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Abstract

e presenta scalableholographicsystendesigntargetingmulti-userinteractivecomputemraphicsapplications.
Thedisplayusesa speciallyarranged array of micro-displaysand a holographic screen.Each point of the holo-
graphicscreenemitslight beamsof differentcolor andintensityto the variousdirections,in a controlled manner
Thelight beamsare generatedthrougha light modulationsystemarrangedin a speci ¢c geometryandthe holo-
graphic screenmalesthe necessarptical transformationto composehesebeamsinto a perfectlycontinuous
3D view. With proper softwae contol, the light beamdeavingthe various pixels can be madeto propagatein
multiple directions,asif they were emittedfrom physicalobjectsat xed spatiallocations.Thedisplayis driven
by DVI streamsgenerted by multiple consumeitevel graphicsboards and decodedn real-timeby image pro-
cessingunitsthat feedthe optical modulesat highrefreshrates. An OpenGLcompliantlibrary runningona client
PC rede nesthe OpenGLbehaviorto multicastgraphicscommandso serverPCs,whele they are re-interpeted
for implementincholographic rendering Thefeasibility of the appoad hasbeensuccessfullevaluatedwith a
workinghardware and softwae 7.4M pixel prototypedrivenat 10-15Hzby threeDVI streams.

Categgoriesand SubjectDescriptors(accordingto ACM CCS) B.4.2 [Input/Outputand Data Communications]:
Input/OutputDevicesimageDisplay

1. Intr oduction Theproposedsolutionis ableto provide all thedepthcues
andis truly multi-userwithin areasonablyarge eld of view.
Thedevelopedprototypedisplayis alreadycapabléo visual-
ize 7.4M pixelsat 10-15Hzwhile providing horizontalparal-
laxwith 0:8 angularesolutionwithin a50 eld of view. Its
design,basedon parallelcomponentsis fully scalableand
the OpenGLbasedparallelrendererthat masqueradeasa
compliantOpenGLlibrary, makesit possibleto quickly de-
velop holographicapplicationsandto run in 'holographic'
modelegagy applicationsbasedon the OpenGL standard.
As highlightedin section2, while certainothertechnologies
sharesomeof thesepropertiesthey typically donotmeetour
systems capabilityin all of theareas.

In this shortpapercontritution, we brie y presentascalable
holographicsystemdesigntargeting multi-user interactve
computemgraphicsapplicationsThe displayusesa specially
arrangedarray of micro-displaysand a holographicscreen.
Eachpoint of the holographicscreenemits light beamsof
different color and intensity to the variousdirections,in a
controlledmanner The light beamsaregeneratedhrougha
light modulationsystemarrangedn a speci ¢ geometryand
the holographicscreemrmakesthe necessargptical transfor
mationto composehesebeamsinto a perfectly continuous
3D view. With propersoftwarecontrol,thelight beamdeav-
ing the variouspixels canbe madeto propagtein multiple
directions,asif they were emittedfrom physical objectsat
x edspatiallocations.Thedisplayis drivenby DVI streams
generatedby multiple consumenrevel graphicsboardsand
decodedn real-timeby imageprocessinginitsthatfeedthe
opticalmodulesat highrefreshrates An OpenGLcompliant
library runningonaclientPCrede nestheOpenGLbehaior

2. Relatedwork

Developing a scalableholographicsystemtargeting multi-
userinteractive computergraphicsapplicationss alargeen-
gineeringeffort, thatrequiresadvancesn a numberof tech-
nological areas.A full suney is beyond the scopeof this

to multicastgraphicscommanddo sener PCs,wherethey
arere-interpretedor implementingholographiaendering.
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shortpaperin thefollowing, wejustprovide abrief overviev
of competing3D displaytechnologyfor nakedeye users.
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Autostereoscopidisplays implementleft/right eye separa-
tion using variousoptical or lens rastersdirectly on top of

LCD or plasmascreengSharp[EWO 95|, IBM, DTI, Sam-
sung). This type of display imposesa single static view-

ing position. To overcometheselimitations, manufcturers
of stereoscopidisplays are developing head/ge-tracking
systemscapableof following the viewer's head/ge move-

ment [WEH 98, RS0Q PPKO(Q. However, sucha solution
cannotsupportmultiple viewersandintroducedateng.

Multi-view displays shav multiple 2D imagesto multiple

zonesin space.They supportmultiple simultaneoussiew-

ers, restrictingthem, however, to be within a limited view-

ing angle.Multi-view displaysare often basedon an opti-

cal maskor a lenticular lens array The Cambridgemulti-

view displayis a classicdesignin this area[DML 00]. Re-
cently Mitsubishi [MP04] demonstratec prototypebased
on this technologyand assembledvith sixteen1024x768
projectorsanda lenticularscreen A numberof manufctur

ers (Philips [vPF94, Sharp[WHJ 00], Opticality [RR09,

SamsungsStereographicsZeiss)producemonitorshasedon

variationsof this technology Lenticularstateof the art dis-
playstypically use8-10images,i.e., directions,at the ex-

penseof resolution. A 3D stereceffectis obtainedwhenleft

andright eyes seedifferentbut matchinginformation. The
smallnumberof views producehowever, cross-talkanddis-
continuitiesuponviewer'smotion[Dod9§. Our solution,in-

stead presentsa continuousimageto mary viewerswithin

a large workspaceangle,due to the high numberof view-

dependenpixelsthatcontrituteto asingleimage.

Volumetric displays projectlight beamson a semitrans-
parentor diffuse surfacepositionedor moved in spacethat
scatters/re ectancoming light [MMMRO0O, FDHNO]]. By
propersynchronizationit is possibleto reconstrucBD ob-
jects (SeeRea[RSO0Q, Actuality, Felix, DeepVideo Imag-
ing). Portrayedbjectsappeahowever transparentincethe
light spotsaddressedo pointsin spacecannotbe occluded
by foregroundvoxels.

Pure holographic displays generateholographicpatterns
to reconstructhe light wavefront originating from the dis-
playedobject,usingacousto-optienaterial{ SHLS 95|, op-
tically addressedpatiallight modulatord SCC 00], or dig-
ital micromirror devices [HMGO3]. Comparedto stereo-
scopicand multi-view technologiesthe main advantageof
a hologramis in the quality of the 3D reconstructionThese
systemsarestill con ned to researcHaboratoriessincethe
fundamentalprinciple imposeslimitations on realistically
achiezableimagesizes resolution speckle with consequent
narrav elds of view, alongsideenormousomputingcapac-
ity requiredto reachacceptableefreshmentatesfor truein-
teraction.In currentprototypesthedisplayhardwareis very
largein relationto the sizeof theimage(whichis typically a
few centimetersn eachdimension).

3. The holographic display

Ourdisplayis basedn projectiontechnologyandusesaspe-
cially arrangedarrayof micro-displayprojectorsanda holo-
graphicscreen.The projectorsare usedto generatean ar
ray of pixels at controlledintensityandcolor ontothe holo-
graphic screen.Each point of the holographicscreenthen
transmitsdifferent coloredlight beamsinto differentdirec-
tionsin front of the screen Similarly to what happenswith
holograms gachpoint of the holographicscreenthus emits
light beamsof differentcolor andintensityto the variousdi-
rections,but in a controlledmanner The displayis thusca-
pableof reproducingan appropriatdight elds for a given
displayedsceneThelight beamghatcomposehelight eld
are generatedy optical modulesarrangedn a speci ¢ ge-
ometry Eachmodule containsa micro-displayand special
asphericoptics.A high-pressurelischage lampilluminates
all thedisplaysJeadingto abrightnessomparabléo normal
CRT displays.

Optical
modules

Oplical
modules
Mirror

Holographic
Soreen

240 pixels

1)

(b) Holographicscreen

(a) Opticalarrangement
Figure 1: Optical arrangement. The light beamsare generated
througha modularlight modulationsystemarrangedn a speci c
geometryand the holographicscreenmales the necessanpptical
transformatiorto composehesebeamsnto a continuous3D view.

The display systemconceptmalesit possibleto produce
high pixel-count3D imagesby optimizing the optical ar
rangemento the capabilitiesof thetechnologyandthe com-
ponentsapplied. The prototypes overall 7.4M pixels origi-
natefrom theresolutionof the 96 LCD micro-displaysgach
of 320x240.The optical modulesare denselyarrangedbe-
hind the holographicscreen,and all of them project their
speci ¢ image onto the holographicscreento build up the
3D image.Figure 1(a)illustratesthe optical arrangemenof
thedisplay

Theopticalmodulesarenot associatedvith speci ¢ view
directions. Instead, the light beamsto be emitted by the
modules,i.e., the moduleimagesthat are generatedy the
micro-displaysaredeterminedy the geometry Eachmod-
ule emits light beamstoward a subsetof the points of the
holographicscreenAt thesametime, eachpointof the holo-
graphicscreenis hit by morelight beamsarriving from dif-
ferentmodules.n the currentprototype,96 opticalmodules
project240pixelshorizontallyand320vertically. Eachpixel
on the screenis illuminated by 60 differentLCDs, andthe
opticalmodulescanbe seenunderdifferentanglesby look-
ing from the pixel's point of view. This meanghat60 differ-
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entviews aregeneratedandeachview has384x320resolu-
tion. The imagingopticsof the moduleshave a wide angle,
which resultsin a 50 eld-of-view. Since60 independent
light beamsoriginatefrom eachpixel in this eld of view,
theangularresolutionof the displayis 0:8 .

The holographic screen transformsthe incident light
beamsdnto anasymmetricapyramidalform. The cut of this
light distribution is a long rectanglewherethe vertical size
of the rectangleis the vertical eld of view, while the hor
izontal size correspondgo the neighboringemitting direc-
tions. Thisis the horizontal-only-parallaxon guration.The
principleson which the displayis basedwould male it pos-
sibleto provide vertical parallax.Doing so,would, however
requireanothemrderof magnitudencreasen datasize,ren-
deringtimes,andsystemcomplity, for little gainin the vi-
sualperformancen standardsettings We foreseeexploring
this optionin thefuture, likely with differentangularresolu-
tionsin the horizontalandverticaldirections.

The horizontallight diffusion characteristiof the screen
is the critical parameterin uencing the angular resolu-
tion of the system,which is very preciselysetin accor
dancewith the systemgeometry In that sensejt actsasa
specialasymmetricaldiffuser However, with standarddif-
fusersand lenticularsit would be dif cult to producethe
shapeof the requiredangularcharacteristicsThe screenis
a holographicallyrecordedrandomizedsurfacerelief struc-
turethatenableshigh transmissioref ciency andcontrolled
angulardistribution pro le. Thesefully randomized(non-
periodic)structuresarenon-wavelengthdependenandelim-
inate moiré, without chromaticaberration.The precisesur
facerelief structuresprovide controlledangularlight diver-
gence.The angularlight distribution pro le introducedby
the holographicscreenwith awide plateauandsteepGaus-
sianslopespreciselyoverlappedn anarrav regionresultsin
ahighly-selecte,low scattethat-shapediffusecharacteris-
tics. The prototypes holographicscreerprovidesa horizon-
tal angulardiffusion of 0:8 , while the vertical diffusionis
60 . This meanghattheincidentlight beams horizontaldi-
vergencewill be0:8 , andit is equalto theangleunderwhich
light beamsarearriving from the neighboringmodules.The
resultis ahomogeneoukight distributionandcontinuous3D
view with novisible crosstalkwithin the eld of depthdeter
minedby theangularesolutionIn gure 1(b), thehorizontal
light divergenceof theincidentlight is d andtheangleunder
theneighboringopticalmoduless g

4. Parallel holographic rendering library

Interactve graphicsapplicationsare interfacedto the holo-
graphicdisplaythroughaspeciaimplementatiorof OpenGL
for holographiaendering Thelibrary interceptsll OpenGL
calls of the application.In addition to executingthem on
the local machine,using the native OpenGLlibrary, it en-
codeseachcommandnto a commancdbuffer andbroadcasts
it to the renderingback-endwhich is responsibldor holo-
graphicdisplay This is similar to clusterparallelrendering
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in Chromium[HHN 02]. The renderingback-endconsists
in an array of PCs,connectedo the display using one or
moreDVI connectionsEachPC runsa sener that controls
anOpenGLframehuffer. Theseneris responsibldor gener
ating,startingfrom theoriginal streamtheimagesassociated
to a x edsubsedf thedisplayrenderingmodule.Thesener
listensto the network and decodeghe streamof multicast
commandsOncedecodedhecommandsreinterpretecand
transformednto natve OpenGLcommandsandsentto the
local OpenGLrendererTheinterpretatiorof thecommands
involves modifying the way OpenGLcommandare genef
atedaccordingto parametersvailable from the local con-
guration service to transformthe original centralview into
theview associateavith eachof the associate@pticalmod-
ules.For eachof the optical modulesviews, currentframe’s
commandsrere-executedwith thefollowing modi cations:
the original perspectie matrix is replacedwith a matrix that
matcheghemodules speci ¢ positionandviewing frustum;
a geometricalcalibrationis performed,to correctfor non-
linearitiesin thedisplay/opticageometry;alight calibration
is performed;o correctfor the differentcolor, contrastand
intensityrespons®f the opticalmodules;anangularresolu-
tion correction(depthdependenanti-aliasing)intensityval-
uesbelongingto directionsin a given coneare averagedto
matchthe screerdiffusion characteristi@andthe actuallight
emissionTheparametersequiredfor eachof thesetransfor
mationsarede ned atcon gurationtime.

5. Implementation and Results

We have implementeda prototype hardware and software
systembasedon the designdiscussedn this paper The de-
velopedsmallsizeprototypedisplayis alreadycapableof vi-
sualizing7.4M pixelsat 10-15Hzby composingpticalmod-
ule imagesgeneratedy the 96 LCD displays.The displays
arefed by imageprocessinginits,thatdecodeheinput DVI
streamsrealizedon a Virtex Il FPGA chip. The DVI chan-
nelswork at 1280x1024at 60Hz, and are thus capableof
transmitting225 MB/secperchannel The currentprototype
useghreeinput channeldor driving thedisplay Therender
ing library front-endrunsonbothLinux andWin32operating
systemsandcurrentlyimplementsnostfeaturesof OpenGL
1.1. The library back-end,which drives the optical mod-
ules,is currentlyrunningon two Linux boxesequippedwith
GeForce6800G T Shoards,that operatein twin-view mode.
Threeof the four outputsdrive the display while the fourth
oneis usedfor control purposesCommunicationbetween
front-endandback-endyoesthrougha Gigabit Ethernetton-
nection.The Linux boxesare connectedo a Gigabit switch
supportinglGMP snooping,so that the graphicscommand
areef ciently multicastfrom the OpenGLclientapplication.
At presentpack-endrenderingtime is the bottleneck since
eachback-endPC hasto renderabout fty moduleimages
per frame. As a rst step,we plan to exploit the recently
introducedSLI GPU-teamingcapabilitiesto boostback-end
renderingoerformance.
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(a) OpenGL“gears”application

(b) Visualizationof anabdominakorticaneurysnreconstructedrom CT data

(c) Visualizationof ageometrianodel
Figure 2: Holographic display demonstration video: selected
frames.Thevideosequencewererecordedisingahandheldvideo-
camera.

It is obviously impossibleto fully convey the impression
providedby thedisplayon paperor video.An accompaying
videoshav sequencesf staticanddynamicscenesecorded
live usingamoving cameraRepresentate videoframesare
includedin gure 2. One of the examplesis the OpenGL
"gear” demonstratiorprogram,runningwithout changeson
the holographicdisplay thanksto dynamiclinking with our
OpenGLrenderindibrary. All sequencewererecordedvith
a hand held video camera.The operatorwas freely mov-
ing inside the display workspace Note the parallaxeffects
andthegoodregistrationbetweerdisplayedobjectspaceand
physical spacewhich demonstratéhe multi-usercapability
of the display As demonstratetby the video, the perceved
imageis fully continuous.This is qualitatvely very differ-
entfrom othercontemporarynulti view displaytechnology
thatforcesusersinto approximatelyx ed positions because
of the abruptview-imagechangeghat appearat the cross-
ing of discreteviewing zonegDod96. By contrastour dis-
play providescontinuoushorizontalparallaxwith 0:8 angu-
lar resolutionfor the full 50 eld of view. Thisis aboutan
orderof magnitudebetterthan currentstate-of-the-armulti
view displays.

6. Conclusionsand Futur e Work

We have presenteda designand prototypeimplementation
of a scalableholographicsystemdesign,that targetsmulti-
userinteractve computergraphicsapplicationsThe current
display prototypeis alreadysufcient for developingcom-
pelling prototype3D applicationghatexploit its truly multi-
useraspectsWe are currently working on two demonstra-
tors: onefor themedicalmarket (CT dataanalysis)andone
for the CAD market (designreview). Theseapplicationswill
be the driving forcesfor the designof our next generation
display currentlyunderdevelopmentthattarmgetstherender

ing of theequialentof 50M pixelsatinteractverates.It will
be a large-scale3D systemwith screendiagonalsizeof 1.8
meters,and a pixel reducedby 15% relative to the current
modelsto enabledisplayinghigh resolution3D images.
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