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Weareinterestedin saccadecontingent sceneupdateswherethevi-
sualinformationpresentedin a displayis alteredwhile a saccadic
eye movementof an unconstrained,freely moving observer is in
progress. Sincesaccades typically last only several tensof mil-
lisecondsdepending on their size, this posesdifficult constraints
on the latency of detection. We have integratedtwo complemen-
tary eye trackers in a virtual reality helmet to simultaneously 1)
detectsaccadeonsetswith very low latency and2) track the gaze
with highprecisionalbeithigherlatency. In aseriesof experiments
we demonstratethesystem’s capabilityof detectingsaccadeonsets
with sufficiently low latency to makescenechangeswhile asaccade
is still progressing.While the methodwasdeveloped to facilitate
studiesof humanvisual perceptionand attention,it may find in-
terestingapplicationsin human-computerinteractionandcomputer
graphics.

CR Categories: H.5.2[Information InterfacesandPresentation]:
UserInterfaces—Input devicesandStrategies;H.1.2 [Models and
Principles]:User/MachineSystems—Humaninformationprocess-
ing; I.3.6 [ComputerGraphics]: Methodology and Techniques—
Interactiontechniques

Keywords: eye tracking,saccades,saccadecontingentupdating,
virtual reality, changeblindness,limbustracking
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Saccadecontingent
updating(SCU),i.e.changing apresentedvisualstimuluswhile the
eye is in motion,is anexperimentaltechniquethathasprovenquite
valuablein studiesof visualperception, in particularat addressing
the natureof visual representations andmemory, high level visual
attention,andchangeblindness.While the eye is moving, image
blur makesthe visual systemeffectively blind. Saccadicsuppres-
sionimposesanadditional sensitivity lossfor a periodthatoutlasts
the saccadeby 50 ms or more[Stevensonet al. 1986]. Scientists
can take advantage of thesenaturalphenomenato examinehow
individuals respondto changesthat occur in a visual scenewhile
visual feedback is momentarilyoffline. This canbe donewithout
theconcern that thesubjectsaremerelydetectingthechangewith
low level sensorymechanisms. Our lab is particularlyinterestedin
the studyof visual attentionthroughthe useof changeblindness

paradigms.A generaloverview of thisapproachcouldbedescribed
asfollows: A visual stimulusis presentedto a subjectandduring
thatperiodasignificantchangeoccursin thevisualscene.Thesub-
jectsaretypically informedto beon thelookout for changes,or are
sometimesnot informedbut still questionedat theendof theexper-
iment if they have noticedany visualchangesoccurring.A review
of changeblindnessstudiescanbefoundin [Simons2000]. To pre-
ventlow level mechanismsfrom immediatelydetectingthischange
in the visual presentationa transientis usedto maskthe change.
To this end,previouschangeblindnessexperimentshave usedmud
splashes,blankscreenflashes,creativeeditingof films,andsaccade
contingentupdating. It hasbeenrepeatedlydemonstratedin these
experimentsthatsubjectswill oftenbesurprisinglyunawareof even
largechangesoccurringin thescene.Thesestudiesnow playanim-
portantrole in thedebateon thenatureof visualrepresentationsby
indicatingthathumansseemto useratherminimal representations
of incomingvisualstimuli, or at leastthatconsciousnesshasaccess
only to a small part of this information. Unfortunately, many of
thesestudiesuseratherunnatural experimentalconditionsmaking
it difficult to generalizetheir resultsto everydayperception.Mak-
ing changes duringmudsplashesor via videoediting is somewhat
unnaturaland may not provide conclusive evidence aboutvisual
representationsduringnatural,purposefulbehavior in a3-D world.
Saccadecontingent updating (SCU) on the other handexploits a
naturaldetailof humanvisualfunctionsothatchangesin thevisual
scenecanbemadewithout theneedto resortto unnaturalinterven-
tions.Unfortunately, previousSCUsetupshavehadto usebitebars
or otherdevicesto keepthe subject’s headfixed becausethe eye-
trackingdevicesusedwereeither too bulky to be portableand/or
too sensitive to bodymovements. Becauseof this, visualpresenta-
tionsin theseexperimentsaretypically doneonacomputermonitor
in 2-D. Our goalwasto develop anexperimental setupthatallows
SCUfor anunconstrainedsubjectin a virtual reality environment.
To this end,we have implementeda portableandfastanalogsac-
cadedetectorinside a headmounteddisplay (HMD) that allows
subjectsto interactwith a3-D environment, without restrictionson
headmovement. In addition, this setupalsoallows moreprecise
positionaltrackingof gazedirectionby meansof a separatevideo
basedeye-tracker mountedinsidethe HMD. This is importantfor
ourapplicationsincewearenotonly interestedin theonsetsof sac-
cadesbut alsowant to measureabsoluteeye positionswith good
accuracy in orderto establishhow far thechanged objectwasfrom
thefixation pointsprior andsubsequent to thesaccade.
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Theremainderof thepaperis organized

as follows. Section2 briefly reviews currenteye tracking tech-
niquesfrom the perspective of suitability for saccadecontingent
sceneupdatingin Virtual Reality. In Sec.3 we give anoverview of
our systemanddescribethe methodof saccadeonsetdetectionin
detail. Sec.4 presentsexperimentsthatdemonstratethefeasibility
of the proposedapproach. Finally, Sec.5 concludesour findings
anddiscussestheapproachfrom a broader perspective.
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Figure1: Systemoverview, seetext for details.
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In order to be able to make saccadecontingentsceneupdatesin
virtual reality asmotivatedabove, we have to beableto detectthe
onsetsof saccadiceye movements with a very low latency. We
will now briefly review somebasicsaboutsaccade physiology and
thendiscussseveraleyetrackingtechniquesfrom theperspectiveof
theiraccuracy, their suitability for low latency saccadeonsetdetec-
tion, andthefeasibility of integrationinto a headmounteddisplay.
A morecomprehensive review of eye tracking techniques can be
found in [Duchowski and Vertegaal 2000]. We will argue that a
combinationof two complementaryeye trackersis bestsuitedfor
our needswhich will lead to the specificdesigndescribedin the
next section.
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Thedurationof asaccadetypically dependson

its amplitude,i.e. the visual anglecoveredby the saccade.For a
moredetaileddiscussionthereadermayreferto [Becker 1991]. A
goodfirst orderapproximationof saccadedurationD asa function
of saccadesamplitudeA is givenby thelinearrelation:

D � D0 � dA � (1)

whereD0 is a minimal time typically reportedto be between20
and30 milliseconds,andd is thedurationincreaseperdegreeand
typically of the order of 2–3 millisecondsper degree. Consider-
ing a moderatelysmallsaccadeamplitudeof 20 degreesandusing
D0 � 25millisecondsandd � 2 � 5 millisecondsperdegree,wegeta
total durationof 75 milliseconds.Thevelocity profile of a saccade
is typically bell shapedwith a peakvelocity of roughly about500
deg/sec. For saccadessmallerthanabout30 degreesthe eye may
not reachthis peakvelocity but staybelow it. Sinceour method
of saccadeonsetdetectionwill be velocity basedit is importantto
know how fasttheeye reachesa particularvelocity. Fromthedata
presentedin [Becker 1991] we seethat the rise time is about13
deg/sec/msecfor all saccadeamplitudes,sotheeye shouldreacha
velocity of 100deg/secin lessthan10 ms.
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In Electro-oculography electricalsignals

arerecordedfrom theskin aroundtheeyeswith a number of elec-
trodesgiving anestimateof theeyes’ positioninsidethehead. Al-
thoughstill in use,this methodis lessaccuratethanmodern video
basedeye trackersbut cangive avery high temporalresolutiondue
to the analogoutput. We undertook preliminaryexperimentswith
thismethodbut it seemedthatLimbustrackingdescribedbelow has
lower noiseandis lessintrusive sothatwe abandonedthis method.
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In thismethodthesubjectwearsacontact

lens,oftenwith anembeddedcoil, whosepositionis measuredwith

respectto a fixed laboratoryreferenceframe. While this method
is very fastandvery accurate,it is alsothe most intrusive. In ad-
dition, it is not suitablefor Virtual Reality applicationssincethe
measurementapparatusis too bulky to bemountedinsidea HMD.
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The limbus is the border betweenthe sclera

and iris. Across this border thereare obvious differencesin re-
flective propertiesand this canbe exploited to estimatethe eye’s
positionwith opticalmethods.In a typical setup,an infraredLED
illuminatesthe eye from below andtwo photo-diodes mountedon
spectacleframesmeasurethe amount of light scatteredbackfrom
theleft andright sideof theeye. Differencesin light receivedby the
photo-diodesallow to estimatethehorizontalgazeposition. (Typ-
ically, a secondsetof photo-diodesmeasureslight scatteredfrom
the upperandlower portion of the secondeye to estimatevertical
gazeposition.)Thismethodis notaspreciseasmodernvideobased
approachesbut hastheadvantageof low latency andhigh temporal
resolutionsincethe analogvoltagesfrom the photo-diodescanbe
sampledandprocessedwithout significanttemporaldelays.
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Modernvideo basedeye trackershave

a video camerapointedat the eye. Often the eye is illuminated
with infrared light and the tracking algorithm tries to extract the
cornealreflectionof theinfraredlight sourceandthepupil position
from the video images. This methodgives fairly good accuracy,
betterthanLimbus trackingalthoughnot asgood ascontactlens
methodsbut suffers from poor temporalresolution. The temporal
resolutionis limited by theframerateof thevideocameraanddue
to theoverhead in capturingandanalyzingthevideoimagestheeye
positionmeasurementsareavailableonly with substantiallatencies
that make saccadecontingent updatescurrently impossible. The
useof high speedvideo cameras( � 100 Hz) can alleviate these
problemsbut thesearestill toobulky to bebuilt into aheadmounted
display.

In summary, no singlemethodsatisfiesour needsfor a high ac-
curacy tracker with thecapabilityof low latency saccade detection
thatcanbebuilt into a headmounteddisplay. Othersystems,such
asthe Dual Purkinje ImageTracker, canbe successfully usedfor
SCU[Hayhoeet al. 1998; HendersonandHollingworth 1999;Ver-
faillie andDe Graef2000], but requirea bite bar andare too big
to beusedinsideanHMD andhave a very limited rangeof opera-
tion (+/- 7 deg). In orderto achieve SCUfor a freely moving sub-
ject insidea HMD we decidedto combinetwo complementaryeye
trackingtechniquesin oursystem.Wechoseto integrateastandard
videobasedtracker giving high accuracy with aLimbustracker for
the quick detectionof saccadeonsetsinto a singleheadmounted
display.
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The systemwasdevelopedaspart of the University of Rochester
NationalInstituteof Health(NIH) Resourcefor NeuralModelsof
Behavior. A graphical overview of the systemis shown in Fig. 1.
The backboneof our systemis a SGI ONYX 2 workstationwith
four 250 MHz MIPS processorsandtwo InfiniteReality2graphics
boardsfrom Silicon Graphics. It is responsiblefor visual simu-
lation of differentvirtual reality environments including a driving
simulatorandhapticsimulationwith force feedbackdevices, that
allows theuserto touchvirtual objectsandphysicallyinteractwith
them. The virtual environmentsare renderedin a headmounted
display(V8 by Virtual ResearchSystems)with two LCD displays
of 640 § 480pixels(50 deg field of view) at a framerateof 60 Hz.
Theheadmounteddisplayis equippedwith amagneticheadtracker
andtwo complementaryeye trackerswhoseoutputsarefedbackto
theSGIworkstation.

Theheadtracker is a magnetictrackingdevice (Fastrakby Pol-
hemusInc.) thatsensesheadpositionandorientation.Thesemea-
surementsaresentto theworkstationover a serialinterface.

Thefirst eye tracker is a limbustracker (ASL model201by Ap-
plied ScienceLaboratories)thatwe have fitted into a pair of swim
gogglesthatcanbewornunderneaththeheadmounteddisplay. The
original 201 model hastwo sensors,one for detectinghorizontal
movementsin oneeyeandonefor thedetectingverticalmovements
in theothereye. In our setupwe canonly useonesensordetecting
horizontalmovements,becauseplacefor thesecondsensoris taken
up by thevideo basedtracker analyzingtheothereye. Hence,our
setupis not designedto detecttheonsetsof verticalsaccades.Fig-
ure 2 shows an imageof the sensorandhow a subjectis wearing
it underneaththe HMD. The analogvoltageoutput of this sensor
is sampledandconvertedto a digital signalat a rateof 1.25kHz,
andthedigital signalis sentto thework stationvia a secondserial
connection with 112kilo bitspersecond.

The secondeye tracker is a standardvideo basedtracker (ASL
501 by Applied ScienceLaboratories)controlledfrom a standard
desktopPC.It givesrelatively goodaccuracy ( ¨ 1 deg) at theprice
of high latency sincethevideo input is sampledat 60 Hz only and
thereis adelayof about50msbeforetheeyepositiondatais output.
This datais sent to the work stationat 60 Hz over a third serial
connection.
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Thetime courseof events duringsaccadedetectionis illustratedin
Fig. 3. Subjectsmay initiate saccadesat any time but the graph-
ics enginerunsat a fixed rateof 60 Hz so that scenechangescan
only bemadeat discretepointsin time whena frameis beingren-
dered,i.e. every 16.67milliseconds. The eye position datafrom
the Limbus tracker, however, arrivesat a muchfasterrateof 1.25
kHz, i.e. individual samplesare0.8 ms apart. Our algorithmfor
saccadecontingent updatingworks asfollows. Justbeforea new
frameis aboutto be renderedthe latesteye positiondatafrom the
Limbus tracker that hasarrived sincethe last frame is polled and
analyzed. Eye velocitiesarecomputed from the eye positiondata
andareusedto detectthesignatureof a saccadeonset.Thisway, if
asaccadeonsetis detectedthescenecanquickly beupdatedjustbe-
foreit is beingrenderedagain.Oursaccadeonsetdetectionis based
on a simplevelocity threshold.If thedifferencein subsequenteye
position readingsindicatesthat the eye is moving at an absolute
velocity that is greaterthan100 deg/s for 5 ms, this is interpreted
asan indicationthat a saccadehasstarted.Requiringthe velocity
to exceed100deg/sfor 5 msmakesthemethodrobustto noiseand
avoidstriggeringthedetectorfor verysmallsaccadeswheretheeye
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Figure4: For testingthe limbus tracker’s performance inside the
HMD we hadsubjectsmake saccadesacrossa calibrationpattern.
Wetestedtheshown typesof saccades coveringvisualanglesfrom
6.22to 17.60degrees(seetext).

barelyreaches100 deg/s. Note that the Limbus sensoronly mea-
suresthehorizontalcomponentof theeye’s velocity, which should
make it “blind” to mostverticalsaccades.

Thetotal time betweenthestartof asaccadeandwhena contin-
gentscenechangeis visible in the displayis the sumof a number
of contributions:

T � Trise � Ttransm.� Tdetect� Ttiming � Tdraw � Tdisplay � (2)

Trise is thetime it takestheeye to reachthethresholdvelocity and
shouldbe about 10 ms. Ttransm.summarizesdelaysdue to ana-
log to digital conversionand transmissionof dataover the serial
connection. It canbe expectedto be below 2 ms. Tdetectis the
time requiredto detectthe onsetof a saccade in the signal. Since
we requiretheestimatedeye velocity to exceed100deg/s for 5 ms
Tdetectis 5 ms.Ttiming is avariabledelaythatis determinedby the

relative timing of saccadedetectionwith respectto thefixedtimes
of scenerendering. It canbeexpectedto bebetween0 and12 ms.
Tdrawing is the time it takesthe graphics engineto cull anddraw

the sceneandthen to display it. This numberdepends a little on
scenecomplexity. For a typical applicationTdrawing is around24

ms. Finally, Tdisplay is the time it takesthe LCD displaysin the

helmetto switchstate.We measureda time of 10 ms(seebelow).
Hence,we canestimatethetotal end-to-endlatency to bebetween
51 msand63 ms. This indicatesthat thesystemshould beableto
changethe scenebeforethe eye comesto rest for horizontal sac-
cadesgreaterthanroughly15 degrees.
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Our initial experimentationwas concernedwith two main ques-
tions: First, how well doesthe saccadedetectorwork underneath
theHMD? Second,is thesystemlatency in thissetupsmallenough
to detecta saccadeandmake anon-screenchange while theeye is
still in motion?To testthelimbustracker’s effectivenessinsidethe
HMD, the following general procedure was used: Subjectswere
calibratedfor boththelimbusandvideobasedtrackerandthenpre-
sentedwith asequencedtestpattern.Four femalesubjects,all Uni-



Figure2: Left: Limbuseye tracker mountedin swim goggleframe. Right: SubjectwearingLimbus tracker andHMD with built in video
basedtracker.
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Figure3: Courseof eventsduringsaccadedetection.Thesolidbell shapedcurve depictstheabsolutehorizontal eye velocity asa functionof
time, thedashed curve shows whenthis datacanbeaccessedin thecomputer. Individual contributionsto total systemlatency arenot drawn
to scale.

versityof Rochesterstudents,participatedin thisstudyandreceived
monetaryreimbursement.Two additionalmalesubjects,alsoUni-
versity of Rochesterstudentswere usedbut the datawas thrown
out dueto errorsin thevideobasedtracking. By presentinga pre-
determinedsequenceof fixation pointswe hadexplicit knowledge
of what the subjects’eyes shouldbe doing during the entire ex-
periment.Thesequencedpatternworked in thefollowing manner:
A testpatternconsistingof a 3x3 grid of thenumbersonethrough
nineevenlyspacedat100pixelsor 6.22degreesof visualanglewas
presentedto thesubjectsin a piecemealfashion,suchthatonly one
numberappearedatatime. Subjectswereinstructedto fixateonthe
numberpresentedandthenimmediatelyshift their gazeto thenext
numberthatappearedin thesequence.Subjectsmadethefollowing
14 discreteeye movements for this sequence(seeFig. 4): six 6.22
degreehorizontalsaccades(a), two 8.79degreediagonalsaccades
(b), three12.44degreehorizontalsaccades(c), one12.44degree
verticalsaccade(d), andtwo 17.598degreediagonalsaccades(e).
Thedecisionto alsotestverticalsaccades(d) despitethesystem’s
designfor measuringonly horizontal eye velocity wasmotivated
by earlierexperiencewith the standardversionof this tracker that

Trial CS BD MD AS
1 100 92.9 100 92.9
2 92.9 92.9 100 71.4
3 100 92.9 100 64.3

total 97.8 92.9 100 76.2

Table1: Saccadedetectionratein percent.

suggestedsubstantialcross-talkbetweenthe horizontalandverti-
cal direction.Oncethesubjectscompletedlooking throughthese-
quencedpatternthedatawasanalyzedfor thenumberof saccades
detectedaswell asthe latency betweentheonsetof a saccadeand
the point at which it wasdetectedby our algorithm. Eachsubject
lookedthroughthepatterna total of threetimes.All subjectswere
sitting down during the experiment. While the subjectswerenot
explicitly told to limit their body movements,they remainedstill
for themostpart.



Amplitude(deg) # Duration(ms) horiz. velocity (deg/s)
6.22
Æ

horiz. 30 44.2 308.0
8.80diag. 10 48.6 341.9

12.44horiz. 14 57.3 421.1
12.44vert. 4 55.4 221.3
17.60diag. 10 69.1 406.0

Table2: Measurementof somesaccadecharacteristics.Thecolumn
marked ’#’ shows the numberof trials performed. Note that the
sensormeasuresa substantialvelocity for the vertical eye motion
althoughbeing operatedin the horizontaldirection. This “cross-
talk” effect is commonin limbustrackers.

Table1 summarizesthe results. It shows the percentageof de-
tectedsaccadesfor four different subjects. The tracker performs
very well. With theexceptionof subjectAS the limbustracker de-
tectedall thehorizontalanddiagonalsaccades. Theonly saccades
beingmissedareverticalsaccadeswhichthesystemis notdesigned
to detect.It is interestingto note,however, thatsomeof the verti-
cal saccadesaredetectednevertheless,which canbe attributedto
the simpledesignof limbus trackers that often leadsto cross-talk
betweenhorizontaland vertical eye movements. The somewhat
worseperformance for subjectAS may be due to a bad calibra-
tion. Averagedoverall subjects,thetrackerdetects92%of thetotal
saccades.We found that sometimesindividuals blinked or made
additionaleye movementsthatweredetectedassaccades.In these
instancesthe datawas ignoredand it wasgenerallyassumedthat
theeye movementthatoccurreddirectly after thenew visualstim-
uluswaspresentedwasthesaccadeof interest.We will discussthe
detectionof falsepositivesdueto, e.g.,blinks in moredetailbelow.

Beyond detectingthe onsetsof saccadeswith low latencieswe
canalsousethe setupto measuredurationsandvelocitiesof sac-
cades(with the limitation of only having accessto the horizontal
componentof themovement).Table2 shows theaveragedurations
andpeaksof the horizontal velocity components for a number of
saccadesfrom 4 differentsubjects.Notethattheverticaleyemove-
mentneverthelesscreatesasubstantialvelocitysignalin thelimbus
tracker which is aimedat only detectinghorizontalmovements.

Regardingrelative latency of saccadeonsetdetectionfor thetwo
eye trackers,Fig. 5 comparesthe outputof the limbus tracker and
thevideobasedtracker. Individualdatapointsfor thelimbustracker
are0.8 ms apart(light gray curve), while the video basedtracker
only givesonenew datapoint each16.7ms (mediumgray curve)
and hassubstantiallatency. Our simple velocity thresholdalgo-
rithm estimatestheabsoluteeyevelocity (darkcurve) from thelim-
bus dataanddetectsthe saccadeabout18 ms after the first signal
deflectionfrom its restingstate.We alsotried to detectthesaccade
onsetonthebasisof thevideobasedtracker’ssignal.To thisendwe
usedthe samevelocity thresholdcriterion. In the exampleshown
in Fig. 5 detectionwould occurat time t � 400 which is about26
ms later thanfor the limbus tracker. We systematicallytestedthe
differencein detectionlatency for thelimbustracker andthevideo
basedtracker. We analyzed 15 saccades andfound that the limbus
trackerdetectssaccadeonsetsbetween27and50msearlierwith an
averageadvantageof 37 ms.
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While our initial testsof systemlatency gave a goodevaluationof
relative latency of the limbus tracker and the video basedtracker
it doesnot allow to measureabsolute latencies.Our estimatefrom
Sec.3 suggestedanend-to-endlatency between51 and63 ms. We
verified our analysisby measuringthe end-to-endsystemlatency

usingthefollowing setup:A TektronixDual ChannelOscilloscope
modelTDS 3032wassetup suchthat it could monitor the input
andoutputof thesystem.Onechannel directly monitoredtheraw
analogvoltageoutputof thelimbustracker while thesecondchan-
nelmeasuredthevoltageof aphoto-sensor, aPIN photo-dioderun-
ning in currentmodewith a convex lensandfully shielded,placed
on the left LCD eye piece. An examplemeasurement is shown in
Fig. 6. To measurethesystemlatency, an “artificial saccade”was
triggeredby theexperimenterby waving afingeronceover thelim-
bus tracker at a velocity that wassufficient to trigger the saccade
detector. Whenasaccadewasdetectedthecomputerwould change
the color of the LCD screenfrom white to black. By monitoring
thetwo voltagesthepointatwhich thelimbustracker’soutputvolt-
agebeganto deflectcanbecomparedwith thetime whentheLCD
actuallychanges statefrom white to black. Sincethefingermove-
mentproduced a different and varying rise of the velocity signal
very differentfrom a realsaccadewe focusedon thetime between
onsetdetectionby thealgorithmandchangeof theLCD display. (In
futureexperimentswe will eliminatetherisetime issueby switch-
ing a light in front of the limbus tracker.) We expected this time,
the sum of Ttiming, Tdraw, and Tdisplay, to be between34 and

46 ms. We performed10 measurements andfound latenciesin the
rangeof 33.5to 45.8ms,which is in excellentagreementwith our
prediction.To estimatetheend-to-endlatency from thetruebegin-
ning of a saccadeto theendof thedisplaychange we have to add
about17 ms(Trise � Ttransm.� Tdetect), which givesa worstcase
end-to-enddelayof about 63 ms. Thus,assumingthe correctness
of our estimatesfor Trise Ttransm., andTdetect, our setupallows
to changethescenebeforetheeye comesto restif thesaccadeam-
plitude is greaterthanabout15 deg. Note that if usinga CRT asa
displaytheupdatewould besubstantiallyfaster.
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With the initial testscompleteda new segmentof testingwasbe-
gun concerning the issueof saccadedetectionwhile the headwas
in motion. The samesequenced calibrationpatternprocedure was
usedasabove however subjectsweregiven the additionalinstruc-
tion that they shouldmove their headsbackandforth from left to
right while thesequencedpatternwaspresented.Subjectsweretold
to goatarateof approximatelyoneheadturnpersecond.Threetri-
alswereperformedwith two new subjects.JA participatedin two
trials andEG in one.We measuredhorizontalheadrotationsof Í
14 deg amplitudewith absoluteangularvelocitiesbetween10–20
deg/s. A secondtestidenticalto thefirst, exceptsubject’s werein-
structedto look up anddown, wasalsorun. We measuredvertical
headrotationsof Í 13 deg with absoluteangularvelocitiescover-
ing therangefrom 8–15deg/s.

Resultsfor the horizontalportion wereratherpositive asdetec-
tion neared86% which is closeto the performancewithout head
movement.Resultsfor the vertical motion sectionis only 69%. A
reasonfor the inferior resultfor the verticalheadmovementsmay
bethattheHMD tendsto significantlyshift its positionduringver-
tical headmovementsof the rangewe consideredhere,possibly
de-calibratingthelimbustracker worn underneath.
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Threefinal testswereconductedto look at the rateof falseposi-
tivesin saccadedetection.Threedistincteyemovements,vestibulo-
ocularreflex (VOR,a reflex thatrotatestheeyesto compensate for
headmovements),smoothpursuit, and eye blinks could possibly
fool thesaccadedetectionalgorithminto markinga saccadethat is
not actuallyoccurring.We addressedthis questionin threeexperi-
ments.



Figure5: Comparisonbetweensignallatency of the limbustracker andthevideobasedtracker. Theonsetof thesaccadecanbeseenin the
limbustracker’s signal(raw voltage:darkcurve, eye velocity: light graycurve) muchearlierthanin thesignalfrom thevideobasedtracker
(mediumgraycurve) which is sampledat only 60 Hz. In this exampletheeye velocity first exceeds100deg/s roughly 10 msafter thefirst
signaldeflectionin accordancewith our estimatebasedon saccadephysiologyfrom Sec.2. Thesaccadeis detecteda coupleof milliseconds
later.
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In theVORportionsubjectswerecalibratedwith botheye

trackersandinstructedto move theirheadsbackandforth from left
to right andto alwayskeeptheireyesfixatedon astationaryobject,
(thebackof a virtual carapproximately3 deg wide and2 deg tall).
Subjectsrotatedtheir headleft andright with amplitudesbetweenÍ 15-20deg andaverageangularvelocitiesof 11 deg/s. The data
wasexaminedfor any saccadesdetected.Although subjectswere
instructedto keeptheobjectfixatedananalysisof their eye move-
mentsfrom thevideobasedtracker andvideotapesof thesubjects’
eyesduring performance revealeda number of real saccadesthat
hadtriggeredthesaccadedetector. For anestimateof only thefalse
positiveswe hadto sortout thesecorrectlydetectedsaccades. We
testedthreesubjectsfor 27s, 27s,and48s,respectively. We found
thatall saccadedetectionsannouncedby thedetectorcorresponded
to real saccadesor eye blinks and we did not find a single false
alarmbasedonVORmotionin thisdata,suggestingthatthemethod
is quiterobustwith respectto falsealarmsof this kind.

velocity (deg/s) 3.2 15.8 33.6
falsealarmsper10s 0.8 0.2 0.5

Table3: Averagefalsealarmrateduringsmoothpursuit.
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To testfor falsepositivesduring smoothpur-

suit subjectswereagaincalibratedwith both trackersandthenin-
structedto track an objectpresentedin the display. In thesetrials
thesamecarasabove wasusedbut now it movedfrom sideto side
and facedthe subjectlengthwise. The car’s extent at this aspect
wasapproximately4 degreeshorizontally and2 degreesvertically.
Thecarmoved from sideto sideat 3 differentvelocitiesthatwere
testedseparately( 3.2 deg/s , 15.8deg/s , and33.6deg/s). Single
trials lastedon average35, 20, and15 seconds for the threeobject
velocities.A similarmethodology to theVORportionwasusedfor
thedataanalysis.Theresultsaresummarizedin Tab.3. It shows the
averagenumberof falsealarmsobservedin 10secondsof recording



Figure6: Exampleresultof end-to-endsystemlatency test. The dark curve is the raw signalrecordedby the limbus tracker. The saccade
detectionwastriggeredby waving a finger in front of the sensorwhich givesa somewhat slower rise time of the signalascomparedto a
saccade.The leftmostvertical bar marksthe time when the “saccade” onsetwasdetected.The light gray datashows the voltageof the
photo-sensor thatmeasuredwhentheHMD displaychangedcolor. Themediumgray curve is a 20 datapoint wide runningaverageof this
data.TheLCD displayreactssomewhatsluggishly, takingabout10 msto changethecolor. Time betweendetectionof saccadeandendof
displaychangeis 38 mswhich falls well in thepredictedrangeof 34–46msfor Ttiming � Tdraw � Tdisplay.

for the threevelocities. The datais averagedfrom 4 subjectspar-
ticipating in the study. As canbeseen,the falsealarmrateduring
smoothpursuitmovementsis generallybelow one in 10 seconds,
which seemsreasonably good. Surprisingly, however, the rateof
falsealarmsdoesnot dependon thevelocity of the trackedobject,
contraryto our expectations. This suggests that at leastsomeof
the“f alsealarms”mighthaveacauseotherthanthesmoothpursuit
movements.
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Finally, the effect of blinks on the limbus tracker was

examined.Subjectswerecalibratedfor both eye-trackersandthen
asked to blink 20 timesin a row separatedby roughly onesecond
intervalswhile staringstraightahead.In thisportionof thestudythe
subjectsEG andJA participated.The datafiles wererecordedand
examinedfor the number of saccades detectedcomparedagainst
theASL 501data.For bothsubjectsall 20 blinks triggeredthede-
tectionof asaccade.For bothsubjectsthesignatureof blinks in the
limbus tracker signalwasstereotypicalin that it alwaysdeflected

thevoltageof theASL 210 tracker in thesamedirection(negative
for JA andpositive for EG). According to themanufacturerthis is
a typicalsignatureof blinks.Distinguishingblinks from saccadesat
their onsetis very problematic.It shouldbepointedout, however,
thatfor thekind of changeblindnessapplicationswe areinterested
in, makinga scenechange duringa blink is alsoanacceptedtech-
niquefor studyingchangeblindness[O’Reganet al. 2000].Hence,
ourcurrentinability to distinguishsaccadeonsetsfrom blink onsets
doesnot poseaproblemfor theapplicationswearemostinterested
in.
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Wehavepresentedamethodfor saccadecontingentupdating(SCU)
in virtual reality. Our systemintegratestwo complementary eye
trackersinto a singleheadmounteddisplay(HMD). The first is a
standardvideo basedtracker giving high accuracy at the price of
a high latency. The secondis an analoglimbus tracker that gives



low latency signalsat the costof lessaccuracy. While researchers
haveusedSCUearlier, wehaveshown thatit canbedonein virtual
reality, i.e.while wearingaHMD, andwithouttheneedto constrain
subjects’heads.However, we found thatverticalheadmovements
seemedto easilyde-calibratethelimbustrackerandthispointneeds
to bestudiedmorecarefully.

We performeda number of experiments to testthesystem’s per-
formancein detectingsaccadeswith low latencies.Our testshave
proventheprincipal feasibility of saccadecontingent updating in a
virtual environment. While themethodis notperfectit hasveryfew
misseddetectionsandlow ratesof falsepositivesduringvestibulo-
ocularreflex andsmoothpursuit. Eye blinks, however, tendto be
systematicallymistakenfor saccades.For our intendedapplications
of the method, however, this may not turn out to be a severe lim-
itation, sinceeye blinks arealsovery effective in maskingvisual
transients[O’Reganet al. 2000].

While it is safeto saythatwe canmake saccadecontingent up-
datesfor horizontalsaccadesgreaterthanabout15degreeswecan-
not currentlyguaranteethis for smallersaccades.This means,that
for smallersaccades we may trigger a changethat only becomes
visible when the eye hasalreadyfinishedthe saccade.However,
we think that this is not a critical problemfor our applicationsfor
two reasons.First, saccadicsuppressionmay be active until after
theendof a saccade[Stevensonetal. 1986].Second,wecaneasily
structuretheenvironment to encouragebig saccadesatcertaintimes
in thetaskby controlling thedistancesbetweenrelevantobjectsin
thescene.

In conclusion, we wereableto demonstratethat saccadedetec-
tion andcontingentupdatingis not limited to therealmof bite bars
andchin restsbut canbeaccomplishedreasonably well for a freely
moving subjectimmersedin virtual reality. Our setupcould have
potentiallyliberatingeffectsfor experimenters(andtheir subjects)
interestedin makingsaccadecontingent updatesin settingsthatdo
not limit the subjects’headmovement andthusallow a more im-
mersive environment.

While our mainmotivation now is to exploit thenew capability
of saccadecontingentupdatingfor ourstudiesof humanperception
andattention[Shinodaetal. 2001], wewould like to briefly discuss
an interestingavenuefor future researchon the eye tracker itself.
Sincethe velocity profilesof saccadesoften tendto be symmetric
for saccadesthatarenot too big, it would betemptingto try to pre-
dict thetargetlocationof a saccadewhile theeye is still “in flight”.
If thiscanbedonesoonenoughonecanstill makeachangeexactly
where the eye will “land”. If feasible,this approach might find
interestingapplicationssuchasseamlessgaze-contingent level-of-
detailcomputergraphicsfor virtual reality.

0®;tz ? Atu2ÕÖo4C { �¼o ? 563

We wish to thankTed Twietmeyer for assistancein evaluatingthe
end-to-endsystemlatency. This work wassupportedby NIH Re-
sourceGrantP41RR 09283.

q�o]p:oi7Bo ? ;¸o�3

BECKER, W. 1991. Saccades.In Vision & Visual Dysfunction Vol
8: Eye Movements, R. H. S.Carpenter, Ed.CRCPress,95–137.

DUCHOWSKI, A., AND VERTEGAAL, R., 2000. Eye-basedinter-
actionin graphical systems:Theoryandpractice.Coursenotes,
availableat http://www.vr.clemson.edu/eyetracking/sigcourse.

HAYHOE, M., BENSINGER, D., AND BALLARD, D. 1998. Task
constraintsin visualworking memory. Vision Research 38, 125–
137.

HENDERSON, J., AND HOLLINGWORTH, A. 1999.Theroleof fix-
ationpositionin detectingscenechangesacrosssaccades. Psy-
chological Science 10, 438–443.

O’ REGAN, J. K., DEUBEL, H., CLARK , J. J., AND RENSINK ,
R. A. 2000. Picturechangesduring blinks: Looking without
seeingandseeingwithout looking. Visual Cognition 7, 191–211.

SHINODA , H., HAYHOE, M., AND SHRIVASTAVA , A., 2001. At-
tentionin naturalenvironments. Vision Research,specialissue
on EyeMovementsandVision in theNaturalWorld. (in press).

SIMONS, D. J. 2000. Currentapproachesto change blindness.
Visual Cognition 7, 1–15.

STEVENSON, S. B., VOLKMAN, F., KELLY, J., AND RIGGS, L .
1986. Dependenceof visual suppressionon the amplitudesof
saccadesandblinks. Vision Research 26, 1815–1824.

VERFAILLIE, K., AND DE GRAEF, P. 2000. Transsaccadic mem-
ory for position and orientationof saccadesourceand target.
Journal of Experimental Psychology: Human Perception and
Performance 26, 1243–1259.


