eachscalehas21 gradations.For eachscale,individualsratethedemandsimposedby
thetask.In addition,they rankeachscale's contribution to thetotal workloadby com-
pleting15 pairwisecomparisonsbetweeneachcombinationof scales.This procedure
allows an investigationof how taskdemandsloadon eachscale,aswell asa measure
of thetotal workload.

Interpretationof themental,physical,andtemporaldemandscalesarestraightfor-
ward;eachscalecapturesthedemandimposedby its title. Theperformancescalecap-
tureshow successfulparticipantsfelt they wereat accomplishingthe given task.The
effort scalecaptureshow hardindividualshadto work in orderto achievetheir level of
performance;bothmentalandphysicaleffort cancontribute to this scale.The frustra-
tion scalecaptureshow muchthetaskannoysor discouragesindividuals.

The overall workloadrating is calculatedby summingthe productof eachscale's
ratingandweight.This calculationresultsin a scorebetween0 and100.It re�ects an
individual'sperceptionof theamountof workloaddevotedto eachof thescales,along
with eachscale's contribution to overall workload [8]. Here,we analyzethe overall
workloadratingsin additionto thesix individualscaleratings.For eachanalysisaone-
way repeatedmeasuresANOVA is used.

Device
Libri é OQO 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 9.6714.20 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 asweightedcomponentscores(out of 100).Eachmetric
shows thatthethreedisplaysarestatisticallydifferentat thep � 0.01level.



The analysisshows signi�cant effects (p � 0.01) for the total workload as well
asthe six componentscales(Table5). Pairwisepost-hocanalysisrevealsstatistically
signi�cant differencesfor totalworkload,frustrationandeffort with theLibri éandOQO
scoringbetterthanthehead–mounteddisplay. In contrast,the physicaldimensionfor
theLibri é is ratedaslessdemandingthaneithertheOQOor MicroOptical.

6 Discussion

Overall, our data and analysisshow participantsperformedleastwell in the head-
mounteddisplaycondition.Whentherearestatisticallysigni�cant differences,bothof
thehand-helddisplaysyield betterperformancethantheHMD. Theonly exceptionwe
foundin thedatais thatparticipantsratedtheLibri é aslessphysicallydemandingthan
eithertheOQOor MicroOptical.RatingtheHMD worsethantheLibri é is consistent
with theother�ndings. Thedifferenceof theLibri é relative to theOQOis likely due
to the weight of the devices.Even thoughthe Libri é hasa large heightandwidth, it
is muchthinnerandlighter thantheOQO.This resultis supportedby commentsfrom
severalparticipantsabouttheweightof theOQO.

TheHMD mayhave seena reductionin performancedueto its monocularnature;
theparticipantswereableto seethehand-helddisplayswith botheyes,but hadto use
only oneto lookattheHMD. Velger[17] identi�es severalcharacteristicsthatcancause
dif�culty in viewing whenan imageis only shown to oneeye with an HMD: when
presentingan image:brightness,imagecharacteristics(i.e., text vs objects),viewing
distance,contrast,resolution,color, motion andorientation.Velgeralsodiscussesthe
issueof binocularrivalry, wherethebraincausestheimagesfrom eacheyeto alternate.
This factormay have causeddif�culty in readingbecauseof distractingbackgrounds
[11]. Anotherpotentialfactorthatmayimpacttheseresultsis thatall of ourparticipants
werenoviceswith head-mounteddisplays.As a result,thedisplaysmaynot have been
positionedoptimally, and the participantsdid not have the bene�t of strategies that
might bedevelopedby moreexperiencedusers.

Wewereanticipatingsomeissueswith theLibri édueto its slow refreshrate.While
several participantscommentedon the delayin screenupdates,our datado not show
statisticallysigni�cant resultsindicatingthis delayhadanimpacton thereadingcom-
prehensiontask.

As expected,participantsslowed their walking ratewhile performingthe reading
tasksusingthemobiledisplays.On average,they sloweddown from a mean“natural”
walkingspeedof 0.985m/sto 0.687m/sduringthetrials.

Many participantscommentedthatthey weresurprisedby dif�culty of completing
thereadingcomprehensiontaskswhile walking, regardlessof displaytype.This issue
is re�ected in thedata,with a meanresponseaccuracy of 69.4%acrossall conditions.
Therecouldbeseveralfactorscontributing to thiseffect.For example,it is possiblethe
taskmaybeunrealisticallydif�cult. Thereadingcomprehensionpassagesandquestions
aredesignedfor preparingstudentsfor standardizedtestsasopposedto a moretypical
taskrequiringlessconcentrationsuchasreadinga webpage.



7 Future Work

We intend to further analyzethe datacollectedfrom the accelerometersto get more
detailedinformation aboutany potentialgait changesthat may have occurredwhile
performingthe readingcomprehensiontaskwith the differentdisplays.We alsoplan
on examiningmoreexperiencedHMD usersto seeif practicemight mitigatesomeof
theperformancepenaltiesobservedin thisstudy. It wouldalsobeinterestingto explore
thesedevicesin amorelongitudinalsettingtoseeif training,particularlywith theHMD,
might impactparticipants'ability to readon thego.

Whileourlaboratoryexperimentof readingcomprehensionability whilewalkingon
a pathprovidesinterestinginsights,we arealsointerestedin exploring thecapabilities
of thesedisplaysin more naturalsettings.Walking on our path involved navigating
staticobstacles.A mobile device userin the real world would alsoencountermobile
obstaclessuchasotherpeople.Furthermore,theusercanbemobilein otherways,such
asriding in anautomobileor standingonasubway train.

As notedabove,our experimentusedpassagesdesignedhelpstudentspracticefor
standardizedtests.We would alsolike to exploreothervisualtasksthatarelikely to be
performedonmobiledevicessuchasbrowsingemailor readingawebpage.Wewould
alsolike to examinemorefundamentalissuesof thedisplayswhile in motionsuchas
font sizeandpsycho-perceptualfactorslikevisualacuity. Anotherapproachwouldbeto
evaluatetheeffectsof visuallayoutonourparticipants'ability to readwhile in motion.
Several participantscommentedin the HMD conditionthat while they werereading,
they would lose their placeandendup rereadingthe sameline multiple times. It is
possiblethat addingmorewhite spaceor othervisual separatorsmight minimize this
effectandalterperformance.

In additionto thedevicesusedin this study, thereareothernew interestingdisplay
technologiesbeingcreated.In particular, Symbolhasasmallpersonalscanningprojec-
tor 3 approximately3.3cubiccmin size.With thistypeof technologyit will bepossible
to carrya projectorto createa displayon the�oor . It would beinterestingto exploreif
thetechnologyhasany potentialbene�t for usewhile in motion.

8 Conclusions

We evaluatedin-motion readingperformanceon mobile devicesusingthreedifferent
displays:a MicroOptical SV-3 monocularhead-mounteddisplay, a Sony Libri é elec-
tronic ink e-bookdisplay, and an OQO palmtopcomputerdisplay. Furthermore,we
updatedanexisting framework for evaluatingdevicesfor usewhile in motion[2,3] by
introducingamethodfor decouplinginput from output.

Theresultsof ourstudyindicatethattheperformanceof ourparticipantswasworst
when using the head-mounteddisplay; we found no signi�cant differencesbetween
the two hand-helddisplaysfor mostmeasures.The only exceptionwasthesubjective
measureof perceivedphysicaldemand,in which theLibri éwasperceivedasbeingless
demandingthantheOQO.While theLibri éscreentakeslongerto updatethaneitherof

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



theotherdisplays,our �ndings did not indicateany signi�cant negativeeffectsfrom the
slow refreshrate.
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