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ABSTRACT

This paperdescribegheincorporationof realisticocclusioneffects
into mirror-based stereoscopico-locationaugmentedeality dis-
play systems.By addinga light-blocking device in the form of an
LCD panelunderneatlthe semi-transparemirror, theview onthe
physicalworld canbe selectvely blocked out suchthatvirtual ob-
jectscanfully occludephysicalobjects.Furthermoreby remaving
areaf thevirtual objectsrenderednthere ecteddisplay physi-
cal objectsseenthroughthe semi-transparemirror andthetrans-
missive LCD panelappeato occludethesevirtual objects.We de-
scribethe governingprinciplesof the approachandpresentn ef-
cient algorithmfor thegeneratiorof the occlusionmaskswith the
useof vision-basedcenereconstruction Finally, a rst prototype
implementatiorof the systemis presented.

CR Categories: 1.4.8[Image Processingand ComputerVision]:
Scene Analysis—Stereo, Tracking 1.3.7 [Computer Graphics]:
Three-DimensionaGraphicsand Realism—\frtual Reality H.5.2
[Information Interfacesand Representation]: User Interfaces—
Evaluation/methodologynput devicesandstratgies

Keywords: AugmentedReality, ObjectOcclusion,Mirror-Based
Displays

1 INTRODUCTION

Mirror-baseddisplay systemsoffer several advantagesover large

projection-basedisplaysor HMD systems.They canprovide sta-

ble andhigh-qualityimages,they arelow cost, non-intrusve, and

allow for co-locatednteraction. Mirror-basedco-locationdisplay
systemscan be usedfor Virtual aswell as Augmentedor Mixed

Reality However, in thelattercaseocclusionartifactsoccur In this

paperwe shov how realisticocclusioneffectscanbeincorporated
into stereoscopienirror-baseddesktopAR systems.We describe
a technicalandalgorithmic solution,and presenta rst prototype
implementation.

2 RELATED WORK

Most Augmented(AR) or Mixed Reality (MR) systemsarebased
ontheuseof HeadMountedDisplay systemgHMDs). Thesesys-
temscanroughly be classi ed in two cateyories: video basedand
see-througtHMD systems. In video basedHMDs the display is
completelyopaque.ln conjunctionwith virtual content,live video
streamsare displayedon the HMD to depictthe physical world.
See-troughHMDs are transparentisplay devices where virtual
contentis renderedon the display device andin effect overlayed
on the physicalworld aspercevedthroughthe displaydevice. For
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both typesof systemsresearcthasbeendoneon realizingrealis-
tic objectocclusionin AR or MR applications. In [8, 7] for in-
stanceKiyokawa et al. describethe constructiorof a see-through
HMD with mutualocclusioncapabilitiescalledELMO. TheHMD
is equippedwith two additionalsmall see-through.CD panelsin
front of eacheye. Thesepanelscanselectvely block thelight from
passinghroughthedisplaydevice andreachingthe userseye. Lok
hasdonesomevery interestingwork on incorporatingreal world
objectsinto an immersie virtual ervironmentusing video based
HMDs [11]. His work includesa numberof studieson the effects
of mixedreality interaction[13, 12].

BesideHMD systemsptherdisplaydeviceshave beenusedfor
AR or MR applications. Someaim at augmentinghe real world
with virtual content,for instanceby usingdisplay projectors[22],
othersfocus on representingohysical objectsin virtual erviron-
mentsfor instanceby capturingandreconstructindiumang?s, 4].
To our knowledge the only attemptto createrealisticobjectocclu-
sionsin amirror-basedAR systemis thework presentedby Bimber
etal. [3]. They usestructuredight to generataealisticocclusion
shadavs in the Virtual Shavcase.This systemhowever, is primar
ily intendedfor staticAR scenesainddoesnot allow for direct, co-
locatedinteraction.

3 MIRROR-BASED CO-LOCATION DISPLAY SYSTEMS

Themaincharacteristiof mirror-basedco-locationdisplaysis that
the userlooks at a displaysurfacevia a mirror. In effect, the user
percevesthevirtual objectsasbeinglocatedbehindthemirror. The
usercannow reachunderthemirror into thevirtual world to interact
with thevirtual objects.In otherwords,theinteractionspaces co-
locatedwith thevisualspace.

The main advantagesof mirror-basedco-locationdisplay sys-
temsarethatthey provide a stable high-resolutiorview, they min-
imize the useof intrusive devices,they canbe constructedat low
costs,andthey allow for direct, co-locatednteraction. Empirical
researchindicatesthat suchco-locationcanimprove 3D taskper
formancesigni cantly [1, 28].

Several mirror-basedco-locationsystemshave beendeveloped
at researchnstitutesand universitiesthroughoutthe world. The

rst mirror-baseddisplay systemwasintroducedby Schmandin

1983[24]. A commercialsystemis available from ReachIn[23].

At MIT, the Virtual Workbenchhasbeendeveloped[29], a con-
guration similar to the Reachin. They presentstudieson depth
perceptionand the calibrationbetweenthe visual and interaction
spaces. At the Simon FraserUniversity, the (Enhanced)Virtual

Hand Lab hasbeendeveloped[14], primarily as a researchtool

for thestudyof gesturaindfull handpointinginputtechniquesAt

EVL, alarge mirror-basedco-locationsystemhasbeendeveloped;
the PARIS systen6]. Otherwork onmirror-basedlisplaysystems
is performedat the University of Singaporeby Postonet al [21].

Thesystemhasbeenappliedin medicalapplicationq26].

At our researchnstitute, the Centerfor MathematicandCom-
puterSciencea desktopmirror-basedco-locationsystemhasbeen
developedcalledthe PersonaBpaceStation[19].



3.1 The Personal SpaceStation

ThePersonaSpaceStation(PSS)is amirror-basedco-locationdis-

play systembuilt out of low-cost,off the shelfcomponentsits de-

sign anda prototypeare depictedin Figurel. The useris seated
in front of a mirror which re ects the stereoscopiémagesof the

virtual world asdisplayedby the monitor. The userreachesinder
themirror into thevirtual world to interactwith thevirtual objects.
The PSSis designedsuchthatit canbe usedas a collaboratve,

multi-userAR/VR system[17].
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Figure 1: Schematic side view and a protot ype of the Personal Space
Station.

PSS display. Thedisplaydevice of the PSSconsistof astan-
dard CRT monitor which hasbeenmodi ed to display left-right
re ected. The prototypePSSasdepictedin Figurel is equipped
with aLogitechacousticaheadtracker. Otherprototypeshave been
equippedvith acustombuilt opticalheadtrackingsystembasedn
two low-costiBot FireWire camerag18]. For stereoscopiwiew-
ing, standardshutteglasse®r apolarizationscreerin combination
with polarizedglassesareused.

PSS interaction. Interactionin the PSSis performeddirectly
in the3D workspaceTo trackinteractionacustomopticaltracking
systemis usedsimilarto the ART trackingsystem2]. Theinterac-
tion spaceis monitoredby two camerasEachcameras equipped
with anlInfra-Red(IR) passlter in front of thelensandaring of
IR LEDs aroundthe lens. Patternsof retro-re ective markersare
appliedto the objectsto be tracked. The optical tracking system
usesthe marker patternsto identify and reconstructhe 3D posi-
tions of the objects[10]. Thisallows usto usegraspablewireless,
andlow-costinteractiondevices.

3.2 OcclusionArtifacts

Mirror-basedco-locationsystemscan be equippedwith either a
fully re ective or a semi-transparennirror. Whena fully re ec-
tive mirror is used,the physical world behindthe mirror is totally
blockedout, andthesystencanberegardedasa VR systemWhen
asemi-transparemnirror is used the usercanalsoseewhatis be-
hind the mirror, hencea mix of realandvirtual objectscanbe es-
tablishedandthe systemcanberegardedasan AR or MR system.
Both con gurations have their merits, but also their disadwan-
tagesand artifacts. In the VR con guration, the usercannotsee
his own handswhich may hinder3D interactionandhand-ge co-
ordination. In the AR con guration, the usercanseeall physical
objectsbehindthe mirror, but theview is unrealisticdueto thelack
of realisticocclusioneffects. Two artifactsoccur: All virtual ob-
jectsappeatransparenandphysical objectsdo not occludevirtual
objectslocatedbehindthem. Figure? illustratestheseartifacts.

Figure 2: Occlusion artifacts when using only a semi-transpaent
mirror. If the hand is located in front of the dice, the dice should
be occluded. If the hand is behind the dice, the hand should be
occluded.

Thereare two potentialapproacheso resole theseproblems,
which correspondo the two approachesisedin HMD AR sys-
tems.In thefully-re ective con guration,we cancombine(video)
imagesof the real world with the renderingof the virtual world.
Thisis similar to thevideo-basedtHMD AR systems.

In the semi-transparertton guration, we needto selectvely oc-
clude the view on the physical world and omit the renderingof
(partsof) virtual objects. This correspondso the approachtaken
in theELMO HMD system[8, 7]. Thisis theapproactwe investi-
gatedanddescriban this paper

4 REALISTIC OCCLUSION BY LIGHT BLOCKING AND
PIXEL OMITTING

Theartifactof physical objectsnot (partially) occludingvirtual ob-
jectscanbe solved by not renderingor blackingout (partsof) the
virtual objects. To resol\e the artifact of virtual objectsappearing
transparentheview onthephysicalworld behindthevirtual object
mustbe blocked off.

Figure3iillustratestheconcept®of light blockingandpixel omit-
ting to createrealistic stereoscopiocclusioneffectsin a mirror-
baseddisplay It depictsa numberof physical andvirtual objects
locatedin 3D space,alongwith a light blocking device and the
(re ected) display surfaceas seenby the user For eacheye, it is
indicatedwhich partof the physicalobjectswill have to beblocked
off, andwhich partsof thevirtual objectswill have to beomittedor
removedwhenrenderinghem.

To accomplistrealisticocclusioneffects, threebasicoperations
have to be performed First,ageometriaepresentationf thephys-
ical world hasto be obtained. This canbein the form of a depth
map,ageometrianodel,or volumetricreconstructionSecondthis
representatiomasto be combinedwith the virtual world to deter
mine which partsof thevirtual objectsshouldnot berenderecand
which partsof the view on the physical world have to be blocked
off. And nally, the virtual world hasto be displayedand parts
of the view on the physical world actually have to be blocked off
throughthe useof alight blockingdevice.

4.1 Light Blocking Device

To block off the view on the physical world, a see-through.CD
panelcanbe usedthatis positioneddirectly underneathhe semi-
transpareninirror. The LCD allows for perpixel light blocking. A
pixel renderedblack will be opaquewhile a white renderecdpixel
will betransparentln our prototypesystemwe have useda stan-
dardactive matrix LCD (TFT) displayasthelight blockingdevice.
As illustratedin Figure3, differentpartsof the scenehave to be
blocked of for the left andright eye view. Standard_CD displays
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Figure 3: Creating realistic occlusion e ects. Top: a view on a 3D
sceneconsisting of physical (P) as well as virtual (V) objects. In the
middle and lower images, it is shown which parts of the virtual objects
should be rendered on the display device for the left and right eye
view. Furthermore, it is indicated for which areas the light coming
from the physical objects should be blocked.

have limited refreshrateswhich prohibitstheuseof time sequential
stereoscopiwiewing. We have solved this problemby placinga
specialsheewf linearlight-polarizingmaterial(nPol, marketedby
VRex [27]) in front of the LCD. This materialis constructedsuch
thatalternatdineswill belinearly polarizedin perpendiculadirec-
tions, seeFigure4. The pitch of theselinesis equalto the pitch of
the pixel lines of the LCD display hencewhenthe sheetandthe
LCD displayareproperlyaligned,the pixelsontheoddlinesof the
LCD displaywill be polarizedperpendicularlyto the pixelson the
evenlines.

The CRT display device in the PSSis equippedwith a polar
ization screenfrom NuVision for stereoscopiiewing [20]. This
screerproducedeft andright circularly polarizedight for eacheye.
Thereforeanadditionall/4lambdawave retardemplateis neededo
corvertthelinearly polarizedight comingfrom the nPol sheeinto
circularly polarizedlight, seeFigure4. With the useof the proper
polarizationglasseswe cannow usethe odd lines of the LCD to
block of light for theleft eye, andtheevenlinesto block of thelight
for theright eye.
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Figure 4: Light passing through the LCD panel comes out linearly
polarized. The nPol sheet converts it to alternate, perpendicularly
polarized light. The retarder sheetconvertsthis in term into alternate
left and right circularly polarized light.

4.2 SceneReconstructionand Rendering

The captureandreconstructiorof physical 3D scene®r objectsis
an extensve researcharea. Many approachesave beenstudied,
rangingfrom laserrange nders, 3D scanningdevices,and com-
puter vision techniques. We have chosena computervision ap-
proach basedon the conceptof visual hulls. The mainadwantages
of this approacharethatit doesnotrequireary special(costly)de-
vices,it is real-time,andit canbeintegratedin thevirtual sceneand
occlusionmaprendering.

Theprincipleideaof thevisualhull is illustratedin Figure5. By
intersectingthe silhouetteconesfrom multiple imagestaken from
a 3D objectfrom differentviewpoints,an approximatevolumetric
representatioonf theobjectis obtainedcalledthevisualhull. Many
improvementsandextensiondo thevisualhull algorithmhave been
presenteaver the years(e.g.[16, 15, 9, 30]). Most of thesealter
ationsare aimedat improving the accurag of the hull, reducing
algorithmiccompleity, decreasingxecutiontime, andimproving
thequality of a nal renderingof thereconstructedbject.

Figure 5: The visual hull. By intersecting the silhouette conesfrom
multiple imagesan approximate volumetric representation of the ob-
ject is obtained.

Themaindifferencebetweerour approachandmostvisual hull
algorithmsis that we do not needa realistic renderingof the re-
constructedscenenor a complete3D modelof the scene.In stead,



we only usethe scenereconstructiorto obtaina depthmapto be
usedin the renderingof the virtual world andocclusionmap. Our
approachis similar to the oneusedby Lok [11] in the sensethat
we make useof graphicshardwareandcomputethe visual hull us-
ing projectedexturesobtainedfrom multiple cameragimedatthe
workspace.

4.2.1 ImageAcquisitionandBackgroundSubtraction

In orderto be ableto computea depthmap of the workspacewith
the visual hull algorithm, we needmultiple imagesof the objects
containedn the workspace.However, sincewe do not needa re-
alistically coloredrenderingof the objects binaryimagesthat sey-
regate objectpixels from backgroundpixels sufce. Comparedo
full-color images suchbinaryimagessigni cantly reducenetwork
loadwhenimageacquisitiontakesplaceon a differentPCthanthe
reconstructiorprogramexecution.

Imagesareobtainedrom a numberof FireWire iBot camerasn
YUV color format. For simplicity, we have coveredthe workspace
with blue cardboardto obtain a more uniformly colored back-
ground.Backgroundsubtractioris performedby a combinationof
statisticalclassi cationanda form of chroma-leying. Upon start-
up, a numberof imagesof the (empty) workspaceare recorded.
Fromthesdmagesequenceshemeansyariancesandcovariances
of the YUV componentsare computed. For backgroundsubtrac-
tion whenthe systemis in use,a thresholdon the Mahalanobian
distances used.As anadditionalcheck,the color of ary pixel la-
beledasforegroundis examinedin RGB spaceandrejectedif it is
consideredoo closeto the original blue backgroundcolor. This
laststepreduceghe numberof pixels erroneouslynarked asfore-
groundby the Mahalanobiardistancecheck. Figure 6 showvs an
exampleimageof theworkspacawith its correspondindoreground
image.

Figure 6: Background subtraction. Left is the current image. In the
center is the recored background. On the right is the result after
background subtraction.

4.2.2 Rendering

By makingfull useof the available graphicsfunctionalitiesasthe
depthbuffer, stencilbuffer, projectie texturing, alphatestingand
blending we canef ciently combinethereconstructiomf thedepth
map,therenderingof the virtual objects,andthe generatiorof the
occlusionmapinto a singlealgorithm.

First, the virtual sceneis rendered.During rendering the least
signi cant bit of the stencil buffer is setif that pixel is lled by
a virtual object. Next, the visual hull algorithmis usedto deter
minewhich pixelscontainingvirtual objectsareto beremoved(i.e.
coloredblack) becausehe virtual objectis occludedby a physical
object. Thisis achievedasfollows:

A plane perpendicularto the viewing direction is swept
throughtheviewing frustumatdiscretedepthstepincrements.

At eachdepthstep,the planeis renderedas often as there
arecameraswherefor eachrenderingthe binary foreground
texture of thatspeci ¢c camerds projectedontotheplane.

The binary texture is an alphatexture with 0 for background
texture elementsand 1 for foregroundtexture elements.The
planes alphavalue is replacedby the texture alphavalue.
During rendering,alphatestingis usedto renderonly those
pixelsthatbelongto theforeground.

Stencilanddepthtestingareusedo ensureonly pixelsin front
of thevirtual objectsareconsidered Furthermorethe stencil
buffer is usedto countthe numberof timesthat pixel is con-
tainedin the camerasforegrounds. If the pixel is notin all
camerasforegroundsit is notin thevisualhull.

Only for the last cameratexture plane rendered,the color
buffer is enabledand the renderingcolor is black. In addi-
tion, the stencil buffer bits are clearedif the pixel is indeed
renderedi.e. is in all camerasforegroundimages.

In effect, for eachdepthplaneonly thosepixelsthatwere(still)
coloredby avirtual objectandthatarenow coveredby every cam-
era’s foregroundtexture in front of the virtual object, will be col-
oredblackandunmarled asvirtual objectpixel. Thatis, they are
occludedby a physicalobject.

Finally, afterall depthplaneshave beenvisited,the stenciltuffer
is queriedto obtaintheocclusiorbitmapto berenderednthelight-
blocking LCD panel. For eachpixel wherethe leastsigni cant bit
in the stencilbuffer is (still) setafterthe visual hull construction,
thereis anunoccludediirtual objectthatshouldoccludeary (phys-
ical) objectsbehindit. Oncethe above proceduras completedor
both(left andright eye) view points,theresultingocclusiorbitmaps
arestoredin sharednemoryandthe scends displayed.

The procesghatdrivesthelight-blocking LCD retrievesthe oc-
clusionbitmapsfrom sharedmemory It renderswo planesat the
same3D locationasthe viewer percevesthere ected displaysur
face.Oneplanegetstexturedwith the occlusionbitmapfor theleft
eye andis renderedntheevenlinesof theLCD display Theother
planeis texturedwith theright eye's occlusionbitmapandrendered
only ontheoddlines.

5 PROTOTYPE SYSTEM

In our prototypesystem,we have useda standardactive matrix
LCD (TFT) display asthe light blocking device. This LCD was
taken from a standardHP 1530 desktopdisplay Although the
transpareng characteristicof this device are by no meansopti-
mal (thereis signi cant light lossanddistortionresultingin a dark
andblurry backgroundscene)it is sufcient to shav thevalidity of
principle of the system.Figure7 depictsthe LCD screermounted
in the PSS,beforethe semi-transparemirror is placedon top of
it.

Figure 7: The light-blo cking LCD panel mounted in the PSS.



Figure 8: Occlusion e ects: Left: the usershand is behind the dice. Center: the user's hand penetrates the dice from the side. Right: The

user's hand is halfway over and halfway inside the dice.

The systemis driven by two PCs: onesystemtakescareof the
image acquisitionand backgroundsubtractionand the other sys-
temdrivesthe PSSdisplayandthe occlusionLCD. Imagesof the
workspaceareobtainedhroughtheuseof threeFireWre iBot cam-
eras. The internal and external cameraparametersre calibrated
usinga methodasdevelopedby Zhang[31]. Thecamerasrecon-
nectedto an Intel Xeon 2.8 GHz PC. The PSSDisplay is driven
by an NVidia Quadro4900 XGL/AGP/SSE2while the occlusion
LCD is driven by an GeForce4MX 440/PCI/SSEZraphicscard,
both residingin the samelntel Pentium2.6 GHz PC.The PCsare
connectedhroughfastEthernet.

5.1 Results

Figure 8 depictstwo snapshot®f the systemin action. It showvs
the usershandlocatedbehind,enteringfrom the side,andhalfway
above andinsidea largevirtual dice.

Figure9 depictsthe differentimagesinvolvedin the generation
of the occludedimage. It shavs a snapshobf the handtaken by
oneof theiBot camerasnonitoringtheworkspaceafterbackground
subtractionln thecentertheimagefor oneeye asdisplayedonthe
CRT monitoris shavn. Ontheright, theocclusionmapasrendered
for oneeye onthe LCD panelis shown.

5.2 Performance

The threeFireWre iBot camerasare setat a resolutionof 240 x
320 pixelsin YUV color format. After backgroundsubtraction,
binarybitmapsof 240x 320bits aresentoverthenetwork to thePC
hostingthe display processesBackgroundsubtractiorandbitmap
transportrun ataboutl5 framespersecond.

Theprocesghatrenderghevirtual world, andconstructghe vi-
sualhull andocclusionbitmaprunsat approximately8 framesper
second. For eacheye, 3 textured planesare renderedat 30 con-
secutve depthlocationsto constructthe visual hull. The process
that drivesthe light-blocking LCD rendersthe constructedcclu-
sionbitmapat 25 framespersecond Boththe CRT displayandthe
LCD panelrun ataresolutionof 1024x 768 pixels.

5.3 Discussion

The biggestproblemwith our prototypesystemis the poor trans-
pareng characteristiof the LCD display As canbe seenin Fig-
ure 8, thereis signi cant light loss and the physical world seen
throughthe LCD becomeguite blurry. However, sinceour LCD
displaywas simply removed from a standarddesktopdisplay we
do expectthattherearehigherquality LCD displaysavailable,with
bettertranspareng characteristicsThis would alleviate the appli-
cability of the systemsigni cantly.

It hasbeensuggestedo usethe LCD panelitself asthe display
to augmenthe physicalworld. Suchanapproachhasfor instance

beentaken in the Medarpaproject[25]. However, if co-located
interactionis desired suchanapproachwould leadto viewing dif-
culties sincethe LCD displaywould have to becloseto theusers
eyesto allow theuserto reachunderthedisplayfor interaction.As
aresult,theuserwould have to focusonthenearbypanelwhile the
virtual objectswill belocatedbehindthepanel. Thisbreakshenat-
uralaccommodation-ergencerelationshipwvhich canleadto view-
ing problemssuchas blurred vision or fusion dif culties. When
usinga mirroreddisplay there ected displaywill belocatedvery
closeto wherethe interactiontakes place,henceaccommodation-
vergenceproblemsareminimized.

Theframerateof therenderingof thevirtual world andthe con-
structionof theocclusionbitmapis still toolow. In addition,thereis
a high lateng beforethe nal occlusionbitmapis renderedn the
light-blocking LCD. Given the currentframe rates,the minimum
lateng is almost0.255econd$li5sfor imageacquisitionandback-

groundsubtraction+ %s for renderingand bitmap construction+

2%3 for renderingthe occlusionbitmap),whichis too high. We are
currentlylookinginto thison how thiscanbeimproved. Oneoption
might be to make moreuseof a-priori knovledgeof the contentof

thevirtual world to reducethe numberandsizeof thedepthplanes
renderedor theconstructiorof thevisualhull. Furthermorepneof

thelargestbottlenecksn thealgorithmis thequeryingof thestencil
buffer to obtainthe nal occlusionbitmaps.Currentgraphicscards
arenot well equippedfor readingbackdatafrom the framehuffer.

Herealso,we might be ableto constrainthe queryingof the stencil
buffer to smallerareago speedup theprocess.

6 CONCLUSION

In this paper we have describechow realisticobjectocclusionef-
fectscanberealizedin stereoscopimirror-basecco-locationAug-
mentedRealitysystem We have presentedhe governingconcepts,
an efcient algorithm,anda rst prototypeimplementation. Al-
thoughthe applicability of the prototypeis still limited, mainly due
to the poortranspareng characteristicef the currentLCD panel,
we do expectthatour approacttanprovide a valuablecontribution
to amorerealisticAugmentedReality experience.

As for future work, we planto extendthe useof the LCD panel
for transpareng effects. In principle, it will be possibleto con-
trol the transpareng of virtual andphysical objectsby varyingthe
amountof light blockedby the panelandtheintensityof thevirtual
objects.Furthermorewe wantto investigatethe possibility to cast
shadavs on both the virtual and the physical objectsto generate
evenmorerealisticaugmentedgcenes.



Figure 9: Image generation. Left: an image of the workspace after background subtraction. Center: the image for one eye as renderedon the
CRT display of the PSS. Right: the occlusion image for one eye as rendered on the even lines of the occlusion LCD.
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