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Figure1: A classof low-costvolumetricdisplaysareproposedthatuseasimplelight engineandanindexable3D pointcloudmadeof passive
optical scatterers.The point cloudsareetchedinto a glassblock usingLaserInducedDamage(LID). Displayswith different resolution
characteristicshave beendevelopedthatcanrender(a) true3D objects,(b) extrudedobjectswith arbitrarytop layersand(c) purelyextruded
objects.Thesameapproachhasalsobeenusedto (d) extendthegamePac-Manto 3D and(e) createa 3D avatar.

Abstract

In this paper, we presenta new classof volumetricdisplaysthatcan
beusedto display3D objects.Thebasicapproachis to tradeoff the
spatialresolutionof a digital projector(or any light engine)to gain
resolutionin the third dimension.Ratherthanprojectingan image
ontoa 2D screen,a depth-codedimageis projectedontoa 3D cloud
of passive opticalscatterers.The3D point cloud is realizedusinga
techniquecalledLaserInducedDamage(LID), whereeachscatterer
is aphysicalcrackembeddedin ablockof glassor plastic.Weshow
thatwhenthepoint cloudis randomizedin a speci�c manner, a very
large fraction of the pointsarevisible to the viewer irrespective of
his/herviewing direction. We have developedanorthographicpro-
jectionsystemthatservesasthelight enginefor our volumetricdis-
plays.We have implementedseveraltypesof point clouds,eachone
designedto displayaspeci�c classof objects.Theseincludeacloud
with uniquelyindexablepointsfor thedisplayof true3D objects,a
cloudwith an independentlyindexabletop layeranda denseextru-
sionvolumeto displayextrudedobjectswith arbitrarily texturedtop
planesanda densecloudfor thedisplayof purelyextrudedobjects.
In addition,weshow how ourapproachcanbeusedto extendsimple
videogamesto 3D. Finally, wehave developeda3D avatarin which
videosof a facewith expressionchangesareprojectedontoa static
surfacepoint cloudof theface.

Keywords: volumetricdisplay, 3D display, projection,passivescat-
terers,point clouds,laserinduceddamage,visibility, rendering,3D
videogames,3D avatars.

1 Intro duction

Systemsfor displayingimagesandvideoshavebecomeaubiquitous
part of our everydaylives. Televisionsprovide viewerswith news
andentertainment.Homeentertainmentsystemswith large projec-
tion displaysallow homeviewersto enjoy theater-like experiences.
Displaysusedin computersandcellularphonesenableusersto inter-
actwith avarietyof devicesandaccessvariousformsof information.
High quality digital displayshave alsoemergedaspossiblereplace-
mentsfor physicalmediasuchasphotographsandpaintings.

Despitesigni�cant advancementsin displaytechnologies,mostcon-
ventionalsystemsonly display2D images.A viewer, however, expe-
riencestherealworld in threedimensionsby perceiving depthin ad-
dition to thehorizontalandverticaldimensions.Because2D images
do not containdepthinformation,they appear�at andlessrealistic
to aviewer. A systemthatcandisplaystaticanddynamic3D images
is thereforeof greatvalue. In many applications,it is alsodesirable
thatthedisplaysystemsimultaneouslyprovidedifferentperspectives
of a 3D sceneto viewerswho areat differentlocationswith respect
to the display. Sucha systemwould also allow a viewer to move
aroundthedisplayandgaindifferentperspectivesof thescene.

The creationof a device that candisplayphotorealistic3D content
at very high resolutionmaybeconsidereda holy grail problemthat
hasbeenpursuedwith greatvigor over the pastcentury. The goal
of our work is lessambitious. It is to develop a very inexpensive
classof volumetricdisplaysthatcanpresentat relatively low resolu-
tion, andyet in a compellingway, certaintypesof 3D content.The
typesof contentwe wish to displayaresimple3D objects,extruded
objectsand3D surfacesthat appeardynamicwhenprojectedwith
time-varying images.Our displaysusea simple light engineanda
densecloudof passive optical scatterers.The basicideais to trade
off the(2D) spatialresolutionof thelight engineto gainresolutionin
thethird dimension.Thesimplestway to achieve sucha trade-off is
to usea stackof planargridsof scattererswhereno two stacksover-
lapeachotherwith respectto theprojectionraysof thelight engine.
However, sucha semi-regular 3D grid suffers from poor visibility;
as the viewer moves aroundthe point cloud the fraction of points
visible to theviewer variesdramaticallyandis very small for some
of theviewing directions.Our key insight is to randomizethepoint
cloudin amannerthatis consistentwith theprojectiongeometry. We
show thatwhena point cloud is randomizedin a speci�c mannerit
producesa remarkablystablevisibility function.

We have exploredseveral waysof creatingdensecloudsof passive
scatterers.Wehavechosento usea technologycalledLaserInduced
Damage(LID) thatcanvery ef�ciently , precisely, andat a very low
costembedthedesiredpoint cloudsin a solid block of glass.Each
scattereris a physicalcrackin theglassthat is createdby focusinga
laserbeamat thepoint. Whena point in thecloud is lit by ambient



light it is barelyvisible,but whenit is lit by afocusedsourceit glows
brightly. Wehavestudiedtheradiometricandspectralcharacteristics
of LID scatterersandfound that they have thepropertiesneededto
displayobjectsin color andwith suf�cient brightnessto be viewed
within a120degreeconethatis alignedwith theprojectiondirection.
For illuminating the scatterers,we have developedan orthographic
light enginethatusesanoff-the-shelfprojectorandinexpensive op-
tics to createparallelrayswith a largefootprint. Orthographicpro-
jectionenablesus to usepoint cloudswithout resolutionbiasesand
makesthecalibrationof thedisplayrelatively straightforward.

We have developedseveralversionsof our volumetricdisplay, each
one designedto meetthe needsof a speci�c classof objectsor a
speci�c application.Wehaveimplementedpointcloudswith 10;000
pointsfor thedisplayof true3D objects(seeFigure1(a)),190;500
pointsfor thedisplayof extrudedobjectswith arbitrarilytexturedtop
surfaces(seeFigure1(b)), 180;500 pointsfor the displayof purely
extrudedobjects(seeFigure1(c)),83;866pointsfor theextensionof
thegamePac-Manto 3D (seeFigure1(d)), and127;223 pointsfor
thefacemodelusedto createa 3D avatar(seeFigure1(e)).

2 Related Work
We are interestedin developing 3D displaysthat enablemultiple
viewersto view thecontentsimultaneouslyfrom differentlocations
in space.In addition,we do not wish to requiretheviewersto wear
glasses(spectralor polarization)asthis is not desirablein mostap-
plications. Several display technologieshave beendevelopedthat
sharethe samegoals. Theseincludeautostereoscopicdisplaysthat
uselenticularlensesandparallaxbarriers,holographicdisplaysthat
generate3D or 4D light �elds andvolumetricdisplayswith andwith-
out moving parts. Excellentsurveys thatdiscussthesedifferentap-
proachesaswell astheirmeritsandlimitationscanbefoundin books
[Okoshi1976;BlundellandSchwartz2000]andrecentarticles[Per-
lin et al. 2000;MatusikandP�ster 2004]. Here,we will only com-
pareourapproachto previousvolumetricdisplays,with emphasison
thosethatdo notusemoving parts.

Thebene�t of volumetricdisplaysis that,sincethey usea physical
volumeto renderthecontent,thethree-dimensionalityof thecontent
is naturally perceived with all its cues(parallax,focus,etc.). The
useof a physicalvolume also allows simultaneousviewing of the
contentby multiple observers from a wide rangeof directions. A
key limitation of volumetricdisplaysis thatthevolumeelementsdo
notblockeachotherandhenceocclusioneffectscannotberendered.
Sinceour approachis a volumetricone,this limitation is inherentto
it aswell.

A comprehensive survey of volumetric displays is presentedin
[Blundell andSchwartz 2000]. In the caseof a sweptvolumedis-
play, thedisplayvolumeis createdby themechanical(rotationalor
vibrational)motion of a target screen.The speedof screenmotion
is kept high enoughto not beperceived by theobserver. Early ver-
sionsof this approachhave useda spinningmirror thatre�ectedim-
agesdisplayedon cathoderay tubes[Parker andWallis 1948] and
a rotatingphosphor-coatedscreen[Blundell et al. 1994]. A recent
commercialproductcalledPerspecta[Actuality Systems] usesadif-
fusespinningscreenanda digital projector. Sweptvolumedisplays
produceimpressive resultsbut suffer from the drawback of using
largemoving parts(screenand/orsources)thatmakesthemhardto
scale.A staticvolumetricdisplaycancreatea displayvolumewith-
out usingmechanicalmotion. Previous implementationshave used
�uorescenceexcitation of gases[Schwarz andBlundell 1993] and
infrared laserexcitation of �uorescentmetallic particles[Downing
et al. 1994]. Thesesystemsaretruly novel but at the presentstage
areexpensive anddo not producethescaleandresolutionneededin
many applications.In comparison,ourdisplaysarestaticandyetare
very easyandinexpensive to implementasthey do not usespecial
gases,materialsor sources.

In spirit, the closestwork to ours is perhapsthe static volumetric
displaydevelopedby MacFarlane[MacFarlane1994],which usesa
controllablelight sourceanda 3D arrayof voxelsdopedwith a �u-
orescentdye to createa 3D image. Optical �bers areusedto guide
light from thesourceelementsto thevoxels. Thevoxels and�bers
areimmersedin arefractiveindex matchingliquid to avoid refraction
artifacts.Systemswith 76,000and200,000voxelshave beenimple-
mented. While this is an interestingsystem,it is cumbersometo
implementandcalibrate.Using just passive scatterers,our displays
achievesimilarresolutionsandareeasyto implement.A recentcom-
mercialproductcalledtheDepthCube[LightSpaceTechnologies] is
a static volumetric display that usesa stackof 20 scatteringLCD
sheetsthat areilluminatedin sequenceby a high-speeddigital pro-
jector. Thisdisplayproducesverycompelling3D content.However,
it is expensive as it usesa high-speedlight engineandelectrically
controlledLCD scatterers.Ourdisplayshave similar or betterdepth
resolutionbut lower resolutionin the othertwo dimensions.How-
ever, they aremuchlessexpensive asthey usepassive scatterers.

Finally, an interestingproposalhasbeenmadein [Perlin 2004] to
usedustparticlessuspendedin air to project3D images.The idea
is to scanthedustusingan infraredbeamanda detectorto �nd the
locationsof theparticlesandthenusea visible light scanningbeam
to light up the appropriateparticles. This ideais similar to oursin
that it usespassive scatterers.However, sincethe locationsof dust
particlesareunknown at any giventime, they mustbe�rst detected
andthenilluminatedusinga very fastandprecisescanningprocess.

3 Indexable Point Clouds and Visibilit y
Let usassumethatour projectoris orthographic,in that,all its light
raysareparallel to oneanother. We have usedsucha projectorin
mostof our implementations.The advantageof orthographicpro-
jection, over the commonlyused(perspective) projector, is that it
makesthedisplayeasyto calibrateandtheresolutionof the3D point
clouddoesnot vary alongtheprojectiondirection.Furthermore,the
displayvolumecanbea cuboidratherthansectionof a pyramid.

An indexablepoint cloud is onewhereeachof the points(passive
scatterers)canbe lit up by a light enginewithout lighting up other
points. Sucha con�guration is essentialfor displayingarbitrary3D
objects. Therearemany ways to createan indexable point cloud.
However, critical to thechoiceof thepointcloudis thenotionof vis-
ibility . As theviewer movesaroundthedisplay, we wish to ensure
that the percentageof pointsthatare(at leastin part) visible to the
viewerdoesnotchangedramaticallywith theviewing direction.Ide-
ally, wewould like thevisibility to behighandconstantwith respect
to theviewing direction.

Tocomparethevisibilities of differentpointcloudcon�gurations,we
haveconductedOpenGLsimulations1 usingn3 pointswheren = 64.
Eachpoint cloudwasassumedto bewithin a glasscube(refractive
index of 1.5) andeachpoint wasmodeledasa sphereof diameter
0:5mm.Wedenotetheplanesparallelto theprojector's imageplane
asXY planesandthethird dimension,which is thedirectionof light
projection,asZ. Whenall thespheresin acloudareprojected(ortho-
graphically)ontoa singleXY plane,thedistancesbetweenadjacent
spheresin theX andY directionsis 0:6mm.Therefore,theaverage2

distancep betweenadjacentspheresonany givenXY planeis 0:6
p

n
mm. Thiswasalsousedasthedistanceq (alongZ) betweenadjacent
XY planes.The viewer wasassumedto be at a very large distance
from the displayandmoving alonga singleplanethat wasperpen-
dicular to theXY planes.Theviewing anglewasvariedfrom 5� to

1It is hard to analyticallyderive the visibility function of a point cloud
sincewe areinterestedin knowing if a point is evenpartially visible. In fact,
even for thesimplestpoint distributionsandextremevisibility assumptions,
thederivationcanbedaunting(for example,see[Kostinski2001]).

2As wewill see,p is constantin thecaseof asemi-regularpointcloudbut
canvary for randomizedpoint clouds.
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Figure2: Visibility functions(bottomrow) for point clouds(top row) with (a) semi-regular, (b) Z-dithered,(c) XY-ditheredand(d) XYZ-
ditheredgrids.Thesefunctionswerecomputedvia simulations.Thecloudshave643 pointsandfor any givenviewing angleapoint is deemed
visible if 25%of its projectedareais visible to theviewer. Themiddlerow showsreal9� 9� 9 pointcloudsetchedin glasscubesusingLID.

175� in stepsof 0:2� , whereat 90� theviewing directionis exactly
oppositeto thedirectionof light projection.For eachviewing angle,
animageof thepoint cloudwasrenderedwith eachsphereassigned
a uniquecoloranda spherewasdeemedto bevisible if morethan f
percentof its entireunobstructedarea3 wasvisible.

Semi-Regular Indexable Cloud: The simplestindexablecloud is
shown (in 2D) at the top of Figure2(a). The cloud is illuminated
from below by the orthographicprojectorand is viewed from the
upperhemisphere.In this cloud, the XY planeshave regular grids
of pointsandthe grid for oneplaneis simply offset in X andY by
a �x ed distancewith respectto the next plane. The offsetsensures
thateachpoint in thecloudcanbeuniquelyindexedby theprojector.
In the middle of Figure 2(a) is shown a physicalglasscubewith
a 9� 9 � 9 semi-regular indexablecloud. The visibility plot (with
f = 25%)for thiscloudis shown at thebottomandclearlyillustrates
the problemwith usingsucha semi-regular cloud. As the viewing
anglechanges,asingleXY grid canoccludeoneor severalotherXY
gridsbeneathit. Therefore,thevisibility �uctuatesdramaticallywith
viewing direction,indicatingpoordisplayperformance4.

Z-Dither edIndexableCloud: Thispointcloud,illustratedin Figure
2(b),is identicalto thesemi-regularone,exceptthattheZ coordinate
of eachpoint is ditheredusinga randomdistribution. In our simula-
tion, we have useda uniform distributionover � 1mm5. This simple
modi�cation to theregulargrid greatlyimprovesthevisibility func-

3Sincetheglasscubehasa differentrefractive index from thatof air, the
unobstructedareavarieswith viewing angledueto refraction.Thiseffectwas
takeninto accountin ourcalculationof point visibility.

4Notethatfor any indexablepointcloud,thevisibility is100%for q = 90�

asthis directionis just theoppositeof theprojectiondirectionfor which the
cloudis designedto befully indexable.

5In our implementations,we have chosentherangesuchthat theZ coor-
dinatesof adjacentXY gridsdonot interferewith eachother.

tion. For instance,onecanseemany morepoints in the imageof
theglasscubewith 9� 9� 9 points. Overall, thevisibility function
is muchsmootherbut for someviewing anglesthevisibility is very
low, for example,at80� .

XY-Dithered Indexable Cloud: Considerthe �rst 4 (from left)
points in the semi-regular cloud in Figure 2(a). Thesepoints lie
within a vertical tubethroughthepoint cloud. In the caseof ann3

cloud,thetubewouldhaveanXY cross-sectionof p� p andalength
alongZ of (n� 1)q. Again, p is thedistancebetweenadjacentpoints
in a singleXY grid andq is thedistancebetweenadjacentXY grids
in a semi-regularcloud. Within this tube,thereis no reasonwhy the
pointsmustbeoffsetin XY in a regularfashionasin Figure2(a). In
fact,suchanoffsetgivesthepoint clouda strongstructurewhich is
visible anddistractingfor the viewer. We only needto ensurethat
the full rangeof Z valuesareincludedwithin the tube. Therefore,
within eachtube,for eachZ valuewe canrandomlyassign(without
repetition)theXY coordinatefrom theonesin thesemi-regulargrid.
Sincetherearen pointsin thetube,therearen! possibleXY assign-
ments(permutations).Therefore,for any reasonablevalueof n, it is
veryunlikely thatany two tubesin thecloudwouldhavethesameas-
signment.Notethatsucha randomassignmentof XY coordinatesis
not thesameasthepurerandomizationof theZ coordinatein theZ-
ditheredcase.A purerandomizationof XY coordinateswould place
pointsoutsidetheregularstructureof thelight raysproducedby the
light engine,while a randomassignmentdoesnot.

Simulationresultsfor anXY-ditheredpoint cloudareshown in Fig-
ure2(c). Weseeasigni�cant improvementin thevisibility function,
which is almostconstantover theentirerangeof viewing anglesex-
ceptfor small,sharpdipsthataremoreor lessat regularintervals.

XYZ-Dither ed Indexable Cloud: This point cloud,shown in Fig-
ure2(d),simplycombinestheideasbehindtheprevioustwo clouds.
It usesrandomizationof the Z coordinateand randomassignment
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Figure3: (a) Visibility plottedasa functionof the thresholdf used
for determiningpoint visibility. (b) A color-codedimagethat illus-
trateshow visibility varieswith thedepthZ of theXY grid.

for theXY coordinatesof eachpoint in thecloud.Whenthis is done,
thesmalldipsin thevisibility functionof theXY-ditheredclouddis-
appearand we have a remarkablystablevisibility function where
roughly85%of thepointsarealwaysvisible to theviewer.

We have conductedseveral other simulationsas a part of our vis-
ibility analysis. The above visibility functionswerecomputedfor
viewing anglesin a singleplanethat is alignedwith the projection
direction. We computedvisibility functionsfor severaldifferentro-
tationsof this planeaboutthe projectiondirectionandveri�ed that
theabove plots remainessentiallythesameirrespective of thecho-
senplaneorientation. In addition,we repeatedthe simulationsfor
point cloudswith n = 25 andn = 100 andfound that the plots are
very similar to thosefor n = 64 exceptthatthehigh frequency jitter
(noise)in all theplotswasgreaterfor n = 25andlesserfor n = 100,
aswould beexpected.We alsostudiedvisibility asa functionof the
percentf of theprojectedareaof a spherethat is usedasthethresh-
old for visibility. In Figure3(a),weseethatthevisibility fallsalmost
linearlyas f increases.Here,n = 64 andviewing angle= 60� .

Thusfar, wehavede�nedvisibility asthefractionof pointsin acloud
thatarevisible. Clearly, thepointsin theXY layersthataredeeper
in thecloudaremorelikely to beoccluded.Figure3(b) shows asan
imagethevisibility of eachpoint in acubewith n = 25. Thecolored
stripescorrespondto individualXY gridsatdifferentdepthsZ, where
Z = 1 is thetopgrid thatis closestto theviewer. Thecolumnswithin
eachcoloredstripecorrespondto differentpoints in a thin slabof
width p thatis alignedwith theplaneof viewermotion.Notethatall
suchslabswill have thesamevisibility properties.Theverticalaxis
representstheviewing angle.A darkpoint in theimagerepresentsa
cloudpoint that is not visible. As expected,all pointsin thetop XY
grid arevisible over all viewing angles,while the deeperXY grids
have moreobstruction(darkpoints). Again, at 90� all pointsin the
cloudarevisible asillustratedby the thin horizontalbright line that
runsthroughthemiddleof theimage.
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Figure4: (a) Eachpoint in a cloudcanincludemultiple LID cracks
to increaseits brightness. (b) The brightnessesof the four points
with differentcrackcon�gurationsin (a) plottedasa functionof the
viewing angle.(c) Color responseof adenselayerof LID cracksand
anopticaldiffuser. (d) An XYZ-ditheredcloudof 48� 48� 25points
in a200� 200� 70mmglasscube,uniformly lit by a projector.

4 Point Clouds with Laser Induced Damage
Therearemany ways to fabricatea point cloud with passive scat-
terers. Oneapproachis to embedor etchthe scattererson glassor
plasticsheetsandthenstackthesheetsto createavolume.Eachsheet
servesasa singleXY grid andthenumberof sheetsdeterminesthe
resolutionin depthZ. The scattererscanbe specularballs, diffuse
paintedpatchesor etchedpatches.With specularballs andpainted
patches,theprojectionof light raysmustbe from the top (opposite
to that in Figure2) asthescatterersareopaque.On theotherhand,
etchedpatchesactlikediffusersandhencetheprojectioncanbefrom
thebottom.Our initial intentwasto usea stackof glasssheetswith
grids etchedon them. Unfortunately, it is cumbersometo align the
sheetsand they must have stronganti-re�ection coatingsto avoid
glows dueto interre�ectionsbetweenthesheets.More importantly,
theuseof planarsheetsdoesnot lenditself to Z-ditheringof points.
A precise,ef�cient and yet inexpensive way to createa complex
point cloud is basedon LaserInducedDamage(LID), which uses
a focusedandpulsedlaserbeamto producesmall cracksin materi-
alssuchasPlexiglasor crystalglass[Wood2003]. Eachcrackthen
servesasa scattererthatglows whenit is lit. LID hasbecomepopu-
lar in recentyearsandis usedto create2D imagesand3D modelsin
ornamentsandsouvenirs. In our context, LID is very attractive asit
imposesnoconstraintsonthenature(regularor random)of thepoint
cloud. It cancreatea cloudwith hundredsof thousandsof pointsin
a matterof minutesat a very low cost6.
We have empirically studied the photometricpropertiesof LID
cracks.In Figure4(b), theblue line shows themeasuredbrightness
of a single crack plotted as a function of the viewing angle. The
viewing anglevariesfrom 0� to 70� degrees,where0� is exactlyop-
positeto thedirectionof illumination. As canbeseen,thebrightness
of thecrackfallsasonemovesawayfrom theilluminationdirection,
but we have found that in a dimly lit environmentthe brightnessis
clearly perceived even at 70� . One can increasethe brightnessof

6Eachof theglasscrystalswith LID point cloudswe usedwasfabricated
by LazartInc. (www.lazart.com)for a retail pricebetween$50and$200.
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Figure5: (a) Optical layoutof theorthographiclight engine.(b) Spotdiagramsthatquantify theoptical resolutionof the light engine.(c)
Thecompletedisplaysystemincludingthelight engineandanLID point cloud.

eachpointby includingmultiple crackswithin it. In Figure4(a),the
four crackcon�gurationswe experimentedwith areshown, includ-
ing thesinglecrack.Here,eachcrackis shown asa spherealthough
it generallyhasa complex structure.As expected,thebrightnessof
thepoint increaseswith thenumberof cracks.Wehaveusedthethird
con�guration(with 6 cracks)in mostof our implementations.
Figure4(c) shows the spectralcharacteristicsof LID. We createda
denseplanargrid of cracksandilluminatedit with all the colorsin
thevisible spectrumusinga projector. Thebottomimageshows for
comparisonthe sameillumination patternprojectedonto an optical
diffuser. WeseethattheLID cracksdo reasonablywell at reproduc-
ing thecolorof theincidentlight. Figure4(d)showsa200� 200� 70
glasscrystalwith a48� 48� 25pointcloudthatis XYZ-dithered.In
this case,thecloudis uniformly lit with white light.

5 Orthographic Projection System
In theory, ourpoint cloudscanbeilluminatedusingany typeof pro-
jectionsystemthatgeneratesa 2D setof light rays.In thecaseof an
off-the-shelfprojector, the light raysdivergefrom a singlepoint re-
quiringXY gridsthatarefartherfrom theprojectorto havelowerres-
olution,whichis undesirablefrom theperspectiveof theviewer. The
non-uniformresolutionalsomakesthealignmentandcalibrationof
thepoint cloudwith respectto theprojectormorecumbersome.For
thesereasons,we have developedan orthographiclight enginethat
producesa parallelsetof light rays,asillustratedin Figure2.
Theoptical layout of the light engineis shown in Figure5(a). The
light sourceis a PlusVision U232 DLP projectorwith a resolution
of 1024x768pixels. This projectorwaschosenasit hasa wide �eld
of view thatenablesusto reducethephysicaldimensionsof thelight
engine.A planarmirror is usedto fold theprojectionopticsto further
reducethesizeof thesystem.A Fresnellens(No. 37 from Fresnel
Technologies)wasusedto convert theprojectorinto anorthographic
one.TheFresnellensconvertsthediverging raysfrom theprojector
into parallelraysthatarefocusedin the middle of theglasscrystal
that hasthe LID point cloud. A Fresnellenswasusedinsteadof a
conventionallensasa largeprojectionfootprint is neededto illumi-
natethe200� 200� 70mmglasscrystalswe have usedfor many of
ourpoint clouds.
The zoomsettingof the projector, the position and tilt of the pla-
nar mirror andthe focal lengthof theFresnellenswerechosenvia
optical simulationdoneusing the commerciallyavailableZEMAX
package.For thesimulation,theglasscrystalwasassumedto have
a thicknessof 70mm and a refractive index of 1:52. Figure 5(b)
shows spotdiagramsfor theplaneof focus,which canbeviewedas
the point blur functionsof the system.Threespots(corresponding
to red,greenandblue light) areshown for differentradialdistances
from theopticalaxisin theplaneof focus.For smalldistancesfrom

the optical axis (R = � 15mm andR = 19mm) the threespotsare
very compactandclosetogether. For largerdistances,thedistances
betweenthe spotsincreasesbecausethe Fresnellenswe have used
hasstrongchromaticaberrationsasit wasnot designedfor high res-
olution applicationssuchasours. Due to theseaberrations,aswell
as defocusingin other depthswithin the 200� 200� 70mm glass
cube,the worst-casespotsizewasdeterminedto be about1:5mm.
Thisenablesusto useafully indexablepointcloudwith aboutabout
(200=1:5)2 = 17;777pointsin our currentimplementation.It is im-
portantto notethathigherresolutions,andhencedenserpointclouds,
canbeachievedby customdesigninga Fresnellensfor oursystem7.
Furthermore,someof the applicationswe show only requirepar-
tially indexablepoint clouds(asin thecaseof extrudedobjects)and
in suchcasesdenserpoint cloudscanbeused.Figure5(c) shows the
completeopticalsystem,inclusive of a LID point cloud.

6 Calibration and Rendering
EachLID crack is about0:18mm in width and about0:21mm in
length.Thelengthis measuredalongthedirectionof thelaserbeam
usedto createthe crack. The positionsof the cracksare accurate
within 0:05mm. If eachpoint in the cloud hasthe 6-crackcon�g-
urationshown in Figure4(a), it hasa width of about0:5mm anda
lengthof about0:6mm. If thelight engineis perfectlyorthographic,
it is straightforwardto calibratethedisplay. Onecansimply usethe
(X;Y;Z) coordinatesof thecornerpointsof thecloudin acoordinate
frameattachedto theglasscrystalandthe(i; j) coordinatesof pixels
in the projectorthat light up the chosencornerpointsto determine
the projectorpixels that light up eachandevery point in the point
cloud. However, due to lens distortionsand misalignmentsin the
opticalsystem,sucha simpleapproachis notpreciseenough.
In our current implementation,we have taken a semi-manualap-
proachto thecalibrationproblem.WecalibrateeachXY grid (layer)
of the cloudseparately. The mappingbetweenprojectorpixels and
pointsin asinglegrid is modeledasi = f (X;Y;Z) and j = g(X;Y;Z),
where f andg arelow-order(3 in our case)polynomials.We have
developedaninterfacethatallows theuserto manually�nd thepro-
jectorpixels that light up a smallnumberof pointson thegivenXY
grid. Thesecorrespondencesareusedto �nd thepolynomialsf and
g. Then,all thepointsontheXY grid areilluminatedusingthiscom-
putedmapping.We foundthatonly a few pointsarenot adequately
lit by the mappingandthe projectorpixels correspondingto these
pointsaremanuallyre�ned usingour interface. This processis re-
peatedfor all the XY grids in the cloud. This calibrationhasto be
donefor eachof thethreecolorchannelsseparatelysinceoursystem

7The Fresnellens we have usedcosts$70. A Fresnellens with lower
aberrationscan be custom-designedand producedin large quantitiesfor a
similarprice.



haschromaticshifts(seeFigure5(b)). For themostcomplex clouds
wehaveused,thisprocesstakesabout2 hourspercolorchanneland
hencea total of 6 hoursfor thecompletecalibration.Thefully auto-
maticcalibrationof sucha 3D displayis a challengingproblem. In
thefuture,weplanto developamethodthatusesanarrayof cameras
andcodedprojection. More thatonecamerais neededasno single
viewpoint has100%visibility8.
The algorithmwe usefor renderingobjectsis simpleandef�cient.
Givena 3D scene,our goal is to determinethebrightness(for each
colorchannel)thateachpoint in thecloudneedsto beilluminatedby.
For this, we usean intermediaterepresentationthat is a regular 3D
grid thathashigherresolutionthanthepointcloudbut is alignedwith
it andoccupiesthesamevolume. That is, if a point cloudP hasn3

points,we choosea regulargrid Q thathasm3 points,wherem> n.
For eachpoint u in the cloud P, we �nd all its neighboringpoints
f vwjw = 1;2; :::Wg in Q thatarelessthanasmalldistanced from u.
Wealso�nd thedistancesof thesepointsfrom u, f rwjw= 1;2; :::Wg.
For eachpoint in the cloud the lists vw and rw are computedand
storedprior to rendering.
During rendering,eachcolor channelof the input 3D sceneis re-
sampledto theregular3D grid Q to obtainthebrightnessvaluesIv.
Then,for eachcolor channel,thebrightnessIu of eachcloudpoint u
is determinedasa weightedsumof thebrightnessesof its precom-
putedneighboringpoints in Q: Iu = åW

w= 1 rwIvw=åW
w= 1 rw. As an

example,for n = 64,wemayusem= 255andd = 10(in theunitsof
thegrid Q). Sincethelistsvw andrw areprecomputed,therendering
computationsare linear in n3, the numberof cloud points. In our
applications,we have usedcloudswith n < 64 andhencerendering
is easilydoneat frame-ratefor a dynamic3D scene. The calibra-
tion andrenderingalgorithmsdescribedabove areimplementedona
2.66GHzDell workstation.

7 Applications
Wenow presentthedifferentvolumetricdisplayswehavedeveloped,
whereeachoneis gearedtowardsa speci�c classof objects.

True 3D Objects
For the display of simple 3D objects,we implementeda fully in-
dexable,XYZ-ditheredcloudwith 25� 25� 16= 10;000pointsin a
200� 200� 70mmglasscube.Whenall thepointsareprojectedonto
the sameXY plane,the distancebetweenadjacentpointsis 1:9mm
in eachof the two dimensions.The distancebetweenadjacentXY
planesis 4mmandtheZ-ditheringis in the range� 1:5mm. Figure
7(a)showsaball thatis half redandhalf green.Threedifferentviews
of thedisplayareshown to convey the3D natureof thecontent.
This displaywasimplementedonly to demonstratethefeasibility of
a fully indexable,XYZ-ditheredcloud. Its resolutionwaskept low
to make thecalibrationeasyandbecauseof the limited optical res-
olution of the light engine. With a custom-designedorthographic
projector, we believe signi�cantly higherresolutionsareachievable.

Extruded Objects with Top Surfaces
Higher resolutionscan be achieved for the classof extruded ob-
jectswith arbitrarytop surfaces.Theseareobjectsthat have trans-
lational symmetryin their geometryandtexture alongthe Z direc-
tion. In addition, the objectscan have “lids” with arbitrary tex-
tures. For this, we implementeda point cloud with a fully index-
abletop layer (the XY grid that is farthestfrom the projector)with
100� 100= 10;000pointsanda very denseextrusionvolumewith
180;500points.TheseextrusionpointsareZ-ditheredandlie along
projectionraysthataredifferentfrom therayscorrespondingto the
top layerpoints.

8100%visibility canbeachieved by placinganorthographiccameraat a
viewing angleof 90� degrees.However, in this case,thecamerawill directly
receive theraysprojectedby thelight engineandhenceit will be“blinded.”

Figure7(b)showsseveralextrudedobjectsdisplayedusingthispoint
cloud.Notethattheobjectswith oval andsquarecross-sectionshave
greenandredtop lids with holes.

Purely Extruded Objects
In thecaseof dynamictext usedin advertisementsor to convey any
form of information, the characterscanbe given a 3D appearance
by displayingthem as purely extrudedobjects. For this we have
useda denseextrusionvolumewith 180;500Z-ditheredpointsin a
200� 200� 70mmglasscube.Figure7(c) shows differentviews of
thecharacters“3D” displayed.Thecharactersareblue in color but
have white extrudedoutlines.

Games in Three Dimensions: 3D Pac-Man
Traditionally, videogamesareplayedusinga 2D display. An inex-
pensiveapproachto volumetricdisplaysuchasoursopensthepossi-
bility of designing3D games.Thisnotonly makesthegamingexpe-
riencemorecompellingfrom a visualstandpointbut alsochallenges
theplayerto reasonin 3D.As aninitial stepin thisdirection,wehave
implementedanextensionof thepopulargamePac-Man.Thepoint
cloudusedto implementthegamewasetchedin a 80� 80� 80mm
glasscubeandis shown in Figure6(b). Thepathsandtargetsusedin
thedesignareshown in Figure6(a),wherethe four differentcolors
of thepathsegmentscorrespondto differentdepthsin thecube.The
gameis really a mazeof pathsegmentsthatareeitherhorizontalor
verticalandthe targetsaresmallpatchesat theendsof someof the
horizontalpathsegments.This point cloudcanbeviewedasa 2.5D
oneasany givenprojectorpixel mayonly illuminateadotonasingle
horizontalpathsegmentor a full verticalpathsegment.That is, the
pathsdo notoverlapeachotherin theZ dimension.
Figure6(c) shows a personplayingthegame.Theplayer's location
is displayedasa greenblinking dot and this location is controlled
by theplayerusinga joystick. All thepathsegmentsaredisplayed
in blueandthe targetsaredisplayedin bright pink. Theplayercan
travel in eitherdirectionalonga horizontalpathsegmentbut must
initiatea jumpwhenhe/shearrivesata verticalpathsegment.When
a jump takesplace,theplayer's dotautomaticallysweepspasta ver-
tical pathsegmentandthismotiongivestheimpressionof slidingor
climbing. Whena playergetscloseto a target,he/sheneedsto initi-
ateanexplosionof thetarget,which is displayedasthe �zzling out
of thebright yellow targetcolor. Audio clips areusedto convey the
motionof theplayeralonghorizontalpathsegments,thesliding up
anddown vertical segmentsandtheexplosionsof targets.We have
found thateven this simpleextensionof Pac-Manto 3D truly chal-
lengestheplayerandmakesthegamingexperiencemoreengaging.

Static Surface with Dynamic Texture: 3D Avatar
It is well-known that in the caseof certainobjectsa 3D visual ef-
fect is createdby simply projectinga videoof theobjecton a static
3D surface. This is especiallythe casewith humanfaceswherea
3D avatarcanbecreatedby simply projectinga videoof a speaking
personontoa projectionsurfacewith theshapeof theperson's face.
Eventhoughmisalignmentsbetweenfacialfeaturesin thevideoand
projectionsurfaceoccurthey arenot easilynoticedby anobserver.
This ideahasbeenaroundfor a long time andis referredto asrelief
projection[WaltDisney Company 1980][Negroponte1981]. In these
previous systems,the facemodelwasmadeby creatinga physical
bust of the face,which is a tediousprocess.In our case,the face
modelcanbesimplyetchedinto aglasscubeusingLID, enablingus
to create3D avatarsfor any givenfacemodelwith ease.
Figure6(d)showsthe3D avatarwehavedeveloped.Thefacemeshis
etchedin a100� 100� 200mmglasscubeandhas127;223points9.
In this case,we useda conventional(perspective) projectorwhose

9This facemodelandtheprojectedvideowerekindly provided to us by
Li ZhangatColumbiaUniversity.



(a) (b) (c) (d)
Figure6: (a) Designof the3D Pac-Manwherethedifferentcolorsof thepathsegmentscorrespondto differentdepths.(b) TheLID point
cloudusedto implementthe3D Pac-Man.(c) A personplayingthe3D Pac-Man.(d) Thepoint cloudof thefaceandtheprojectionsystem
usedto developthe3D avatar.

throw distanceis folded usingtwo planarmirrors to make the sys-
temcompact.Theentireprojectionsystemresideswithin theblack
box beneaththeglasscube(seeFigure6(d))andtheimagesarepro-
jectedupat thefacemodelatanangleof 30degrees.Sincethevideo
of thefacewascapturedfrom a differentviewpoint from thatof the
projectionsystem,asimpleuserinterfacewasdevelopedto calibrate
the systemandwarp eachframeof the video suchthat it is better
alignedwith thefacemodel.Thecalibrationis doneby simplyclick-
ing on points (prominentfeaturessuchaseye corners,lip corners,
etc.) in a singlevideoframeandtheprojectorpixels that illuminate
thecorrespondingpointson thefacemodel.Thesecorrespondences
areusedto computea piecewise linear mappingbetweenthevideo
framesandthe facemodel. Figure7(d) shows � ve differentviews
of the3D avatar. As expected,themisalignmentscausedby theex-
pressionchangesarenot easilyvisible andthe modeltruly appears
to have a life of its own.

8 Discussion

In this paper, we have presenteda classof volumetricdisplaysthat
areeasyandinexpensive to implementandyet areeffective in con-
veying 3D information. We have demonstrateddisplayswith differ-
ent resolutionpropertiesthat aregearedtowardsspeci�c classesof
objectsandcontents.Themain limitation of thedisplaysis resolu-
tion, whichis dueto theinherenttrade-off betweenresolutionsin the
threedimensions.However, we believe the resolutionof our fully
indexabledisplaycanbeimprovedsubstantially. In futurework, we
planto custom-designthecomponentsof our light engineto achieve
signi�cantly greateropticalperformance.Oncethis is done,we be-
lieve we will be able to implementa fully indexable display with
about250;000pointsusingaprojectorwith 1 million pixels.

In additionto increasingtheresolutionof our indexabledisplays,we
would like to extend our work on 3D gamesand avatars. We are
interestedin working with gamedesignersto explore how the third
dimensioncanbeusedto designnew gamesthatengagea playerin
waysthat arenot possiblewith 2D games.With the 3D avatar, we
areinterestedin addingaudioandvideo intelligenceto the system
so that peoplecan interactwith the avatar. A video cameraanda
microphonewill beembeddedin theavatarsystemandusedto detect
(andmaybeeven recognize)faces. The capturedaudiosignalwill
be processedusing a commercialspeechrecognitionsystem. We
plan to usethesetwo componentsto enablethe systemto respond
to questionswith speech,expressionsandrealistic lip movements.
Suchanintelligentavatarcanbeusedasa guidein a museumor an
informationsourcein a homeenvironment.
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Figure7: (a)A fully indexabledisplaywith 10;000XYZ-ditheredpointsdevelopedfor therenderingof simple3D objects.(b) A displaywith
190;500pointsincludinga denseextrusionvolumeandanindexabletop layer for therenderingof extrudedobjectswith arbitrarytop-layer
textures.(c) A displaywith 180;500Z-ditheredpointsfor therenderingof purelyextrudedobjects.(d) A 3D avatardisplaywith afacemodel
madeof 127;223points.In eachcasemultipleviews of thedisplayareshown to convey the3D natureof thecontent.


