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Abstract
Wepresenta scalableholographicsystemdesigntargetingmulti-userinteractivecomputergraphicsapplications.
Thedisplayusesa speciallyarrangedarray of micro-displaysanda holographicscreen.Each point of theholo-
graphicscreenemitslight beamsof differentcolor andintensityto thevariousdirections,in a controlledmanner.
Thelight beamsare generatedthrougha light modulationsystemarranged in a speci�c geometryandtheholo-
graphic screenmakesthe necessaryoptical transformationto composethesebeamsinto a perfectlycontinuous
3D view. With proper software control, the light beamsleavingthe variouspixelscan be madeto propagatein
multipledirections,as if they were emittedfromphysicalobjectsat �xed spatial locations.Thedisplayis driven
by DVI streamsgeneratedby multiple consumerlevel graphicsboards and decodedin real-timeby image pro-
cessingunitsthat feedtheopticalmodulesat highrefreshrates.AnOpenGLcompliantlibrary runningona client
PC rede�nestheOpenGLbehaviorto multicastgraphicscommandsto serverPCs,where they are re-interpreted
for implementingholographic rendering. Thefeasibility of the approach hasbeensuccessfullyevaluatedwith a
workinghardwareandsoftware7.4Mpixelprototypedrivenat 10-15Hzby threeDVI streams.

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

1. Intr oduction

In thisshortpapercontribution,webrie�y presentascalable
holographicsystemdesigntargeting multi-user interactive
computergraphicsapplications.Thedisplayusesa specially
arrangedarrayof micro-displaysanda holographicscreen.
Eachpoint of the holographicscreenemits light beamsof
different color and intensity to the variousdirections,in a
controlledmanner. The light beamsaregeneratedthrougha
light modulationsystemarrangedin a speci�c geometryand
theholographicscreenmakesthenecessaryopticaltransfor-
mationto composethesebeamsinto a perfectlycontinuous
3D view. With propersoftwarecontrol,thelight beamsleav-
ing the variouspixels canbe madeto propagatein multiple
directions,as if they wereemittedfrom physical objectsat
�x edspatiallocations.Thedisplayis drivenby DVI streams
generatedby multiple consumerlevel graphicsboardsand
decodedin real-timeby imageprocessingunitsthatfeedthe
opticalmodulesathigh refreshrates.An OpenGLcompliant
library runningonaclientPCrede�nestheOpenGLbehavior
to multicastgraphicscommandsto server PCs,wherethey
arere-interpretedfor implementingholographicrendering.

Theproposedsolutionis ableto provideall thedepthcues
andis truly multi-userwithin areasonablylarge�eld of view.
Thedevelopedprototypedisplayis alreadycapableto visual-
ize7.4M pixelsat10-15Hzwhile providing horizontalparal-
lax with 0:8� angularresolutionwithin a50� �eld of view. Its
design,basedon parallelcomponents,is fully scalable,and
the OpenGLbasedparallel renderer, that masqueradesasa
compliantOpenGLlibrary, makesit possibleto quickly de-
velop holographicapplicationsand to run in 'holographic'
mode legacy applicationsbasedon the OpenGLstandard.
As highlightedin section2, while certainothertechnologies
sharesomeof theseproperties,they typically donotmeetour
system'scapabilityin all of theareas.

2. Relatedwork

Developing a scalableholographicsystemtargeting multi-
userinteractivecomputergraphicsapplicationsis a largeen-
gineeringeffort, that requiresadvancesin a numberof tech-
nological areas.A full survey is beyond the scopeof this
shortpaper. In thefollowing,wejustprovideabrief overview
of competing3D displaytechnologyfor nakedeyeusers.
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Autostereoscopicdisplays implementleft/right eyesepara-
tion usingvariousoptical or lens rastersdirectly on top of
LCD or plasmascreens(Sharp[EWO� 95], IBM, DTI, Sam-
sung).This type of display imposesa single static view-
ing position.To overcometheselimitations, manufacturers
of stereoscopicdisplaysare developing head/eye-tracking
systemscapableof following the viewer's head/eye move-
ment [WEH� 98, RS00, PPK00]. However, such a solution
cannotsupportmultipleviewersandintroduceslatency.

Multi-view displays show multiple 2D imagesto multiple
zonesin space.They supportmultiple simultaneousview-
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] demonstrateda prototypebased
on this technologyand assembledwith sixteen1024x768
projectorsanda lenticularscreen.A numberof manufactur-
ers (Philips [vPF96], Sharp[WHJ� 00], Opticality [RR05],
Samsung,Stereographics,Zeiss)producemonitorsbasedon
variationsof this technology. Lenticularstateof the art dis-
plays typically use8–10 images,i.e., directions,at the ex-
penseof resolution.A 3D stereoeffect is obtainedwhenleft
and right eyesseedifferentbut matchinginformation.The
smallnumberof viewsproduce,however, cross-talksanddis-
continuitiesuponviewer'smotion[Dod96]. Oursolution,in-
stead,presentsa continuousimageto many viewerswithin
a large workspaceangle,due to the high numberof view-
dependentpixelsthatcontributeto asingleimage.

Volumetric displays project light beamson a semi trans-
parentor diffusesurfacepositionedor moved in space,that
scatters/re�ectsincoming light [MMMR00, FDHN01]. By
propersynchronization,it is possibleto reconstruct3D ob-
jects (SeeReal[RS00], Actuality, Felix, DeepVideo Imag-
ing). Portrayedobjectsappearhowever transparent,sincethe
light spotsaddressedto points in spacecannotbe occluded
by foregroundvoxels.

Pure holographic displays generateholographicpatterns
to reconstructthe light wavefront originating from the dis-
playedobject,usingacousto-opticmaterials[SHLS� 95], op-
tically addressedspatiallight modulators[SCC� 00], or dig-
ital micromirror devices [HMG03]. Comparedto stereo-
scopicandmulti-view technologies,the main advantageof
a hologramis in thequality of the3D reconstruction.These
systemsarestill con�ned to researchlaboratories,sincethe
fundamentalprinciple imposeslimitations on realistically
achievableimagesizes,resolution,speckle,with consequent
narrow �elds of view, alongsideenormouscomputingcapac-
ity requiredto reachacceptablerefreshmentratesfor truein-
teraction.In currentprototypes,thedisplayhardwareis very
largein relationto thesizeof theimage(which is typically a
few centimetersin eachdimension).

3. The holographic display

Ourdisplayis basedonprojectiontechnologyandusesaspe-
cially arrangedarrayof micro-displayprojectorsanda holo-
graphicscreen.The projectorsare usedto generatean ar-
ray of pixelsat controlledintensityandcolor onto theholo-
graphicscreen.Eachpoint of the holographicscreenthen
transmitsdifferentcoloredlight beamsinto differentdirec-
tions in front of the screen.Similarly to what happenswith
holograms,eachpoint of the holographicscreenthusemits
light beamsof differentcolor andintensityto thevariousdi-
rections,but in a controlledmanner. Thedisplayis thusca-
pableof reproducingan appropriatelight �elds for a given
displayedscene.Thelight beamsthatcomposethelight �eld
aregeneratedby optical modulesarrangedin a speci�c ge-
ometry. Eachmodulecontainsa micro-displayand special
asphericoptics.A high-pressuredischarge lamp illuminates
all thedisplays,leadingto abrightnesscomparableto normal
CRT displays.

(a) Opticalarrangement (b) Holographicscreen

Figure 1: Optical arrangement. The light beamsare generated
througha modular light modulationsystemarrangedin a speci�c
geometryand the holographicscreenmakes the necessaryoptical
transformationto composethesebeamsinto acontinuous3D view.

Thedisplaysystemconceptmakesit possibleto produce
high pixel-count 3D imagesby optimizing the optical ar-
rangementto thecapabilitiesof thetechnologyandthecom-
ponentsapplied.The prototype's overall 7.4M pixels origi-
natefrom theresolutionof the96 LCD micro-displays,each
of 320x240.The optical modulesaredenselyarrangedbe-
hind the holographicscreen,and all of them project their
speci�c imageonto the holographicscreento build up the
3D image.Figure1(a) illustratestheopticalarrangementof
thedisplay.

Theopticalmodulesarenot associatedwith speci�c view
directions. Instead,the light beamsto be emitted by the
modules,i.e., the moduleimagesthat aregeneratedby the
micro-displays,aredeterminedby thegeometry. Eachmod-
ule emits light beamstoward a subsetof the points of the
holographicscreen.At thesametime,eachpointof theholo-
graphicscreenis hit by morelight beamsarriving from dif-
ferentmodules.In thecurrentprototype,96 opticalmodules
project240pixelshorizontallyand320vertically. Eachpixel
on the screenis illuminatedby 60 differentLCDs, andthe
opticalmodulescanbeseenunderdifferentanglesby look-
ing from thepixel's pointof view. Thismeansthat60differ-
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entviews aregenerated,andeachview has384x320resolu-
tion. The imagingopticsof themoduleshave a wide angle,
which resultsin a 50� �eld-of-view. Since60 independent
light beamsoriginatefrom eachpixel in this �eld of view,
theangularresolutionof thedisplayis 0:8� .

The holographic screen transforms the incident light
beamsinto anasymmetricalpyramidalform. Thecut of this
light distribution is a long rectangle,wherethevertical size
of the rectangleis the vertical �eld of view, while the hor-
izontal size correspondsto the neighboringemitting direc-
tions.This is thehorizontal-only-parallaxcon�guration.The
principleson which thedisplayis basedwould make it pos-
sible to provide verticalparallax.Doing so,would, however
requireanotherorderof magnitudeincreasein datasize,ren-
deringtimes,andsystemcomplexity, for little gain in thevi-
sualperformancein standardsettings.We foreseeexploring
this optionin thefuture,likely with differentangularresolu-
tionsin thehorizontalandverticaldirections.

The horizontallight diffusion characteristicof the screen
is the critical parameterin�uencing the angular resolu-
tion of the system,which is very preciselyset in accor-
dancewith the systemgeometry. In that sense,it actsasa
specialasymmetricaldiffuser. However, with standarddif-
fusersand lenticularsit would be dif�cult to producethe
shapeof the requiredangularcharacteristics.The screenis
a holographicallyrecorded,randomizedsurfacerelief struc-
turethatenableshigh transmissionef�ciency andcontrolled
angulardistribution pro�le. Thesefully randomized(non-
periodic)structuresarenon-wavelengthdependentandelim-
inatemoiré, without chromaticaberration.The precisesur-
facerelief structuresprovide controlledangularlight diver-
gence.The angularlight distribution pro�le introducedby
theholographicscreen,with a wide plateauandsteepGaus-
sianslopespreciselyoverlappedin anarrow regionresultsin
ahighly-selective,low scatterhat-shapeddiffusecharacteris-
tics.Theprototype's holographicscreenprovidesa horizon-
tal angulardiffusion of 0:8� , while the vertical diffusion is
60� . This meansthattheincidentlight beam's horizontaldi-
vergencewill be0:8� , andit is equalto theangleunderwhich
light beamsarearriving from theneighboringmodules.The
resultis ahomogeneouslight distributionandcontinuous3D
view with novisiblecrosstalkwithin the�eld of depthdeter-
minedby theangularresolution.In �gure 1(b), thehorizontal
light divergenceof theincidentlight is d andtheangleunder
theneighboringopticalmodulesis g.

4. Parallel holographic rendering library

Interactive graphicsapplicationsare interfacedto the holo-
graphicdisplaythroughaspecialimplementationof OpenGL
for holographicrendering.Thelibrary interceptsall OpenGL
calls of the application.In addition to executing them on
the local machine,using the native OpenGLlibrary, it en-
codeseachcommandinto a commandbuffer andbroadcasts
it to the renderingback-end,which is responsiblefor holo-
graphicdisplay. This is similar to cluster-parallel rendering

in Chromium[HHN� 02]. The renderingback-endconsists
in an array of PCs,connectedto the display using one or
moreDVI connections.EachPC runsa server that controls
anOpenGLframebuffer. Theserver is responsiblefor gener-
ating,startingfrom theoriginalstream,theimagesassociated
to a �x edsubsetof thedisplayrenderingmodule.Theserver
listensto the network and decodesthe streamof multicast
commands.Oncedecodedthecommandsareinterpretedand
transformedinto native OpenGLcommandsandsentto the
local OpenGLrenderer. Theinterpretationof thecommands
involves modifying the way OpenGLcommandare gener-
atedaccordingto parametersavailable from the local con-
�guration service,to transformtheoriginal centralview into
theview associatedwith eachof theassociatedopticalmod-
ules.For eachof theopticalmodulesviews, currentframe's
commandsarere-executed,with thefollowingmodi�cations:
theoriginal perspective matrix is replacedwith a matrix that
matchesthemodule'sspeci�c positionandviewing frustum;
a geometricalcalibrationis performed,to correct for non-
linearitiesin thedisplay/opticalgeometry;a light calibration
is performed,to correctfor thedifferentcolor, contrast,and
intensityresponseof theopticalmodules;anangularresolu-
tion correction(depthdependentanti-aliasing);intensityval-
uesbelongingto directionsin a given coneareaveragedto
matchthescreendiffusioncharacteristicandtheactuallight
emission.Theparametersrequiredfor eachof thesetransfor-
mationsarede�ned at con�gurationtime.

5. Implementation and Results

We have implementeda prototypehardware and software
systembasedon thedesigndiscussedin this paper. Thede-
velopedsmallsizeprototypedisplayis alreadycapableof vi-
sualizing7.4Mpixelsat10-15Hzby composingopticalmod-
ule imagesgeneratedby the96 LCD displays.Thedisplays
arefedby imageprocessingunits,thatdecodetheinputDVI
streams,realizedon a Virtex II FPGA chip. The DVI chan-
nels work at 1280x1024at 60Hz, and are thus capableof
transmitting225MB/secperchannel.Thecurrentprototype
usesthreeinputchannelsfor driving thedisplay. Therender-
ing library front-endrunsonbothLinux andWin32operating
systems,andcurrentlyimplementsmostfeaturesof OpenGL
1.1. The library back-end,which drives the optical mod-
ules,is currentlyrunningon two Linux boxesequippedwith
GeForce6800GTSboards,that operatein twin-view mode.
Threeof the four outputsdrive thedisplay, while the fourth
one is usedfor control purposes.Communicationbetween
front-endandback-endgoesthroughaGigabitEthernetcon-
nection.TheLinux boxesareconnectedto a Gigabit switch
supportingIGMP snooping,so that the graphicscommand
areef�ciently multicastfrom theOpenGLclientapplication.
At present,back-endrenderingtime is thebottleneck,since
eachback-endPC hasto renderabout�fty moduleimages
per frame. As a �rst step,we plan to exploit the recently
introducedSLI GPU-teamingcapabilitiesto boostback-end
renderingperformance.
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(a) OpenGL“gears”application

(b) Visualizationof anabdominalaorticaneurysmreconstructedfrom CT data

(c) Visualizationof ageometricmodel

Figure 2: Holographic display demonstration video: selected
frames.Thevideosequenceswererecordedusingahandheldvideo-
camera.

It is obviously impossibleto fully convey the impression
providedby thedisplayonpaperor video.An accompanying
videoshow sequencesof staticanddynamicscenesrecorded
liveusingamoving camera.Representativevideoframesare
included in �gure 2. One of the examplesis the OpenGL
”gear” demonstrationprogram,runningwithout changeson
theholographicdisplay, thanksto dynamiclinking with our
OpenGLrenderinglibrary. All sequenceswererecordedwith
a hand held video camera.The operatorwas freely mov-
ing inside the displayworkspace.Note the parallaxeffects
andthegoodregistrationbetweendisplayedobjectspaceand
physical space,which demonstratethemulti-usercapability
of the display. As demonstratedby the video, the perceived
imageis fully continuous.This is qualitatively very differ-
entfrom othercontemporarymulti view displaytechnology,
thatforcesusersinto approximately�x edpositions,because
of the abruptview-imagechangesthat appearat the cross-
ing of discreteviewing zones[Dod96]. By contrast,our dis-
playprovidescontinuoushorizontalparallaxwith 0:8� angu-
lar resolutionfor the full 50� �eld of view. This is aboutan
orderof magnitudebetterthancurrentstate-of-the-artmulti
view displays.

6. Conclusionsand Futur eWork

We have presenteda designand prototypeimplementation
of a scalableholographicsystemdesign,that targetsmulti-
userinteractive computergraphicsapplications.Thecurrent
displayprototypeis alreadysuf�cient for developingcom-
pellingprototype3D applicationsthatexploit its truly multi-
useraspects.We are currently working on two demonstra-
tors:onefor themedicalmarket (CT dataanalysis),andone
for theCAD market (designreview). Theseapplicationswill
be the driving forcesfor the designof our next generation
display, currentlyunderdevelopment,thattargetstherender-

ing of theequivalentof 50M pixelsat interactiverates.It will
be a large-scale3D systemwith screendiagonalsizeof 1.8
meters,anda pixel reducedby 15% relative to the current
models,to enabledisplayinghigh resolution3D images.
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