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Figurel: A classof low-costvolumetricdisplaysareproposedhatuseasimplelight engineandanindexable3D pointcloudmadeof passie
optical scatterers.The point cloudsare etchedinto a glassblock using LaserinducedDamage(LID). Displayswith differentresolution
characteristichave beendevelopedthatcanrender(a) true 3D objects,(b) extrudedobjectswith arbitrarytop layersand(c) purely extruded
objects.The sameapproactasalsobeenusedto (d) extendthe gamePac-Manto 3D and(e) createa 3D avatar

Abstract

In this paperwe presenta new classof volumetricdisplaysthatcan
be usedto display3D objects.The basicapproachs to tradeoff the
spatialresolutionof a digital projector(or ary light engine)to gain
resolutionin the third dimension. Ratherthan projectinganimage
ontoa 2D screena depth-codedmageis projectedontoa 3D cloud
of passie optical scatterersThe 3D point cloudis realizedusinga
techniquecalledLaserinducedDamaggLID), whereeachscatterer
is aphysicalcrackembeddedh ablock of glassor plastic.We shav
thatwhenthe point cloudis randomizedn aspeci c manneravery
large fraction of the pointsare visible to the viewer irrespectie of
his/herviewing direction. We have developedan orthographicpro-
jectionsystemthatsenesasthelight enginefor our volumetricdis-
plays. We have implementedsereral typesof pointclouds,eachone
designedo displaya speci ¢ classof objects.Thesencludeacloud
with uniguelyindexable pointsfor the display of true 3D objects,a
cloudwith anindependentlyndexabletop layer anda denseextru-
sionvolumeto displayextrudedobjectswith arbitrarily texturedtop
planesanda densecloudfor the displayof purely extrudedobjects.
In addition,we shav how our approactcanbeusedto extendsimple
videogamesgo 3D. Finally, we have developeda 3D avatarin which
videosof afacewith expressionchangesare projectedonto a static
surfacepointcloudof theface.

Keywords: volumetricdisplay 3D display projection,passie scat-
terers,point clouds,laserinduceddamageyisibility, rendering, 3D
videogames3D avatars.

1 Intro duction

Systemdor displayingimagesandvideoshave becomea ubiquitous
partof our everydaylives. Televisions provide viewerswith nens
andentertainmentHome entertainmensystemswith large projec-
tion displaysallow homeviewersto enjoy theatedlike experiences.
Displaysusedin computerandcellularphonesnableusergo inter
actwith avarietyof devicesandacceswariousformsof information.
High quality digital displayshave alsoemegedaspossiblereplace-
mentsfor physicalmediasuchasphotograph&ndpaintings.

Despitesigni cant advancementin displaytechnologiesmostcon-

ventionalsystemsnly display2D images A viewer, however, expe-

riencegherealworld in threedimensionsy perceving depthin ad-

dition to the horizontalandverticaldimensionsBecauseD images
do not containdepthinformation, they appearat andlessrealistic
toaviewer. A systenthatcandisplaystaticanddynamic3D images
is thereforeof greatvalue. In mary applicationsijt is alsodesirable
thatthedisplaysystensimultaneouslyrovide differentperspecties
of a 3D sceneto viewerswho areat differentlocationswith respect
to the display Sucha systemwould also allow a viewer to move

aroundthedisplayandgaindifferentperspectiesof the scene.

The creationof a device that candisplay photorealistic3D content
atvery high resolutionmay be considereda holy grail problemthat
hasbeenpursuedwith greatvigor over the pastcentury The goal
of our work is lessambitious. It is to develop a very inexpensve
classof volumetricdisplaysthatcanpresenttrelatively low resolu-
tion, andyetin a compellingway, certaintypesof 3D content.The
typesof contentwe wish to displayaresimple 3D objects,extruded
objectsand 3D surfacesthat appeardynamicwhen projectedwith
time-varyingimages. Our displaysusea simple light engineanda
densecloud of passve optical scatterersThe basicideais to trade
off the(2D) spatialresolutionof thelight engineto gainresolutionin
thethird dimension.The simplestway to achieve suchatrade-of is
to usea stackof planargridsof scatterersvhereno two stacksover
lap eachotherwith respecto the projectionraysof thelight engine.
However, sucha semi-rgular 3D grid suffers from poor visibility;
asthe viewer moves aroundthe point cloud the fraction of points
visible to the viewer variesdramaticallyandis very smallfor some
of theviewing directions.Our key insightis to randomizethe point
cloudin amannetthatis consistenwith the projectiongeometry We
shav thatwhena point cloud is randomizedn a speci ¢ mannerit
producesaremarkablystablevisibility function.

We have explored several ways of creatingdensecloudsof passive
scatterersWe have choserto useatechnologycalledLaserinduced
DamagegLID) thatcanvery ef ciently, precisely andat a very low
costembedthe desiredpoint cloudsin a solid block of glass. Each
scatterers a physicalcrackin theglassthatis createcby focusinga
laserbeamat the point. Whena pointin the cloudis lit by ambient



light it is barelyvisible, but whenit is lit by afocusedsourcet glows
brightly. We have studiedtheradiometricandspectraktharacteristics
of LID scattererandfoundthatthey have the propertiesneededo
displayobjectsin color andwith sufcient brightnesgo be viewed
within a120degreeconethatis alignedwith the projectiondirection.
For illuminating the scatterersye have developedan orthographic
light enginethatusesan off-the-shelfprojectorandinexpensve op-
tics to createparallelrayswith a large footprint. Orthographigoro-
jection enableaus to usepoint cloudswithout resolutionbiasesand
malkesthe calibrationof thedisplayrelatively straightforvard.

We have developedseveral versionsof our volumetricdisplay each
one designedio meetthe needsof a speci ¢ classof objectsor a
speci ¢ application.We have implementegoint cloudswith 10;000
pointsfor the displayof true 3D objects(seeFigure1(a)), 190 500
pointsfor thedisplayof extrudedobjectswith arbitrarily texturedtop

surfaces(seeFigure 1(b)), 180 500 pointsfor the display of purely
extrudedobjects(seeFigurel(c)), 83; 866 pointsfor theextensionof

the gamePac-Manto 3D (seeFigure 1(d)), and 127,223 pointsfor

thefacemodelusedto createa 3D avatar(seeFigurel(e)).

2 Related Work

We are interestedin developing 3D displaysthat enablemultiple
viewersto view the contentsimultaneouslyfrom differentlocations
in space.ln addition,we do not wish to requirethe viewersto wear
glassegqspectralor polarization)asthis is not desirablein mostap-
plications. Several display technologieshave beendevelopedthat
sharethe samegoals. Theseinclude autostereoscopidisplaysthat
uselenticularlensesandparallaxbarriers,holographicdisplaysthat
generat@D or 4D light elds andvolumetricdisplayswith andwith-
out maving parts. Excellentsuneys thatdiscussthesedifferentap-
proachesswell astheir meritsandlimitationscanbefoundin books
[Okoshi1976;BlundellandSchwartz2000]andrecentarticles[Per
lin etal. 2000; Matusikand P ster 2004]. Here,we will only com-
pareourapproacho previousvolumetricdisplayswith emphasi®n
thosethatdo not usemoving parts.

The bene t of volumetricdisplaysis that, sincethey usea physical
volumeto renderthe contentthethree-dimensionalitpf thecontent
is naturally perceved with all its cues(parallax,focus, etc.). The
useof a physicalvolume also allows simultaneoussiewing of the
contentby multiple obserers from a wide rangeof directions. A
key limitation of volumetricdisplaysis thatthe volumeelementsio
notblock eachotherandhenceocclusioneffectscannotberendered.
Sinceour approaclhis a volumetricone,this limitation is inherentto
it aswell.

A comprehense suney of volumetric displaysis presentedin

[Blundell and Schwartz 2000]. In the caseof a sweptvolume dis-

play, the displayvolumeis createdby the mechanicalrotationalor

vibrational)motion of a target screen.The speedof screenmotion

is kept high enoughto not be perceved by the obserer. Early ver-

sionsof this approacthave useda spinningmirror thatre ectedim-

agesdisplayedon cathoderay tubes[Parker and Wallis 1948] and
a rotating phosphoicoatedscreenBlundell et al. 1994]. A recent
commerciaproductcalledPerspectActuality Systemd usesadif-

fusespinningscreeranda digital projector Sweptvolumedisplays
produceimpressie resultsbut suffer from the dravback of using
large moving parts(screenand/orsourcesthat makesthemhardto

scale.A staticvolumetricdisplaycancreatea displayvolumewith-

out usingmechanicamotion. Previous implementationhave used
uorescenceexcitation of gasegSchwarz and Blundell 1993] and
infrared laserexcitation of uorescentmetallic particles[Downing

et al. 1994]. Thesesystemsaretruly novel but at the presentstage
areexpensve anddo not producethe scaleandresolutionneededn

mary applicationsin comparisonpur displaysarestaticandyetare
very easyandinexpensve to implementasthey do not usespecial
gasesmaterialsor sources.

In spirit, the closestwork to oursis perhapsthe static volumetric
displaydevelopedby MacFarlane[MacFarlane1994], which usesa
controllablelight sourceanda 3D arrayof voxels dopedwith a u-
orescentye to createa 3D image. Optical bers areusedto guide
light from the sourceelementso the voxels. The voxels and bers
areimmersedn arefractiveindex matchingdiquid to avoid refraction
artifacts.Systemswith 76,000and200,000voxels have beenimple-
mented. While this is an interestingsystem,it is cumbersomeo
implementandcalibrate. Using just passie scatterersour displays
achieve similarresolutionsandareeasyto implement.A recentcom-
mercialproductcalledthe DepthCubdLightSpacelechnologie§ is
a static volumetric display that usesa stackof 20 scatteringLCD
sheetghatareilluminatedin sequencéy a high-speedligital pro-
jector. This displayproducesrery compelling3D content.However,
it is expensve asit usesa high-speedight engineand electrically
controlledLCD scatterersOur displayshave similar or betterdepth
resolutionbut lower resolutionin the othertwo dimensions.How-
ever, they aremuchlessexpensve asthey usepassie scatterers.

Finally, an interestingproposalhasbeenmadein [Perlin 2004] to
usedustparticlessuspendedh air to project3D images. The idea
is to scanthe dustusinganinfraredbeamanda detectorto nd the
locationsof the particlesandthenusea visible light scanningbeam
to light up the appropriateparticles. This ideais similar to oursin
thatit usespassie scatterersHowever, sincethe locationsof dust
particlesareunknavn at ary giventime, they mustbe rst detected
andthenilluminatedusinga very fastandprecisescanningprocess.

3 Indexable Point Clouds and Visibility

Let usassumehatour projectoris orthographicjn that, all its light
raysare parallelto one another We have usedsucha projectorin
mostof our implementations.The adwantageof orthographicpro-
jection, over the commonly used(perspectie) projector is that it
malkesthedisplayeasyto calibrateandtheresolutionof the 3D point
clouddoesnot vary alongthe projectiondirection. Furthermorethe
displayvolumecanbea cuboidratherthansectionof a pyramid.

An indexable point cloud is one whereeachof the points (passie
scatterersfanbelit up by a light enginewithout lighting up other
points. Sucha con gurationis essentiafor displayingarbitrary3D
objects. Thereare mary waysto createan indexable point cloud.
However, critical to thechoiceof thepoint cloudis thenotionof vis-
ibility. As the viewer movesaroundthe display we wish to ensure
thatthe percentagef pointsthatare (at leastin part) visible to the
viewer doesnotchangedramaticallywith theviewing direction.lde-
ally, we wouldlik e thevisibility to behighandconstantvith respect
to theviewing direction.

To comparehevisibilities of differentpointcloudcon gurations,we
have conductedDpenGLsimulations usingn® pointswheren= 64.
Eachpoint cloud wasassumedo be within a glasscube(refractve
index of 1.5) and eachpoint was modeledas a sphereof diameter
0:5mm. We denotethe planesparallelto the projectors imageplane
asXY planesandthethird dimensionwhichis the directionof light
projection,asZ. Whenall thespheresn acloudareprojectedortho-
graphically)ontoasingle XY plane,the distancedbetweeradjacent
spheresn the X andY directionsis 0:6mm. Thereforethe averapé
distancep betweeradjacenspheresnary givenXY planeis0:6° n
mm. Thiswasalsousedasthedistancey (alongZ) betweeradjacent
XY planes. The viewer wasassumedo be at a very large distance
from the displayand moving alonga single planethat was perpen-
dicularto the XY planes.The viewing anglewasvariedfrom 5 to

11t is hardto analytically derive the visibility function of a point cloud
sincewe areinterestedn knowing if a pointis even partially visible. In fact,
even for the simplestpoint distributions and extremevisibility assumptions,
thederivation canbe daunting(for example,see[K ostinski2001]).

2Aswewill seepis constantn thecaseof asemi-rgyularpointcloudbut
canvary for randomizedointclouds.
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Figure2: Visibility functions(bottomrow) for point clouds(top row) with (a) semi-rgyular, (b) Z-dithered,(c) XY-ditheredand(d) XYZ-
ditheredgrids. Thesefunctionswerecomputedvia simulations Thecloudshave 643 pointsandfor ary givenviewing angleapointis deemed
visible if 25%o0f its projectedareais visible to theviewer. Themiddlerow shavsreal9 9 9 pointcloudsetchedn glasscubesusingLID.

175 in stepsof 0:2 , whereat 90 theviewing directionis exactly
oppositeto thedirectionof light projection.For eachviewing angle,
animageof the point cloud wasrenderedvith eachsphereassigned
auniquecolor anda spherevasdeemedo bevisible if morethan f
percenif its entireunobstructecred wasvisible.

Semi-RegularIndexable Cloud: The simplestindexable cloud is
shavn (in 2D) at the top of Figure 2(a). The cloud is illuminated
from belon by the orthographicprojectorandis viewed from the
upperhemisphere.In this cloud, the XY planeshave regular grids
of pointsandthe grid for one planeis simply offsetin X andY by
a x eddistancewith respecto the next plane. The offsetsensures
thateachpointin thecloud canbeuniquelyindexed by the projector
In the middle of Figure 2(a) is shavn a physicalglasscube with
a9 9 9 semi-rgularindexablecloud. The visibility plot (with
f = 25%)for this cloudis shavn atthebottomandclearlyillustrates
the problemwith usingsucha semi-regular cloud. As the viewing
anglechangesasingleXY grid canoccludeoneor severalotherXY
gridsbeneattit. Thereforethevisibility uctuatesdramaticallywith
viewing direction,indicatingpoordisplayperformancé.

Z-Dither edIndexable Cloud: Thispointcloud,illustratedin Figure
2(b),isidenticalto thesemi-rgyularone,exceptthattheZ coordinate
of eachpointis ditheredusinga randomdistribution. In our simula-
tion, we have useda uniform distributionover 1mnP. This simple
modi cation to theregular grid greatlyimprovesthevisibility func-

3Sincethe glasscubehasa differentrefractive index from thatof air, the
unobstructedreavarieswith viewing angledueto refraction.This effectwas
takeninto accountin our calculationof pointvisibility.

4Notethatfor ary indexablepointcloud,thevisibility is 100%for g = 90
asthis directionis just the oppositeof the projectiondirectionfor which the
cloudis designedo befully indexable.

5In ourimplementationswe have choserthe rangesuchthatthe Z coor
dinatesof adjaceniXY gridsdo notinterferewith eachother

tion. For instance,one canseemary more pointsin the image of
theglasscubewith 9 9 9 points. Overall, the visibility function
is muchsmootherbut for someviewing anglesthe visibility is very
low, for example,at80 .

XY-Dithered Indexable Cloud: Considerthe rst 4 (from left)

pointsin the semi-rgular cloud in Figure 2(a). Thesepoints lie

within a vertical tube throughthe point cloud. In the caseof ann3

cloud,thetubewould have anXY cross-sectionf p p andalength
alongZ of (n 1)g. Again, pis thedistancebetweeradjacenpoints
in asingleXY grid andq is the distancebetweenadjacentXY grids
in asemi-rgularcloud. Within this tube,thereis no reasorwhy the
pointsmustbeoffsetin XY in aregularfashionasin Figure2(a). In

fact, suchan offset givesthe point cloud a 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)the XY coordinatefrom the onesin the semi-rgulargrid.

Sincetherearen pointsin thetube,therearen! possibleXY assign-
ments(permutations) Therefore for ary reasonablealueof n, it is

very unlikely thatary two tubesin thecloudwould have thesameas-
signment.Notethatsucharandomassignmentf XY coordinatess

notthe sameasthe purerandomizatiorof theZ coordinaten the Z-

ditheredcase.A purerandomizatiorof XY coordinatesvould place
pointsoutsidethe regular structureof thelight raysproducedby the
light engine while arandomassignmentioesnot.

Simulationresultsfor an XY -ditheredpoint cloud areshavn in Fig-
ure2(c). We seeasigni cant improvementin thevisibility function,
which is almostconstanibver the entirerangeof viewing anglesex-
ceptfor small,sharpdipsthataremoreor lessatregularintenals.

XYZ-Dither ed Indexable Cloud: This point cloud, shavn in Fig-
ure2(d), simply combinegsheideasbehindthe previous two clouds.
It usesrandomizationof the Z coordinateand randomassignment
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Figure3: (a) Visibility plottedasa function of the thresholdf used

for determiningpoint visibility. (b) A color-codedimagethatillus-
trateshow visibility varieswith thedepthZ of the XY grid.

for the XY coordinate®f eachpointin thecloud. Whenthisis done,
thesmalldipsin thevisibility functionof the XY -ditheredclouddis-
appearand we have a remarkablystablevisibility function where
roughly85% of the pointsarealwaysvisible to the viewer.

We have conductedseveral other simulationsas a part of our vis-
ibility analysis. The above visibility functionswere computedfor
viewing anglesin a single planethatis alignedwith the projection
direction. We computedvisibility functionsfor several differentro-
tationsof this planeaboutthe projectiondirectionandveri ed that
the above plots remainessentiallythe sameirrespectie of the cho-
senplaneorientation. In addition, we repeatedhe simulationsfor
point cloudswith n= 25 andn = 100 andfound that the plots are
very similar to thosefor n = 64 exceptthatthe high frequeng jitter
(noise)in all theplotswasgreaterfor n = 25andlesserfor n= 100,
aswould be expected.We alsostudiedvisibility asafunctionof the
percentf of theprojectedareaof a spherethatis usedasthe thresh-
old for visibility. In Figure3(a),we seethatthevisibility fallsalmost
linearlyasf increasesHere,n = 64 andviewing angle= 60 .

Thusfar, we have de nedvisibility asthefractionof pointsin acloud
thatarevisible. Clearly, the pointsin the XY layersthataredeeper
in the cloudaremorelikely to be occluded.Figure3(b) shavs asan
imagethevisibility of eachpointin acubewith n= 25. Thecolored
stripescorrespondo individual XY gridsatdifferentdepthsZ, where
Z = listhetopgridthatis closesto theviewer. Thecolumnswithin
eachcoloredstripe correspondo differentpointsin a thin slab of
width p thatis alignedwith the planeof viewer motion. Notethatall
suchslabswill have the samevisibility properties.The vertical axis
representsheviewing angle.A darkpointin theimagerepresents
cloud pointthatis notvisible. As expectedall pointsin thetop XY
grid arevisible over all viewing angles,while the deeperXY grids
have moreobstruction(dark points). Again, at 90 all pointsin the
cloudarevisible asillustratedby the thin horizontalbright line that
runsthroughthe middle of theimage.
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Figure4: (a) Eachpointin a cloud canincludemultiple LID cracks
to increaseits brightness. (b) The brightnesse®f the four points
with differentcrackcon gurationsin (a) plottedasa functionof the
viewing angle.(c) Colorresponsef adensdayerof LID cracksand
anopticaldiffuser (d) An XYZ-ditheredcloudof 48 48 25 points
ina200 200 70mmglasscube,uniformly lit by a projector

4 Point Clouds with Laser Induced Damage

Thereare mary waysto fabricatea point cloud with passie scat-
terers. Oneapproachis to embedor etchthe scattereron glassor
plasticsheetandthenstackthesheetdo createavolume.Eachsheet
senesasa singleXY grid andthe numberof sheetsletermineghe
resolutionin depthZ. The scatterersanbe specularalls, diffuse
paintedpatchesor etchedpatches.With speculamballs and painted
patchesthe projectionof light raysmustbe from the top (opposite
to thatin Figure2) asthe scattererareopaque.On the otherhand,
etchedpatchesctlik e diffusersandhenceheprojectioncanbefrom
thebottom. Ourinitial intentwasto usea stackof glasssheetswith
grids etchedon them. Unfortunately it is cumbersomeo align the
sheetsand they must have stronganti-re ection coatingsto avoid
glows dueto interre ectionsbetweerthe sheets.More importantly
theuseof planarsheetgdloesnotlenditself to Z-ditheringof points.

A precise,efcient and yet inexpensve way to createa comple

point cloud is basedon LaserIinducedDamage(LID), which uses
afocusedandpulsedlaserbeamto producesmall cracksin materi-
alssuchasPlexiglasor crystalglass[Wood 2003]. Eachcrackthen
senesasascatterethatglows whenit is lit. LID hasbecomepopu-
larin recentyearsandis usedto create2D imagesand3D modelsin

ornamentandsouenirs. In our contet, LID is very attractve asit

imposeso constraint®nthenature(regularor random)of the point
cloud. It cancreatea cloudwith hundredf thousand®f pointsin

amatterof minutesatavery low cosf.

We have empirically studied the photometric propertiesof LID
cracks.In Figure4(b), the blueline shavs the measuredrightness
of a single crack plotted as a function of the viewing angle. The
viewing anglevariesfrom 0 to 70 degreeswhere0 is exactlyop-
positeto thedirectionof illumination. As canbeseenthebrightness
of the crackfalls asonemaovesaway from theillumination direction,
but we have found thatin a dimly lit ernvironmentthe brightnesss
clearly perceved evenat 70 . One canincreasethe brightnessof

8Eachof theglasscrystalswith LID point cloudswe usedwasfabricated
by LazartInc. (www.lazart.com¥or aretail price betweer$50and$200.



+«—— GlassCube
Glass Cube: 200x200x70 mm 70mm
£
£
N
3271 mm Fresnel Lens
R=-92mm R=-53mm R=-15mm
Fresnel Lens: 280x280 mm )
Planar Mirror
Projector
787 mm
Projector Lens: F =184 mm
DMD: 105x14 mm \ = = =
~N '\ R=19mm R=53mm R=92mm
150mm Planar Mirror: Tilt =37.57 Deg
@) (b) (c)

Figure5: (a) Optical layout of the orthographidight engine. (b) Spotdiagramshat quantify the optical resolutionof the light engine. (c)
The completedisplaysystemincludingthelight engineandanLID pointcloud.

eachpoint by includingmultiple crackswithin it. In Figure4(a),the
four crackcon gurationswe experimentedwith areshawn, includ-
ing the singlecrack.Here,eachcrackis shawvn asa spherealthough
it generallyhasa complex structure.As expected the brightnessof
thepointincreasewvith thenumberof cracks.We have usecthethird
con guration (with 6 cracks)in mostof ourimplementations.

Figure4(c) shavs the spectralcharacteristic®f LID. We createda
denseplanargrid of cracksandilluminatedit with all the colorsin

thevisible spectrunusinga projector The bottomimageshaws for

comparisorthe sameillumination patternprojectedonto an optical
diffuser We seethatthe LID cracksdo reasonablyvell atreproduc-
ing thecolorof theincidentlight. Figure4(d)shavsa200 200 70

glasscrystalwith a48 48 25pointcloudthatis XYZ-dithered.In

this casethecloudis uniformly lit with white light.

5 Orthographic Projection System

In theory our point cloudscanbeilluminatedusingary type of pro-
jectionsystemthatgeneratea 2D setof light rays. In thecaseof an
off-the-shelfprojector the light raysdiverge from a singlepoint re-
quiring XY gridsthatarefartherfrom theprojectorto have lowerres-
olution,whichis undesirablérom the perspectie of theviewer. The
non-uniformresolutionalsomakesthe alignmentandcalibrationof
the point cloud with respecto the projectormorecumbersomekFor
thesereasonsye have developedan orthographidight enginethat
producesa parallelsetof light rays,asillustratedin Figure2.

The optical layout of thelight engineis shavn in Figure5(a). The
light sourceis a PlusVision U232 DLP projectorwith a resolution
of 1024x768pixels. This projectorwaschoserasit hasawide eld
of view thatenableaisto reducethe physicaldimension®f thelight
engine.A planamirror is usedto fold theprojectionopticsto further
reducethe sizeof the system.A Fresnellens(No. 37 from Fresnel
Technologiesyvasusedto convertthe projectorinto anorthographic
one. The Fresnelensconvertsthe diverging raysfrom the projector
into parallelraysthatarefocusedin the middle of the glasscrystal
thathasthe LID point cloud. A Fresnellenswasusedinsteadof a
corventionallensasa large projectionfootprintis neededo illumi-
natethe200 200 70mmglasscrystalswe have usedfor mary of
our pointclouds.

The zoom setting of the projector the positionandtilt of the pla-
nar mirror andthe focal length of the Fresnellenswere choservia
optical simulationdoneusing the commerciallyavailable ZEMAX
package.For the simulation,the glasscrystalwasassumedo have
a thicknessof 70mm and a refractive index of 1:52. Figure 5(b)
shaws spotdiagramsgor the planeof focus,which canbe viewedas
the point blur functionsof the system. Threespots(corresponding
to red, greenandbluelight) areshavn for differentradial distances
from the optical axisin the planeof focus. For smalldistancegrom

the optical axis (R=15mmand R = 19mm)the threespotsare
very compactandclosetogether For larger distancesthe distances
betweenthe spotsincreasedbecausdhe Fresnellenswe have used
hasstrongchromaticaberrationsasit wasnot designedor highres-
olution applicationssuchasours. Dueto theseaberrationsaswell
as defocusingin otherdepthswithin the 200 200 70mmglass
cube,the worst-casespotsize was determinedo be about1:5mm.
Thisenablesusto useafully indexablepoint cloudwith aboutabout
(200=1:5)2 = 17,777 pointsin our currentimplementationlt is im-
portantto notethathigherresolutionsandhencedensepointclouds,
canbe achiered by customdesigninga Fresnelensfor our systend.
Furthermore,someof the applicationswe shav only require par
tially indexablepoint clouds(asin the caseof extrudedobjects)and
in suchcaseslenseipoint cloudscanbeused.Figure5(c) shavsthe
completeoptical systemjnclusive of aLID pointcloud.

6 Calibration and Rendering

EachLID crackis about0:18mmin width and about0:21mmiin
length. Thelengthis measure@longthe directionof the laserbeam
usedto createthe crack. The positionsof the cracksare accurate
within 0:05mm. If eachpointin the cloud hasthe 6-crackcon g-
urationshawvn in Figure4(a), it hasa width of about0:5mmanda
lengthof about0:6mm. If thelight engineis perfectlyorthographic,
it is straightforvardto calibratethe display Onecansimply usethe
(X;Y; Z2) coordinate®f thecornerpointsof thecloudin acoordinate
frameattachedo theglasscrystalandthe(i; j) coordinate®f pixels
in the projectorthatlight up the chosencornerpointsto determine
the projectorpixels that light up eachandevery point in the point
cloud. However, dueto lensdistortionsand misalignmentsn the
opticalsystemsucha simpleapproachs not preciseenough.

In our currentimplementationwe have taken a semi-manuakbp-
proachto the calibrationproblem.We calibrateeachXY grid (layer)
of the cloud separately The mappingbetweenprojectorpixels and
pointsin asinglegrid ismodeledasi = f(X;Y;Z) andj = g(X;Y;2),
where f andg arelow-order (3 in our case)polynomials. We have
developedaninterfacethatallows the userto manually nd the pro-
jector pixelsthatlight up a smallnumberof pointson the given XY
grid. Thesecorrespondencemreusedto nd thepolynomialsf and
g. Then,all the pointsonthe XY grid areilluminatedusingthis com-
putedmapping.We foundthatonly a few pointsarenot adequately
lit by the mappingandthe projectorpixels correspondingo these
pointsare manuallyre ned usingour interface. This processs re-
peatedfor all the XY gridsin the cloud. This calibrationhasto be
donefor eachof thethreecolor channelseparatelginceour system

"The Fresnellenswe have usedcosts$70. A Fresnellens with lower
aberrationscan be custom-designednd producedin large quantitiesfor a
similar price.



haschromaticshifts (seeFigure5(b)). For the mostcomple clouds
we have used this procesdakesabout2 hourspercolor channeland
henceatotal of 6 hoursfor the completecalibration. The fully auto-
matic calibrationof sucha 3D displayis a challengingproblem. In
thefuture,we planto developa methodthatusesanarrayof cameras
andcodedprojection. More that one cameras neededasno single
viewpoint has100%visibility 8.

The algorithmwe usefor renderingobjectsis simpleand ef cient.
Givena 3D scenepur goalis to determinethe brightnesgqfor each
colorchannelthateachpointin thecloudneedgo beilluminatedby.
For this, we usean intermediaterepresentatiothat is a regular 3D
grid thathashigherresolutionthanthepointcloudbut s alignedwith
it andoccupiesthe samevolume. Thatis, if a point cloud P hasn?
points,we choosea regulargrid Q thathasm? points,wherem> n.
For eachpoint u in the cloud P, we nd all its neighboringpoints
fwjw= 1;2;::Wgin Q thatarelessthanasmalldistanced from u.
Wealso nd thedistance®f thesepointsfromu, f ryjw= 1;2;:::Wg.
For eachpoint in the cloud the lists v, andr,, are computedand
storedprior to rendering.

During rendering,eachcolor channelof the input 3D sceneis re-
sampledo the regular 3D grid Q to obtainthe brightnessvaluesly,.

Then,for eachcolor channelthe brightnesd,, of eachcloudpointu

is determinedas a weightedsum of the brightnessesf its precom-
putedneighboringpointsin Q: Iy = &% ruly, =Y. ;rw. As an
example for n= 64,wemayusem= 255andd = 10(in theunitsof

thegrid Q). Sincethelists vy, andr,, areprecomputedtherendering
computationsare linearin n3, the numberof cloud points. In our
applicationswe have usedcloudswith n < 64 andhencerendering
is easily doneat frame-ratefor a dynamic3D scene. The calibra-
tion andrenderingalgorithmsdescribedabove areimplementedna
2.66GHzDell workstation.

7 Applications

We now presenthedifferentvolumetricdisplayswe have developed,
whereeachoneis gearedowardsa speci ¢ 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 4mm andthe Z-ditheringis in therange 1:5mm. Figure
7(a)shavs aball thatis half redandhalf green.Threedifferentviews
of thedisplayareshavn to corvey the 3D natureof the content.

This displaywasimplementednly to demonstratéhe feasibility of
afully indexable, XY Z-ditheredcloud. Its resolutionwaskept low
to malke the calibrationeasyandbecausef the limited optical res-
olution of the light engine. With a custom-designedrthographic
projector we believe signi cantly higherresolutionsareachievable.

Extruded Objects with Top Surfaces

Higher resolutionscan be achieved for the classof extruded ob-
jectswith arbitrarytop surfaces. Theseare objectsthat 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 thatis farthestfrom the projector)with
100 100= 10;000pointsanda very denseaxtrusionvolumewith
180 500 points. TheseextrusionpointsareZ-ditheredandlie along
projectionraysthataredifferentfrom the rayscorrespondindo the
top layerpoints.

8100%visibility canbe achieved by placingan orthographiccameraat a
viewing angleof 90 degrees.However, in this casethecamerawill directly
receve theraysprojectedby thelight engineandhenceit will be“blinded”

Figure7(b) shavs severalextrudedobjectsdisplayedusingthis point
cloud. Notethattheobjectswith oval andsquarecross-sectionkave
greenandredtop lids with holes.

Purely Extruded Objects

In the caseof dynamictext usedin adwertisement®r to corvey ary
form of information, the charactersanbe given a 3D appearance
by displayingthem as purely extruded objects. For this we have
useda denseextrusionvolumewith 180 500 Z-ditheredpointsin a
200 200 70mmglasscube.Figure7(c)shaws differentviews of
the characters3D” displayed. The charactersrebluein color but
have white extrudedoutlines.

Games in Three Dimensions: 3D Pac-Man

Traditionally, video gamesare playedusinga 2D display An inex-
pensve approacho volumetricdisplaysuchasoursopensthepossi-
bility of designing3D gamesThisnotonly makesthegamingexpe-
riencemorecompellingfrom a visualstandpoinbut alsochallenges
theplayertoreasorin 3D. As aninitial stepin thisdirection,we have
implementedan extensionof the populargamePac-Man. The point
cloudusedto implementthe gamewasetchedn a80 80 80mm
glasscubeandis shavn in Figure6(b). The pathsandtargetsusedin
the designareshavn in Figure6(a), wherethe four differentcolors
of the pathsegmentscorrespondo differentdepthsin the cube.The
gameis really a mazeof pathsggmentsthatareeitherhorizontalor
verticalandthe targetsare small patchesat the endsof someof the
horizontalpathsegments.This point cloud canbeviewedasa 2.5D
oneasary givenprojectorpixel mayonlyilluminateadotonasingle
horizontalpathsegmentor a full vertical pathsegment. Thatis, the
pathsdo not overlapeachotherin theZ dimension.

Figure6(c) shavs a personplayingthe game.The player's location
is displayedas a greenblinking dot and this locationis controlled
by the playerusinga joystick. All the pathsegmentsare displayed
in blue andthe targetsaredisplayedin bright pink. The playercan
travel in eitherdirectionalong a horizontal path segmentbut must
initiate ajump whenhe/shearrivesat a vertical pathsegment.When
ajumptakesplace theplayers dotautomaticallysweepgasta ver-

tical pathsegmentandthis motiongivestheimpressiorof sliding or

climbing. Whena playergetscloseto atarget,he/sheneedgo initi-

ateanexplosionof thetarget, which is displayedasthe zzling out
of the bright yellow targetcolor. Audio clips areusedto corvey the
motion of the playeralonghorizontalpathsegments the sliding up
anddown vertical sgmentsandthe explosionsof tamgets. We have
foundthat even this simple extensionof Pac-Manto 3D truly chal-
lengeshe playerandmakesthe gamingexperiencemoreengaging.

Static Surface with Dynamic Texture: 3D Avatar

It is well-known thatin the caseof certainobjectsa 3D visual ef-
fectis createdby simply projectinga video of the objecton a static
3D surface. This is especiallythe casewith humanfaceswherea
3D avatarcanbe createdby simply projectinga video of a speaking
personontoa projectionsurfacewith the shapeof the persons face.
Eventhoughmisalignmentdbetweerfacialfeaturesn thevideoand
projectionsurfaceoccurthey arenot easilynoticedby anobserer.
Thisideahasbeenaroundfor alongtime andis referredto asrelief
projection[WaltDisney Compary 1980][Negropontel 981]. In these
previous systemsthe facemodelwas madeby creatinga physical
bust of the face,which is a tediousprocess. In our case,the face
modelcanbesimply etchednto aglasscubeusingLID, enablingus
to create3D avatarsfor ary givenfacemodelwith ease.

Figure6(d)shavsthe3D avatarwe have developed.Thefacemeshis
etchednal00 100 200mmglasscubeandhasl127223points.
In this case,we useda corventional(perspectie) projectorwhose

9This facemodelandthe projectedvideo werekindly providedto us by
Li Zhangat ColumbiaUniversity
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Figure6: (a) Designof the 3D Pac-Manwherethe differentcolorsof the pathsegmentscorrespondo differentdepths.(b) TheLID point
cloud usedto implementthe 3D Pac-Man.(c) A personplayingthe 3D Pac-Man.(d) The point cloud of thefaceandthe projectionsystem

usedto developthe 3D avatar

throw distanceis folded usingtwo planarmirrors to male the sys-
tem compact.The entire projectionsystemresideswithin the black
box beneaththeglasscube(seeFigure6(d)) andtheimagesarepro-
jectedup atthefacemodelatanangleof 30 degrees.Sincethevideo
of thefacewascapturedrom a differentviewpoint from thatof the
projectionsystemasimpleuserinterfacewasdevelopedto calibrate
the systemand warp eachframe of the video suchthatit is better
alignedwith thefacemodel. Thecalibrationis doneby simply click-
ing on points (prominentfeaturessuchas eye corners,lip corners,
etc.) in asinglevideoframeandthe projectorpixelsthatilluminate
the correspondingpointson thefacemodel. Thesecorrespondences
areusedto computea piecavise linear mappingbetweernthe video
framesandthe facemodel. Figure 7(d) shavs ve differentviews
of the 3D avatar As expectedthe misalighmentsausedy the ex-
pressionchangesare not easilyvisible andthe modeltruly appears
to have alife of its own.

8 Discussion

In this paper we have presentedh classof volumetricdisplaysthat
areeasyandinexpensve to implementandyet areeffective in con-
veying 3D information. We have demonstratedisplayswith differ-

entresolutionpropertiesthat are gearedtowardsspeci ¢ classef
objectsand contents.The main limitation of the displaysis resolu-
tion, whichis dueto theinherentrrade-of betweemnesolutiondgn the
threedimensions. However, we believe the resolutionof our fully

indexabledisplaycanbeimproved substantially In future work, we
planto custom-desigthe component®f our light engineto achiere
signi cantly greateroptical performance Oncethisis done,we be-
lieve we will be ableto implementa fully indexable display with

about250 000 pointsusinga projectorwith 1 million pixels.

In additionto increasingheresolutionof ourindexabledisplayswe
would like to extend our work on 3D gamesand avatars. We are
interestedn working with gamedesignergo explore how the third
dimensioncanbe usedto designnen gamegshatengagea playerin
waysthat are not possiblewith 2D games.With the 3D avatar we
areinterestedn addingaudioandvideo intelligenceto the system
so that peoplecaninteractwith the avatar A video cameraanda
microphonewill beembeddedh theavatarsystemandusedto detect
(and maybeeven recognize)faces. The capturedaudio signal will
be processedising a commercialspeechrecognitionsystem. We
planto usethesetwo componentgo enablethe systemto respond
to questionswith speechexpressionsandrealisticlip movements.
Suchanintelligentavatarcanbe usedasa guidein a museunor an
informationsourcein a homeenvironment.
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(a) Display of True Three-Dimensional Objects

(b) Display of Extruded Objects with Independent Top Planes

(c) Display of Purely Extruded Objects

(d) Display of a Face using Relief Projection

Figure7: (a) A fully indexabledisplaywith 10; 000 XY Z-ditheredpointsdevelopedfor therenderingof simple3D objects.(b) A displaywith

190 500 pointsincludinga denseextrusionvolumeandanindexabletop layer for therenderingof extrudedobjectswith arbitrarytop-layer
textures.(c) A displaywith 180 500Z-ditheredpointsfor therenderingof purelyextrudedobjects.(d) A 3D avatardisplaywith afacemodel
madeof 127,223 points. In eachcasemultiple views of the displayareshavn to corvey the 3D natureof the content.



