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Abstract

We areinterestedn saccadeontingen scenaupdatesvherethevi-
sualinformation presentedn a displayis alteredwhile a saccadic
eye movementof an uncorstrained,freely moving obserer is in
progress. Since saccaés typically last only several tensof mil-
lisecondsdependhg on their size, this posesdifficult constraints
on the lateny of detection. We have integratedtwo complemen-
tary eye trackersin a virtual reality helmetto simultaneosly 1)
detectsaccadensetswith very low lateny and?2) track the gaze
with high precisionalbeithigherlateng. In aseriesof experimeris
we demonstratéhe systems capabilityof detectingsaccadensets
with sufiiciently low lateng to make scenechangswhile asaccade
is still progressing.While the methodwas developal to facilitate
studiesof humanvisual perceptionand attention,it may find in-
terestingapplicationgn humancomputerinteractionandcompuer
graphics.
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1 Introduction

Why saccade contingent scene updates? Saccadeontingen
updating(SCU),i.e. changirg a presentedisual stimuluswhile the
eyeis in motion,is anexperimentakechniqie thathasprovenquite
valuablein studiesof visual perceptionin particularat addressing
the natureof visual representatiomand memory high level visual
attention,and changeblindness. While the eye is moving, image
blur makesthe visual systemeffectively blind. Saccadicsuppres-
sionimposesanadditiond sensitvity lossfor a periodthatoutlasts
the saccadeéby 50 ms or more[Stevensonet al. 1986]. Scientists
cantake advantag of thesenatural phenanenato examine how
individuals respondto chargesthat occurin a visual scenewhile
visual feedba& is momentarilyoffline. This canbe donewithout
the concen thatthe subjectsare merely detectingthe changewith
low level sensorymechanismsOur labis particularlyinterestedn
the study of visual attentionthroughthe useof changeblindness
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paradigmsA generabverview of thisappro@h couldbedescribed
asfollows: A visual stimulusis presentedo a subjectand during
thatperioda significantchangeoccursin thevisualscene Thesub-
jectsaretypically informedto beon thelookout for changes,or are
sometimesiotinformedbut still questionedhttheendof theexper
imentif they have noticedary visual changeoccurring. A review
of changeblindnessstudiescanbefoundin [Simons200(d. To pre-
ventlow level mechanismé&rom immediatelydetectingthis chang
in the visual presentatiora transientis usedto maskthe change.
To this end,previous changeblindnessexperimentshave usedmud
splasheshlankscreerflashescreatve editingof films, andsaccade
contingentupdating. It hasbeenrepeatedlydemonstratedh these
experimentghatsubjectswill oftenbesurprisinglyunavareof even
largechangsoccurringin thescene Thesestudiesnow playanim-
portantrole in the debateon the natureof visualrepresentationlsy
indicatingthathumansseemto useratherminimal representations
of incomingvisualstimuli, or atleastthatconsciougesshasaccess
only to a small part of this information. Unfortunately mary of
thesestudiesuseratherunngural experimentalconditionsmaking
it difficult to generalizetheir resultsto everydayperception.Mak-
ing changs during mud splashe®r via video editingis somevhat
unnaturaland may not provide conclwsive evidence aboutvisual
representationduring natural,purposefubehaior in a 3-D world.
Saccadecontingent updating (SCU) on the other hand exploits a
naturaldetailof humanvisualfunctionsothatchangesn thevisual
scenecanbe madewithoutthe needto resortto unnaturainterven-
tions. Unfortunately previous SCUsetupshave hadto usebite bars
or otherdevicesto keepthe subjects headfixed becasethe eye-
tracking devices usedwere eithertoo bulky to be portableand/or
too sensitve to body movemeris. Becausef this, visual presenta-
tionsin theseexperimentsaretypically doneon acomputemmonitor
in 2-D. Our goalwasto develop an experimenal setupthatallows
SCUfor anuncorstrainedsubjectin a virtual reality ervironmert.
To this end,we have implementeda portableandfastanalogsac-
cadedetectorinside a headmounteddisplay (HMD) that allows
subjectgo interactwith a 3-D ervironmert, withoutrestrictionson
headmovement. In addition, this setupalso allows more precise
positionaltracking of gazedirectionby meansof a separatezideo
basedeye-tracler mountedinsidethe HMD. This is importantfor
our applicationsincewe arenotonly interestedn theonsetsf sac-
cadesbut alsowant to measureabsoluteeye positionswith good
accuray in orderto establisthow far the changel objectwasfrom
thefixation pointsprior andsubsequetrto the saccade.

Outline of the paper. Theremaindeiof the paperis organized
asfollows. Section?2 briefly reviews currenteye tracking tech-
niquesfrom the perspectie of suitability for saccadecontingent
sceneupdatingin Virtual Reality In Sec.3 we give anoverview of

our systemand describethe methodof saccadensetdetectionin

detail. Sec.4 presentexperimentshat demonstratehe feasibility

of the proposedappro@h. Finally, Sec.5 concludesour findings
anddiscussesheapproackrom abroade perspecitie.



Video Output at 60 Hz

Position Sensor

Analog Limbus Tracker

Controller Si

s2|  SGIONYX 2

A/D Conversion

Simulation/Graphics

Video Based Pupil Tracker

Control PC S3

Figurel: Systemoverview, seetext for details.

2 A Brief Review of Eye Tracking Tech-
niques

In orderto be able to make saccadecontingentsceneupdatesin
virtual reality asmotivatedabove, we have to be ableto detectthe
onsetsof saccadiceye movemers with a very low lateny. We
will now briefly review somebasicsaboutsaccae physiolog/ and
thendiscussseveraleye trackingtechniquedrom the perspectie of
theiraccurag, their suitability for low lateny saccad®nsetdetec-
tion, andthe feasibility of integrationinto a headmounteddisplay
A more comprehasive review of eye trackingtechniqus canbe
found in [Duchowski and Vertegaal 2000]. We will arguethata
combinationof two complementaryeye trackersis bestsuitedfor
our needswhich will leadto the specificdesigndescribedin the
next section.

Saccade basics. Thedurationof asaccadéypically depend on
its amplitude,i.e. the visual angle coveredby the saccade.For a
moredetaileddiscussiorthe reademay referto [Becker 1991]. A
goodfirst orderapproXmation of saccadelurationD asafunction
of saccadeamplitudeA is givenby thelinearrelation:

D=D,+dA, 1)

where D, is a minimal time typically reportedto be between20
and 30 milliseconds,andd is the durationincreaseper degreeand
typically of the order of 2—3 millisecondsper degree. Consider
ing a moderatelysmall saccadeamplitudeof 20 degreesandusing
D, = 25millisecondsandd = 2.5 millisecondsperdegree we geta
total durationof 75 milliseconds.The velocity profile of asaccade
is typically bell shapedwith a peakvelocity of roughy about500
deg/sec. For saccadesmallerthanabout30 degreesthe eye may
not reachthis peakvelocity but stay belov it. Sinceour method
of saccadensetdetectionwill be velocity basedt is importantto
know how fastthe eye reaches particularvelocity. Fromthe data
presentedn [Becker 1991] we seethat the rise time is about13
deg/sec/msedor all saccademplitudessothe eye shouldreacha
velocity of 100deg/secin lessthan10 ms.

Electro-oculography. In Electro-oculograph electricalsignals
arerecordedfrom the skin aroundthe eyeswith a numbe of elec-
trodesgiving an estimateof the eyes’ positioninsidethe head Al-

thoughstill in use,this methodis lessaccuratehanmoden video
basedeye trackersbut cangive a very high temporalresolutiondue
to the analogoutput. We undertod preliminary experimentswith

thismethodbut it seemedhatLimbustrackingdescribedelown has
lower noiseandis lessintrusive so thatwe abanenedthis method.

Scleral contact lens. In this methodthe subjectwearsa contact
lens,oftenwith anembedledcoil, whosepositionis measureavith

respectto a fixed laboratoryreferenceframe. While this method
is very fastandvery accuratejt is alsothe mostintrusive. In ad-
dition, it is not suitablefor Virtual Reality applicationssincethe
measuremerdapparatuss too bulky to be mountedinsidea HMD.

Limbus tracking. Thelimbusis the borde betweenthe sclera
andiris. Acrossthis borderthere are olbvious differencesin re-

flective propertiesand this can be exploited to estimatethe eye’s

positionwith optical methods.In a typical setup,aninfrared LED

illuminatesthe eye from belowv andtwo photo-diods mountedon

spectacldramesmeasurehe amourt of light scatterecbackfrom

theleft andright sideof theeye. Differencesn light recevedby the
photo-diodsallow to estimatethe horizontalgazeposition. (Typ-

ically, a secondsetof phato-diodesmeasuredight scatteredrom

the upperandlower portion of the secondeye to estimatevertical

gazeposition.) Thismethodis notaspreciseasmodernvideobased
approachsbut hasthe advantageof low lateny andhigh temporal
resolutionsincethe analogvoltagesfrom the photo-dodescanbe
sampledandprocesseavithout significanttemporaldelays.

Video-based tracking. Modernvideo basedeye trackers have
a video camerapointed at the eye. Often the eye is illuminated
with infrared light and the tracking algorithm tries to extract the
cornealreflectionof theinfraredlight sourceandthe pupil position
from the video images. This methodgives fairly good accurag,
betterthan Limbus tracking althoughnot as good as contactlens
methodsbut suffers from poar temporalresolution. The temporal
resolutionis limited by the framerateof the video cameraanddue
totheoverheal in capturingandanalyzingthevideoimagesheeye
positionmeasurementsreavailableonly with substantialatencies
that make saccadecontingent updatescurrently impossible. The
useof high speedvideo camerag> 100 Hz) can alleviate these
problemsbut thesearestill too bulky to bebuilt intoaheadmourted
display

In summary no single methodsatisfiesour needsfor a high ac-
curag tracker with the capabilityof low lateny saccaé detection
thatcanbe built into a headmounteddisplay Othersystemssuch
asthe Dual Purkinje ImageTracker, canbe successflly usedfor
SCU[Hayhoeetal. 1998 HendersorandHollingworth 1999;Ver-
faillie and De Graef2000], but requirea bite bar and are too big
to be usedinsidean HMD andhave a very limited rangeof opera-
tion (+/- 7 deg). In orderto achieve SCUfor a freely moving sub-
jectinsideaHMD we decidedto combinetwo complematary eye
trackingtechniquesn our system.We choseto integratea standard
videobasedraclker giving high accurag with a Limbustracker for
the quick detectionof saccadeonsetsinto a single headmourted
display



3 System Organization

3.1 Hardware

The systemwas developedas part of the University of Rochester
Nationallnstitute of Health(NIH) Resourcdor NeuralModelsof
Behavior. A graphcal overview of the systemis shavn in Fig. 1.
The backlone of our systemis a SGI ONYX 2 workstationwith
four 250 MHz MIPS processorandtwo InfiniteReality2graphics
boardsfrom Silicon Graphics. It is responsiblefor visual simu-
lation of differentvirtual reality ervironmernts including a driving
simulatorand haptic simulationwith force feedbackdevices, that
allows theuserto touchvirtual objectsandphysicallyinteractwith
them. The virtual ervironmentsare renderedin a headmounted
display (V8 by Virtual ResearcltBystemswith two LCD displays
of 640x 480 pixels (50 deg field of view) ata framerateof 60 Hz.
Theheadmounteddisplayis equippedvith amagneticheadtracker
andtwo complenentaryeye trackerswhoseoutputsarefed backto
the SGlworkstation.

The headtracker is a magnetictracking device (Fastrakby Pol-
hemusinc.) thatsensesieadpositionandorientation. Thesemea-
surementaresentto theworkstationover a serialinterface.

Thefirst eye tracker is alimbustracker (ASL model201 by Ap-
plied Sciencelaboratoriesthatwe have fitted into a pair of swim
goggleghatcanbewornunderneathheheadmounteddisplay The
original 201 model hastwo sensorspne for detectinghorizortal
movementsn oneeye andonefor thedetectingverticalmovemeris
in the othereye. In our setupwe canonly useonesensoidetecting
horizontalmovemens, becaus@lacefor the secondsensots taken
up by the video basedtracker analyzingthe othereye. Hence,our
setupis not designedo detectthe onsetf vertical saccadeskig-
ure 2 shavs animageof the sensorandhow a subjectis wearing
it underreaththe HMD. The analogvoltageoutput of this sensor
is sampledand corvertedto a digital signalat a rate of 1.25kHz,
andthe digital signalis sentto the work stationvia a secondserial
connetion with 112kilo bits persecond.

The secondeye tracker is a standardvideo basedtracker (ASL
501 by Applied Sciencelaboratories)controlledfrom a standard
desktopPC.lIt givesrelatively goodaccurag (~1 deg) atthe price
of high lateng sincethevideoinputis sampledat 60 Hz only and
thereis adelayof about50 msbeforetheeye positiondatais output.
This datais sentto the work stationat 60 Hz over a third serial
connedtion.

3.2 Saccade Contingent Scene U dating

Thetime courseof everts during saccadeletectionis illustratedin
Fig. 3. Subjectsmay initiate saccadest ary time but the graph-
ics enginerunsat a fixed rate of 60 Hz sothat scenechargescan
only be madeat discretepointsin time whena frameis beingren-
dered,i.e. every 16.67 milliseconds. The eye position datafrom
the Limbus tracker, however, arrivesat a muchfasterrateof 1.25
kHz, i.e. individual samplesare 0.8 ms apart. Our algorithmfor
saccadeontingent updatingworks asfollows. Justbeforea new
frameis aboutto be renderedhe latesteye positiondatafrom the
Limbus tracler that hasarrived sincethe lastframeis polled and
analyzed Eye velocitiesare computed from the eye positiondata
andareusedto detectthe signatureof a saccad®nset.This way; if
asaccaé onsetis detectedhescenecanquickly beupdatedusthbe-
foreit is beingrenderedagain.Our saccad®nsetdetectionis based
on asimplevelocity threshold.If the differencein subsguenteye
position readingsindicatesthat the eye is moving at an absolute
velocity thatis greaterthan 100 deg/s for 5 ms, this is interpreted
asanindicationthat a saccadéhasstarted. Requiringthe velocity
to exceed100deg/sfor 5 msmakesthe methodrobustto noiseand
avoidstriggeringthedetectorfor very smallsaccadewheretheeye

Figure 4: For testingthe limbus tracker’s performane inside the
HMD we hadsubjectsmake saccadesicrossa calibrationpattern.
We testedthe shawvn typesof saccads coveringvisualanglesfrom
6.22t0 17.60degrees(seetext).

barelyreachesl00 deg/s. Note thatthe Limbus sensoronly mea-
suresthe horizontalcomporentof the eye’s velocity, which should
maleit “blind” to mostverticalsaccades.

Thetotal time betweerthe startof a saccadendwhena contin-
gentscenechangeis visible in the displayis the sumof a number
of contritutions:

T= Trlse+Ttransmﬂ'Tdetect+ Tt|m|ng“'Tdra/v""Tdisplay' @
T.__isthetimeit takesthe eye to reachthethresholdvelocity and
shouldbe abou 10 ms. T, summarizesielaysdueto ana-
log to digital conversion anoPtransmissiomf dataover the serial
connection. It canbe expectedto be belov 2 ms. Tdetectis the
time requiredto detectthe onsetof a saccae in the signal. Since

we requirethe estimatedeye velocity to exceed100deg/s for 5 ms

Tdetecf.s 5ms. Ttlmlng isavariabledelaythatis determinecy the

relative timing of saccadeletectionwith respecto the fixedtimes
of scenerendering It canbe expectedto be betweer0 and12 ms.

TdraNing is the time it takesthe graphics engineto cull anddrav

the sceneandthento displayit. This numberdepemls a little on
scenecompleity. For atypical applicatioanraNing is around24

ms. Finally, Tdisplayis thetime it takesthe LCD displaysin the

helmetto switch state. We measuredh time of 10 ms (seebelow).
Hence,we canestimatethetotal end-to-endateng to be between
51 msand63 ms. This indicatesthatthe systemshoud be ableto
changethe scenebeforethe eye comesto restfor horizortal sac-
cadegreaterthanroughly 15 degrees.

E eriments

.1 eaiiit et

Our initial experimentationwas concernedwith two main ques-
tions: First, how well doesthe saccadaletectorwork underreath
theHMD? Secondijs thesystemlateng in this setupsmallenoud
to detecta saccadendmalke anon-screerchang while the eye is
still in motion?To testthe limbustracler’s effectivenessnsidethe
HMD, the following geneal procedire was used: Subjectswere
calibratedfor boththelimbusandvideobasedracker andthenpre-
sentedvith asequacedtestpattern.Four femalesubjectsall Uni-



Figure2: Left: Limbuseye tracker mountedin swim goggleframe. Right: SubjectwearingLimbustracker andHMD with built in video

basedracker.
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Figure3: Courseof eventsduring saccae detection.The solid bell shapecturve depictsthe absolutehorizortal eye velocity asa function of
time, the dashel curve shavs whenthis datacanbe accesseih the computer Individual contritutionsto total systemlateng arenotdravn

to scale.

versityof Rochestestudentsparticipatedn this studyandreceved
monetaryreimbursement.Two additionalmale subjects alsoUni-
versity of Rochesterstudentswere usedbut the datawas thrown
out dueto errorsin the video basedracking. By presentinga pre-
determinedsequencef fixation pointswe hadexplicit knowledge
of what the subjects’eyes shouldbe doing during the entire ex-
periment. The sequened patternworked in the following manner:
A testpatternconsistingof a 3x3 grid of the numbersonethrough
nineevenly spacedat 100pixelsor 6.22degreesof visualanglewas
presentedo the subjectdn a piecemeafashion,suchthatonly one
numberappeare@tatime. Subjectsvereinstructedo fixateonthe
numberpresentedndthenimmediatelyshift their gazeto the next
numberthatappearedh thesequege. Subjectamadethefollowing
14 discreteeye movemeris for this sequene (seeFig. 4): six 6.22
degreehorizontalsaccadega), two 8.79 degreediagonalsaccades
(b), three12.44 degreehorizontalsaccadegc), one 12.44degree
vertical saccad€d), andtwo 17.598degreediagonalsaccadege).
The decisionto alsotestvertical saccade¢d) despitethe systems
designfor measuringonly horizortal eye velocity was motivated
by earlierexperiencewith the standardversionof this tracker that

Trial | CS BD MD AS
1 100 929 100 92.9
2 929 929 100 714
3 100 929 100 64.3

total | 97.8 929 100 76.2

Tablel: Saccadeletectionratein percent.

suggestedsubstantiakross-talkbetweenthe horizontaland verti-
cal direction. Oncethe subjectscompletedooking throughthe se-
guencedatternthe datawasanalyzedfor the numberof saccades
detectechswell asthe latengy betweenthe onsetof a saccadeand
the point at which it wasdetectedby our algorithm. Eachsubject
lookedthroughthe patterna total of threetimes. All subjectswere
sitting down during the experimen. While the subjectswere not
explicitly told to limit their body movements they remainedstill
for themostpart.



Amplitude(deg) | # | Duration(ms) | horiz. velocity (deg/s)

6.22horiz. 30 44.2 308.0
8.80diag. 10 48.6 341.9
12.44horiz. 14 57.3 4211
12.44vert. 4 55.4 221.3
17.60diag. 10 69.1 406.0

Table2: Measuementf somesaccadeharacteristicsThecolumn
marlked '# shows the numberof trials performed. Note that the
sensomeasures substantialvelocity for the vertical eye motion
althoughbeing operatedn the horizontaldirection. This “cross-
talk” effectis commonin limbustraclers.

Table 1 summarizesheresults. It shavs the percentagef de-
tectedsaccadedor four different subjects. The tracker performs
very well. With the exceptionof subjectAS the limbustracker de-
tectedall the horizontalanddiagonalsaccadesThe only saccades
beingmissedareverticalsaccadswhichthesystemis notdesigned
to detect. |t is interestingto note, however, that someof the verti-
cal saccadesre detectedneverthelesswhich canbe attributed to
the simple designof limbus traclkers that often leadsto cross-talk
betweenhorizontal and vertical eye movemeris. The somevhat
worse performarte for subjectAS may be due to a bad calibra-
tion. Averagedover all subjectsthetracker detect€92% of thetotal
saccades.We found that sometimesdndividuas blinked or made
additionaleye movementsthatweredetectecassaccadesln these
instanceghe datawasignoredandit was generallyassumedhat
the eye movementthatoccurreddirectly afterthe new visual stim-
uluswaspresentedvasthe saccad®f interest. We will discusghe
detectionof falsepositivesdueto, e.g.,blinks in moredetailbelow.

Beyond detectingthe onsetsof saccadesvith low latencieswe
canalsousethe setupto measuredurationsand velocitiesof sac-
cades(with the limitation of only having acces<o the horizortal
comporentof the movement).Table2 shavs the averagedurations
and peaksof the horizortal velocity componats for a number of
saccadefrom 4 differentsubjects Notethattheverticaleye move-
mentneverthelessreatesa substantialelocity signalin thelimbus
tracker which is aimedat only detectinghorizontalmovements.

Regardingrelative lateng of saccadensetdetectiorfor thetwo
eye trackers, Fig. 5 compareghe outputof the limbustracker and
thevideobasedracler. Individual datapointsfor thelimbustracker
are 0.8 ms apart(light gray curwe), while the video basedtraclker
only givesonenew datapoint each16.7 ms (mediumgray curve)
and has substantiallateng. Our simple velocity thresholdalgo-
rithm estimateshe absolutesye velocity (darkcurve) from thelim-
bus dataand detectsthe saccadeabout18 ms after the first signal
deflectionfrom its restingstate.We alsotried to detectthe saccade
onsetonthebasisof thevideobasedraclker’s signal. To thisendwe
usedthe samevelocity thresholdcriterion. In the exampleshovn
in Fig. 5 detectionwould occurat time t = 400 which is about26
ms later thanfor the limbus traclker. We systematicallytestedthe
differencein detectionlateng for thellimbustracker andthevideo
basedracker. We analyzel 15 saccads andfound thatthe limbus
tracker detectsaccadensetdetweer27 and50 msearlierwith an
averageadwantageof 37 ms.

2 ota S te atenc

While our initial testsof systemlateny gave a good evaluationof
relative lateng of the limbus tracker and the video basedtraclker
it doesnot allow to measurebsolue latencies.Our estimatefrom
Sec.3 suggstedan end-to-endatengy betweerbl and63 ms. We
verified our analysisby measuringthe end-to-endsystemlateny

usingthefollowing setup:A Tektronix Dual ChannelOscilloscope
model TDS 3032 was setup suchthatit could monitor the input
andoutputof the system.Onechanrel directly monitoredthe raw
analogvoltageoutputof the limbustracker while the secondchan-
nel measuredhevoltageof aphoto-sensora PIN photo-diod run-
ning in currentmodewith a corvex lensandfully shieldedplaced
ontheleft LCD eye piece. An examplemeasuremeris shavn in
Fig. 6. To measurahe systemlateng, an “artificial saccade‘vas
triggeredby the experimenteiby waving afingeronceoverthelim-
bus traclker at a velocity that was sufficient to trigger the saccade
detector Whena saccadevasdetectedhe compuerwould chang
the color of the LCD screenfrom white to black. By monitoring
thetwo voltagesthe pointatwhich thelimbustracker’s outputvolt-
agebeganto deflectcanbe comparedwith thetime whenthe LCD
actuallychangs statefrom white to black. Sincethefinger move-
ment produed a differentand varying rise of the velocity signal
very differentfrom areal saccadeve focusedon the time between
onsetdetectiorby thealgorithmandchang of theLCD display (In
future experimentswe will eliminatetherisetime issueby switch-
ing alight in front of the limbustracker) We expeded this time,
the sum of Ttiming’ Tdran’ and Tdisplay to be between34 and
46 ms. We performed10 measuremes andfound latenciesin the
rangeof 33.5t0 45.8ms,whichis in excellentagreementvith our
prediction. To estimatethe end-to-endateng from the true begin-
ning of a saccaddo the endof the display chang we have to add
aboutl7 ms (Trise+ TiransmT Tdetec?’ which givesaworstcase

end-to-enddelay of abou 63 ms. Thus,assuminghe correctness
of our estimatedor Trise Tiransm: @nd Tdetect our setupallows

to changethe scenebeforethe eye comesto restif the saccadeam-
plitudeis greaterthanabout15 dey. Notethatif usinga CRT asa
displaythe updatewould be substantiallyfaster

.3 Saccade etection wit Head otion

With the initial testscompleteda newv segmentof testingwas be-
gun conceriing the issueof saccadealetectionwhile the headwas
in motion. The samesequence calibrationpatternproceduie was
usedasabove however subjectswvere given the additionalinstruc-
tion thatthey shouldmove their headsbackandforth from left to
right while thesequ@&cedpatternwaspresentedSubjectsveretold
to goatarateof approximatelyoneheadturn persecond Threetri-
alswereperformedwith two new subjects.JA participatedn two
trials and EG in one.W\e measurechorizontalheadrotationsof
14 degg amplitudewith absoluteangularvelocitiesbetweenl0-20
deg/s. A secondestidenticalto thefirst, exceptsubjects werein-
structedto look up anddown, wasalsorun. We measuredrertical
headrotationsof 13 deg with absoluteangularvelocitiescover-
ing therangefrom 8—-15deg/s.

Resultsfor the horizontalportion wereratherpositive asdetec-
tion neared86% which is closeto the performancewithout head
movement.Result$or the vertical motion sectionis only 69%. A
reasonfor theinferior resultfor the verticalheadmovementsmay
bethatthe HMD tendsto significantlyshift its positionduringver
tical headmovementsof the rangewe consideredhere, possibly
de-calibratinghe limbustracker worn underneth.

ae oiti e

Threefinal testswere conductedto look at the rate of false posi-
tivesin saccadeletection.Threedistincteye movemeris, vestitulo-

ocularreflex (VOR, areflex thatrotatesthe eyesto compenste for

headmovements),smoothpursuit, and eye blinks could possibly
fool the saccadealetectionalgorithminto markinga saccadehatis

not actuallyoccurring. We addressethis questionin threeexperi-

ments.



Figure5: Comparisorbetweersignallateng of thelimbustracker andthe video basedracker. The onsetof the saccadeanbe seenin the
limbustraclker’s signal(raw voltage:dark curve, eye velocity: light gray curve) muchearlierthanin the signalfrom the video basedraclker
(mediumgray curve) which is sampledat only 60 Hz. In this examplethe eye velocity first exceeds100 deg/s rougHy 10 ms afterthe first
signaldeflectionin accordacewith our estimatebasedon saccadghysiologyfrom Sec.2. The saccadés detecteda coupleof milliseconds

later,

VO . IntheVOR portionsubjectsverecalibratedwith botheye
trackersandinstructedto move their headsbackandforth from left
to right andto alwayskeeptheir eyesfixatedon a stationaryobject,
(thebackof avirtual carapproXmately 3 deg wide and2 deg tall).
Subjectgotatedtheir headleft andright with amplitudesbetween

15-20dey and averageangularvelocitiesof 11 deg/s. The data
was examinedfor ary saccadesletected.Although subjectswere
instructedto keepthe objectfixatedan analysisof their eye move-
mentsfrom thevideobasedracker andvideotapesof thesubjects’
eyesduring performare revealeda numbe of real saccadeshat
hadtriggeredthesaccae detector For anestimateof only thefalse
positveswe hadto sortout thesecorrectly detectedsaccaés. We
testedthreesubjectsfor 27s, 27s,and48s,respectiely. We found
thatall saccadeletectionannourtedby thedetectorcorrespondd
to real saccade®r eye blinks and we did not find a single false
alarmbasednVOR motionin thisdata,suggestinghatthemethod
is quiterobustwith respecto falsealarmsof this kind.

velocity (deg/s) | 32 158 336
falsealarmsper10s| 0.8 0.2 05

Table3: Averagefalsealarmrateduringsmoothpursuit.

Smooth pursuit. To testfor falsepositivesduring smoothpur-
suit subjectswereagaincalibratedwith both trackersandthenin-
structedto track an objectpresentedn the display In thesetrials
the samecarasabove wasusedbut now it moved from sideto side
andfacedthe subjectlengthwise. The car’s extent at this aspect
wasappro¥mately 4 degreeshorizortally and2 degreesvertically.
The carmoved from sideto sideat 3 differentvelocitiesthatwere
testedseparately 3.2 deg/s, 15.8deg/s, and33.6 deg/s). Single
trials lastedon average35, 20, and 15 second for the threeobject
velocities.A similarmethoddogy to the VOR portionwasusedfor
thedataanalysis.Theresultsaresummarizedn Tah3. It shavsthe
averagenumberof falsealarmsobsenedin 10 second of recording



Figure6: Exampleresultof end-to-endsystemlateng test. The dark curve is the raw signalrecordedby the limbustracker. The saccade
detectionwastriggeredby waving a finger in front of the sensomwhich givesa somavhat slower rise time of the signalascomparedo a
saccade.The leftmostvertical bar marksthe time whenthe “saccadé onsetwas detected. The light gray datashaws the voltageof the
photo-sesorthatmeasuredvhenthe HMD displaychanged color. The mediumgray curwve is a 20 datapoint wide running averageof this
data. The LCD displayreactssomevhat sluggishly taking about10 msto changethe color. Time betweendetectionof saccadeandend of

displaychangds 38 mswhichfallswell in the predictedrangeof 34—-46msfor T,

timing + Tdra/v + Tdisplay

for the threevelocities. The datais averagedfrom 4 subjectspar
ticipatingin the study As canbe seenthefalsealarmrateduring
smoothpursuitmovementsis generallybelonv onein 10 second,
which seemgeasonhly good. Surprisingly however, the rate of
falsealarmsdoesnot dependon the velocity of the tracked object,
contraryto our expectatiors. This suggets that at leastsomeof
the“falsealarms”might have a causeotherthanthe smoothpursuit
movements.

links. Finally, the effect of blinks on the limbus tracler was
examined.Subjectswere calibratedfor both eye-traclersandthen
asledto blink 20 timesin arow separatedby roughly onesecond
intervalswhile staringstraightaheadin this portionof thestudythe
subjectsEG andJA participated The datafiles wererecordedand
examinedfor the number of saccaés detectedcomparedagainst
the ASL 501 data.For both subjectsall 20 blinks triggeredthe de-
tectionof asaccaeé. For bothsubjectghe signatureof blinksin the
limbus tracker signal was stereotypicain thatit always deflected

thevoltageof the ASL 210tracker in the samedirection (negative
for JA andpositive for EG). According to the manuacturerthis is
atypical signatureof blinks.Distinguishinglinks from saccadesat
their onsetis very problematic.It shouldbe pointedout, however,
thatfor thekind of changeblindnessapplicationswe areinterested
in, makinga scenechang during a blink is alsoan acceptedech-
niquefor studyingchangeblindnes§O’Reganetal. 2000]. Hence,
our currentinability to distinguishsaccad®nsetsrom blink onsets
doesnot posea problemfor theapplicationsve aremostinterested
in.

onc usions

Wehave presetedamethodfor saccadeontingat updating(SCU)
in virtual reality. Our systemintegratestwo complematary eye
traclersinto a singleheadmounteddisplay (HMD). Thefirst is a
standardvideo basedtracker giving high accurag at the price of
a high lateng.. The secondis an analoglimbus traclker that gives



low lateny signalsat the costof lessaccurag. While researchers
have usedSCUearlier we have shawvn thatit canbedonein virtual
reality, i.e.while wearingaHMD, andwithouttheneedto constrain
subjects’heads.However, we found thatvertical headmovemerns
seemedo easilyde-calibrateghelimbustracker andthis pointneeds
to be studiedmorecarefully.

We performeda number of experimenis to testthe systems per
formancein detectingsaccadesvith low latencies.Our testshave
proventhe principalfeasibility of saccadesontingent updaing in a
virtual ervironmernt. While themethodis not perfectit hasveryfew
misseddetectionsandlow ratesof falsepositivesduring vestitulo-
ocularreflex and smoothpursuit. Eye blinks, however, tendto be
systematicallynistalenfor saccaded-or ourintendedapplications
of the method however, this may not turn out to be a severe lim-
itation, sinceeye blinks are alsovery effective in maskingvisual
transient§O’Reganetal. 2000].

While it is safeto saythatwe canmake saccadeontingern up-
datesfor horizontalsaccadsgreaterthanaboutl5 degreeswe can-
not currentlyguaranteghis for smallersaccadesThis meansthat
for smallersaccads we may trigger a changethat only becomes
visible when the eye hasalreadyfinishedthe saccade.However,
we think thatthis is not a critical problemfor our applicationsfor
two reasons.First, saccadicsuppessionmay be active until after
theendof asaccadgStevensonetal. 1986]. Secondwe caneasily
structuretheervironmentto encouagebig saccadeatcertaintimes
in the taskby controlling the distancesetweerrelevant objectsin
thescene.

In conclusion we were ableto demonstratehat saccadeletec-
tion andcontingentupdatingis notlimited to therealmof bite bars
andchin restsbut canbe accompishedreasonhbly well for afreely
moving subjectimmersedn virtual reality. Our setupcould have
potentiallyliberating effectsfor experimentergandtheir subjects)
interestedn makingsaccadeontingant updatesn settingsthatdo
not limit the subjects’headmovemern andthusallow a moreim-
mersve ervironment.

While our main motivation now is to exploit the new capability
of saccadeontingentupdatingfor our studiesof humanperception
andattention[Shinodaetal. 2001], we would like to briefly discuss
an interestingavenuefor future researcton the eye tracler itself.
Sincethe velocity profilesof saccadesftentendto be symmetric
for saccadethatarenottoo big, it would betemptingto try to pre-
dict thetargetlocationof a saccadevhile theeyeis still “in flight”.
If thiscanbe donesoonenoughonecanstill make achange exactly
wherethe eye will “land”. If feasible,this apprach might find
interestingapplicationssuchasseamlesgaze-continget level-of-
detailcomputergraphicsfor virtual reality.
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