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Figurel: Recordingbinoculareye movementsn aircraftcamgo bay virtual inspectionervironment.

Abstract

This paperdescribesthe developmentof a binocular eye
trackingVirtual Reality systemfor aircraftinspectiontrain-
ing. The aesthetiappearancef the ervironmentis driven
by standardyraphicaltechniquesugmentedby realistictex-
turemapsof the physicalernvironment.A “virtual flashlight”
is providedto simulatea tool usedby inspectorsThe users
gazedirection,aswell asheadpositionandorientation,are
trackedto allow recordingof theusers gazelocationswithin
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theernvironment.Thesegazelocations,or scanpaths, arecal-
culatedasgaze/polygorintersectionsenablingcomparison
of fixated pointswith storedlocationsof artificially gener
ateddefectslocatedin the ervironmentinterior. Recorded
scanpathprovideameanf comparisorof theperformance
of expertsto novices therebygaugingtheeffectsof training.
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1 Introduction

Aircraft inspectionand maintenancerean essentiapart of
a safe,reliableair transportatiorsystem. Training hasbeen
identifiedasthe primary interventionstratey in improving
inspectionperformancd4]. If trainingis to be successful,



it is clearthatinspectorseedto be provided with training
tools to help enhanceheir inspectionskills. In responsdo
this need,this paperoutlinesa Virtual Reality (VR) inspec-
tion simulatorunderdevelopmentat the Virtual Reality Eye
Tracking(VRET) Laboratoryat ClemsonUniversity.

The VR inspectionsystemis a collaboratve extensionof
recentefforts beingpursuedat the Training SystemLabora-
tory (TSL) at Clemson. Previous work at the TSL focused
on the developmenif a computembasednspectiontraining
program—Automate®ystemof Instructionfor Specialized
Training (ASSIST) [5]. The ASSIST program,developed
using a task analytic methodology featuresa PC-basedn-
spectiorsimulationof anaircraftcaigo bay, whereanimage
of a portion of the airframeis presentedo the userfor in-
spection(visual detectionof defects).Theimageis a photo
of a sectionof an aircraft’s interior. The useris shovn an
imageselectedrom atwo-dimensionaltx 8 grid of images,
andis ableto “navigate”left, right, up,anddown to view the
entiregrid, oneimageat a time. Despiteits advantageof
beinga computerbasednspectiontraining/job-aidtool, the
static,two-dimensionalayout of the airframelacksrealism.
To enhancehefidelity of theinspectionsystem,animmer
sive, three-dimensionaV/R systemhasbeendeveloped.

The purposeof this paperis to describethe development
of the Virtual Reality inspectionsystem. The VR inspec-
tion simulatorfeaturesa binoculareye tracker, built into the
system$ HeadMountedDisplay (HMD), which allows the
recordingof the users dynamicpoint of regardwithin the
virtual ervironment. Usergazedirections,aswell ashead
position and orientation, are tracked to enablenavigation
and post-immersie examinationof the users overt spatio-
temporalfocusof attentionwhile immersedn the erviron-
ment. The recordedpoint of regard addressegmprecision
and ambiguity of the users viewpointin a virtual environ-
mentby explicitly providing the 3D location of the users
gaze.

In Virtual Reality, the three-dimensiondbcationof gaze
senesas eithera real-timeor a post-immersiordiagnostic
indicator of the users overt focus of attention. The col-
lection of gazepointstaken over the courseof immersion,
theusersthree-dimensionacanpathsenesasadiagnostic
tool for post-immerstereasoningabouttheusers actionsin
theervironment.In our systemwe conjecturerecordeckye
movementspor scanpathsyill enablecomparisorof the per
formanceof expertsto novices,therebygaugingthe effects
of training.

The main contribution of this paperis the presenta-
tion of real-timesoftware techniquedor the integration of
the binocular eye tracker in a Virtual Reality application.
Presentlyit appearghat the binoculareye tracker coupled
with an HMD capableof vergencemeasuremenin VR is
thefirst of its kind to be assembleéh the United States Al-
thoughbinoculareye trackers integratedwith HMDs have
previously beenproposed8], no reportsof their actualcon-
structionor operationhave beenfound. For referencethe

hardwareusedatthe ClemsorlUniversityVirtual RealityEye
Tracking lab is briefly describedin Section2. Section3
presentsthe evolution of the geometricmodel of the vir-
tual aircraftcamgo bayinspectionervironment.In Sectior4,
technicalissuesof eye tracker systemintegration and op-
erationarediscussedemphasizingcoordinatemappingbe-
tweentheeye tracker andthe VR application,andthe calcu-
lation of thethree-dimensionajazepointfrom binoculareye
movementmeasurementsConcludingremarksaregivenin
Sectionb.

2 Hardware Platform

Our primaryrenderingengineis a dual-rack,dual-pipe SGI
Onyx2® InfiniteReality™ systemwith 8 rastermanagers
and 8 MIPS® R10000" processorseachwith 4Mb sec-
ondarycachet It is equippedvith 3Gbof mainmemoryand
0.5Gbof texturememory

Multi-modal hardware componentsinclude a binocular
ISCAN eye tracker mountedwithin a Virtual Researchv8
(high resolution)Head Mounted Display (HMD). The V8
HMD offers 640x480 resolutionper eye with separatdeft
andright eye feeds.HMD positionandorientationtracking
is provided by an Ascensioné Degree-Of-Freedoni6DOF)
Flock Of Birds (FOB), ad.c. electromagnetisystemwith a
10mslateng. A 6DOFtracked,hand-heldnouseprovidesa
meango represena virtual tool for the userin the erviron-
ment.Thelabis shovn in Figure2.

Figure2: Virtual RealityEye Tracking(VRET) laboratoryat
ClemsonUniversity.

3 Geometric Environment Model-
ing
The goal of the constructionof the virtual ervironmentis

to matchthe appearancef the physicalinspectionerviron-
ment, an aircraft caigo bay, shavn in Figure3. The phys-

1Silicon Graphics,Onyx2, InfiniteReality areregisteredtrademarksof
Silicon Graphics/nc.



Figure3: Aircraft cago bay physicalernvironment.

ical ervironmentis a complex three-dimensionatube-like
volume, with airframecomponentge.g., fuselageribs) ex-
posedfor inspection.A typical visualinspectiontaskof the
camgo bayinvolvescarefullywalking over the structuralele-
mentswhile searchingor surfacedefectssuchascorrosion
andcracks(amongothers).

3.1 Model Geometry

The evolution of the virtual inspectionervironmentbegan
with astraightfornardemulationof thetwo-dimensionaAS-
SIST inspectiongrid. The rationalefor this designwasthe
relatively quick developmentof a simple texture-mapped
grid to provide the userwith a more naturalrepresentation
and navigation of the entire inspectionregion. The image
grid, displayedasa flat polygonalwall in VR, is shavn in
Figure 4. Although the VR environmentprovided adwan-

Figure4: Initial planar2D virtual ervironment.

tagesover the PC-basedystem,several problemswith its
designbecameevident.

Themainadvantageof the VR systemis its displayof the
entiresideof theairframeswall, which providesbettercon-
text for the userin termsof the location of the individual
panelsunderinspection.The obvious dravbacksof this im-
plementationhowever, arethattherearenoticeablediscrep-
anciesn theappearancef theimagege.g. lighting changes
and positionalmisalignment) andthe unsuitablesimplicity
of thegeometryfor VR. Thesimplistic2D wall in effectde-
featstheimmersive and naturalnavigationaladvantageof-
feredby VR technology Clearly, to provide an immersie
ervironment,a three-dimensionatructurewasrequired.

Thenext evolution of theinspectionernvironmentwaspat-
ternedafter a simple three-dimensionaénclosure(e.g., a
cube),specifiedby actualdimensionf the real inspection
ervironment,i.e., an aircraft's caigo bay. An early stageof
thewireframerenditionof the cargobay“3D box” is shavn
in Figure5. The modelis built entirely out of planarpoly-

Figure5: 3D box-like virtual ervironment(shovn in wire-
frame).

gons.Therearetwo pragmatiaeasondgor thisdesignchoice.
First, sincethe representatiomf the true compleity of the

airframe structureis avoided, fast display ratesare main-

tained (on the order of 10-30fps) while tracking latencies
areminimized (on the orderof 10-30ms for headand eye

trackers)? Secondplanarpolygons(quadrilateralsprepar

ticularly suitablefor texture mapping.To provide arealistic
appearancef the ervironment,in keepingwith the desire
of preservinggeometricsimplicity, imagesof the physical
ervironmentareusedfor texture maps.

3.2 Lighting and Flashlight Modeling

The SGI Onyx2 host providesreal-timegraphicsrendering
performancewhile simultaneouslyprocessingracking in-
formationsentto the hostvia the rs-232serial connection.

2Display updateandlateny measuresire only rough estimatesat this
point, we areworking on obtainingmoreformal measurements.



To generatéhe ervironment,no specializedenderingalgo-
rithmsareinvokedbeyondwhatis providedby the OpenGL
graphicdibrary Application Programinterface(API). Stan-
dard (1st-order)direct illumination is usedto light the en-
vironment. Additionally, an OQpenGL spotlightis usedto
provide the userwith a “virtual flashlight”. The flashlight
effectis shavn over a 2D polygonin Figure6. The flash-

Figure6: Virtual flashlightshowvn overa 2D polygon.

light's positionandorientationare obtainedfrom the 6DOF
electromagneticallyracked“flying mouse™from Ascension.

Becausé@penGL relieson the Phongillumination model
coupledwith Gouraudshadingto generatdighting effects,
large polygonsproducea coarse(blocky) flashlight beam.
To correctthis problem, the polygonswere subdvided to
smooth out the spotlight, producinga more aesthetically
pleasingcircular effect. Thelevel of polygonalsubdvision
is useradjustable.

3.3 Realistic Texture Maps

To texturemapthe simple3D box-like ervironment,images
of thephysicalenvironmentwereobtained With permission
from acommercialirline,imagesof anaircraft’s cargo bay
weretakenwhile theaircraftwaswithheldfrom operatiorfor
inspectionandservicing. Sincethe time to photographthe
camgo bayinteriorwaslimited, no particularmethodologyor
speciakquipmentvasusedto obtaintheseamages .Carewas
taken to attemptto photographthe ervironmentin sections
by translatinga hand-heldcamerahowever, inaccuraciesn
imagealignmentwereinevitable.

In retrospecta betterapproachwould have beento mea-
surethe ervironmenta priori, thencalculateandrecordap-
propriatepositionsof the camera,andensureproperplace-
mentof the cameraon somestablerigging apparatuge.g.,
a levelled tripod which could be fastenedo the aircraftin-
terior). This approachwould be similar to a motion capture
or animage-renderingessiorusedin specialkeffectsproduc-
tion work. Of course this methodwould requiremoretime
andcareto carryout.

Although our approachwas somevhat haphazard,m-
agealignmentwaspossiblethroughcarefullabelingof pho-
tographsanda gooddeal of digital post-processingln our
case,we usedThe Gimp (the freeware analogueof Photo-
Shop)to orientandresizethe imagesappropriately There-

sultingenvironmentwith theuserheld“virtual flashlight”is
shavnin Figure?.

Figure7: Virtual flashlightin virtual aircraftcamgo bay ervi-
ronment.

4 Eye Tracking

Interestin gaze-contingennterfacetechniquesasendured
since early implementationsof eye-slaved flight simula-
tors and has since permeatedsereral disciplinesincluding
human-computeinterfacesteleoperatoenvironments,and
visual communicatiormodalities[7, 9, 6]. Recentapplica-
tionsof aneye trackerin VR have shavn promisein theuse
of the device asa componenbf multi-modalinterfacesys-
tems.For example,Jacobhasusedaneye tracker asa selec-
tiondevicein VR [10], andDanforthetal. useaneyetracker
asanindicatorof gazein a gaze-contingennulti-resolution
terrainnavigation ervironment[1]. Althoughtheseare ex-
amplesof eye trackers usedas interactive devices, in the
preseniapplication,the eye tracker senesa diagnostic pur-
pose. Thatis, no changesn the display occur due to the
locationof theusers gaze rather the users eye movements
aresimply (andunobtrusvely) recordedn real-timefor post-
immersionanalysis.

In our system,a dedicatedPC calculateghe point of re-
gardin real-time(60Hz) from left andright videoimagesof
theusers pupilsandinfra-redcornealreflectiong(first Purk-
inje images) Figure8 shavs a userwearingthe eye tracking
HMD. Eye imagescapturedby the cameraganbe seenin
two video monitorsnearthe lowerright of thefigure. In this
section, the technicalissuesof systemintegration and op-
erationare presentedfor a technicaldescriptionof system
installationandwiring, see[2]).

4.1 Eye Tracker Integration

In designingthe visual inspectionsimulator a critical con-
cernis the mappingof eye tracker coordinatego the appli-



Figure8: EyetrackingHMD.

cation programs referenceframe. The eye tracker calcu-
latesthe viewer’s point of regardrelative to the eye tracker’s
screenreferenceframe, e.g., a 512x512 pixel plane, per
pendicularto the optical axis. Thatis, for eacheye, the
eye tracker returnsa samplecoordinatepair of x- and y-
coordinatesof the point of regard at eachsamplingcycle
(e.g.,onceevery 16msfor a 60Hz device). This coordi-
nate pair mustbe mappedto the extentsof the application
programs viewing window. The VR applicationmustalso,
in the sameupdatecycle, mapthe coordinateof the heads
positionandorientationtrackingdevice.

4.2 Eye Tracker Coordinate Mapping

The eye movementdata obtainedfrom the tracker must
be mappedto a range appropriatefor the VR applica-
tion. Specifically the 2D eye tracker data, expressedin
eye tracker screencoordinatesmustbe mappedto the 2D
dimensionsof the nearviewing frustum. The 3D viewing
frustumemployedin the perspectie viewing transformation
is definedby the parameterg eft, right, bottom
top, near, far .2 Figure9shovsthedimension®fthe
eye tracker screen(left) andthe dimensionsof the viewing
frustum(right). To corverttheeyetrackercoordinatesx vy

--7 512,512

eye D

eye

near

Figure9: Eyetrackerto 3D viewing frustumscreencoordi-
natemapping.

3For example,asusedin the OpenGL functioncall gl Fr ust un() .

to graphicscoordinatesx y alinearinterpolationmapping
is used:

« | eft xr|gh5t12Ieft B
y bot t om 512 vy tgfz bottom @)

Sincetheeyetraclkerorigin is atthetop-left of thescreerand
theviewing frustum’sorigin is atthe bottom-left(a common
discrepanyg betweerimagingandgraphicsapplications)the
term 512 vy in Equation(2) handlesthe necessary-

coordinatemirror transformation.

The above coordinate mapping assumesthat the eye
tracker coordinatesarein therange 0 511. In reality, the
usablepr effective,coordinatesvill bedependentn: (a)the
sizeof theapplicatiorwindow, and(b) thepositionof theap-
plicationwindow. Propermappingbetweereye tracker and
applicationcoordinatess achievedthroughthemeasurement
of theapplicationwindow’s extentsin theeye tracker'srefer
enceframe. Thisis accomplishedby usingthe eye tracker’s
own fine cursormovementandcursorlocationreadout.

To obtainthe extentsof theapplicationwindow in the eye
tracker’s referenceframe, the applicationwindow’s corners
aremeasuredvith the eye tracker’s cursor Thesewindow
extentsare thenusedin the linear mappingequation. Fig-
ure 10illustratesan exampleof a 600x450applicationwin-
dow asit would appearon the eye tracker scenemonitor.
Basedon the measurementshowvn in Figure 10, the linear

Application /482'53
y “//
51,53 ] 267,250
<~‘/// (as shown in
data display)
6 0 D:0 00:00:00:00 482,446
51,446
LEFT
SCENE
MONITOR

Figure10: Mappingmeasuremerdgxample.

coordinatemappingis:

X 51
X 282 51 1 2% (3)
y 53
y 449 L 450 @)

The central point on the eye tracker displayis 267 250 .



Note thaty is subtractedrom 449 to take careof the im-
age/graphicserticalorigin flip.

4.3 Gaze Vector Calculation

Thecalculationof thepoint of regardin three-spacdepends
on only the relative positionsof the two eyesin the hori-
zontal axis. The parameter®f interesthereare the three-
dimensionalvirtual coordinates, Xg Yg zg , which can be
determinedfrom traditional stereogeometrycalculations.
Figure 11 illustratesthe basicbinoculargeometry Helmet

(% Y Zg)

f= near

Figure11: Basichinoculargeometry

tracking determinesboth helmetposition and the (orthog-
onal) directionaland up vectors,which determineviewer-
local coordinatesshawn in the diagram. The helmetposi-
tion is the origin, the helmetdirectionalvectoris the optical
(viewerlocal 2) axis,andthe helmetup vectoris the viewer
localy axis.

Given instantaneousgye tracked, viewer-local coordi-
nates x; yi and X Yy, in theleft andright imageplanes
(mappedfrom eye tracker screencoordinatesto the near
view plane), and head-trackd head position coordinates
Xh Yh Zn , the viewerlocal coordinatesof the gazepoint,
Xg Yg Zg , aredeterminedy therelations:

Xg 1 sxp SX X 2 5)
Yg 1 sy sy Y 2 (6)
Z4 1 sz sf (7

wheres b x X b ,bisthedisparitydistancebetween
theleft andright eye centersandf is thedistanceo thenear
viewing planealongtheviewer-local z axis.

Figure 12 shovs a users 3D gaze points in the air-
craft caigo bay ervironment. Gazepoint coordinatedased

(a) Frontview. (b) Sideview.

Figure12: 3D gazepointsin camgo bayvirtual ervironment.

on vergence calculationsgiven by Equations(5)—(7) are
presentlyclosely correlatedwith the users headlocation?
Figure12(b)showsthe collectionof gazepointsfrom a side
viewpoint. With respecto depth,the gazepointsdo notpre-
ciselyfall onthe polygonalsurfacesof the ervironment. To
comparehevisualsearctperformancef expertsto novices
in atask-specifienvironmentsuchasthe aircraftcamgo bay,
recordedscanpattinformationshouldcorvey thelocationof
gazepointsin thesamerelative referencdrameasthevisual
searchtargets. Specifically we wish to comparethesegaze
pointsto the setof storedlocationsof artificially generated
defectdocatedatknown coordinatesn thecaigobaytexture
maps.An exampleof defectlocationin anernvironmenttex-
turemapis shavn in Figure132 We arethereforeinterested

Figure 13: Exampleof locationof artificially generatedie-
fectin anenvironmenttexture map.

in recordingthe pointsof intersectiorof the users gazeand
theenvironmentwalls (polygons).

To calculatethe the gaze/polygonintersection,the gaze
point is expressedparametricallyas a point on a ray with
origin Xn Yh z, , the helmetposition,with theray emanat-
ing alonga vectorscaledby parametes. Thatis, rewriting
Equationg5), (6), and(7), we have:

Xg Xh S

4We areworking towardsthe specificatiorof focal anddisparityparam-
etersto give us clearerdepthinformationof the gazepoint, dissociatinghe
headpositionfrom the point of gaze.

5Thesimpletamgetsymbolin Figure13is currentlyonly usedfor testing
purposeseventuallyartificial defectswill be mademorerealistic.



Yo Vo S YIZYr Y

Z zn sf =z
or, in vectornotation,
g h sv (8)

whereh is the headposition,v is the centralview vectorand

sis thescaleparameteasdefinedpreviously. Theview vec-

tor v is obtainedby subtractinghe helmetpositionfrom the

midpoint of the eye tracked x-coordinateandfocal distance
to thenearview plane,i.e.,

X X 2 Xh
v Vi ¥ 2 Yh 9)
f Z
m h

wherem denotegheleft andright eye coordinatemidpoint®

To align the view vectorto the currentheadorientation,the
vectorm mustfirst be transformedo the proper (instanta-
neousheadorientation.This is doneby first normalizingm

andthenmultiplying it by the orientationmatrix returnedoy

thehheadtracker.”

Given the three-dimensionajazevector, v, specifiedby
Equation(9), Equation(8) givesthe coordinate®of the gaze
point parametricallyalonga ray originatingat the headpo-
sition Xh Yh z, . The depthof the three-dimensionafjaze
pointin world coordinatess valid onlyif s 0.

4.4 Gaze Point Calculation

The formulation of the gazedirection given by Equation
(8) canbe usedfor testingvirtual gaze/polygorintersection
coordinatewia traditionalray/polygonintersectioncalcula-
tions commonlyusedin ray tracing[3]. The gaze/polygon
intersectionpoint is found on the closestpolygon to the

viewer intersectingthe gazeray, assumingall polygonsare

opaque.This polygonis foundby testingall polygonsin the

scen€or intersectionwith the gazeray. To find theintersec-
tion point g of the gazeray with the closestpolygon,a new

interpolantt is obtainedby calculatingthe gazeray inter-

sectionswith all scenepolygons. All suchintersectionsare
examinedfor whicht 0.2 Theinterpolantt is obtainedoy

substitutingthe gazeray equationinto the polygon’s plane
equation(in vectornotation):

t _Nh D (10)
N v

6Note that sincethe vertical eye tracked coordinatesy; andy; are ex-
pectedto be equal(sincegazecoordinateareassumedo be epipolar),the
verticalcoordinateof thecentralview vectordefinedby y; y, 2issome-
what extraneous;eithery; or y; would do for the calculationof the gaze
vector However, sinceeye tracler datais also expectedto be noisy, this
averagingof thevertical coordinategnforceghe epipolarassumption.

7Equivalently headorientationin the form of a quaternionasreturned
by the headtracler, maybeusedfor the samepurpose.

8Ift 0, thepolygonmayintersecthe gazeray, but behindtheviewer.

whereN is the negatedpolygonnormalandD is the height
parameteof the polygon’s plane equation. The geometry
of this calculationis depictedin Figure14. The calculation

N

Figurel4: Ray/planegeometry

of the ray/planeintersectiormay be speededip by evaluat-
ing the denominatonf Equation(10) first. Theintersection
algorithmis givenin Figure 15. Note thatthe ray/polygon

vg N v; /I denominator
iflvg 0)
Vo N h D; /I numerato
t Vo Vg;

Figure15: Ray/polygorintersection.

intersectionalgorithmonly returnsthe intersectionpoint of
theray andthe infinite planedefinedby the polygon’s face
normal. Becausehe normal definesa planeof infinite ex-
tent, the point g mustbe testedagainstall of the polygon’s
edgedo establishwhetherthe point lies insidethe polygon.
Thisis aninstanceof asolutionto thewell-known “point-in-
polygon” problem.The geometryof this algorithmis showvn
in Figure16. If the pointg is boundedby the perpendicular

N

Figure16: Point-in-polygonproblem.

planesdefinedby the polygon'sedgestheng lies within the
polygon, otherwiseit lies on the planedefinedby the face
normal N, but outsidethe polygonalregion. The resulting



algorithmgenerates scanpatltonstrainedo lie on polygo-
nal regionswithin the virtual environment. Sucha scanpath
is shawvn in Figure17. Provided the numberof polygonsis

Figure17: 3D scanpathn aircraftcago bayvirtual environ-
ment.

sufficiently small,the algorithmexecutedn real-time.

5 Conclusions & Future Work

We have describedan operationalplatform for real-time
recordingof eye movementsn Virtual Reality Theplatform
is basedon high-endgraphicsenginesand an electromag-
netically tracked, binocularhelmetequippedwith infra-red
eye tracking capability Renderingtechniquesrerelatively
simple,relying only on standard OpenG_) graphicdibrary
calls. Trackingroutinesdeliver helmetpositionandorienta-
tion in real-time,which areuseddirectly to provide updated
imagesto the HMD.

Usergazedirectionis trackedin real-time,alongwith cal-
culatedgaze/polygonntersections\We arein the procesf
analyzingrecordedgazeintersectionpointsfor comparison
with storedlocationsof artificially generatediefectsin the
inspectiorervironment.

Controlled studiesof humanperformancen the virtual
camgo bayinspectionervironmentareforthcoming.
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