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Three-dimensional(3-D) perceptionis an intrinsic part of the humanexperience.While most peoplegain the

majorityof theirspatialinformationthroughvision,andapproximately90%of thepopulationbene�t from stereopsis,

display systemshave historically reproducedonly two-dimensionaldepth cues.Over the last 150 years,many

attemptshave beenmadeto exploit stereopsisin various3-D displays;while several achieved limited commercial

success,none have attainedequal statusto their 2-D counterparts.Today, novel electronicdisplay technologies,

powerful microprocessors,andadvancedsignalprocessingalgorithmsareaboutto opena new erafor 3-D displays.

Signalprocessingspeci�cally focusedon 3-D imagingwill, in large part,determinethe viability of theseemerging

3-D displaysystems.

In this paper, we overview today's mainelectronic3-D displaytechnologiesfrom a signalprocessingperspective.

We describethe underlyingphysics, and point out bene�ts and de�ciencies of variousdisplays.We discussthe

generalrole of signalprocessingandprovide speci�c examplesof signalprocessinghelpingaddresscertaindisplay

de�ciencies.We highlight challengesawaiting signalprocessingin questof the ultimate3-D experience.

I . INTRODUCTION

Virtual presentationof the true three-dimensional(3-D) world has fascinatedhumanity for centuries.Seeking

a “being there” experience,we have developedvariousvisual devices capableof mimicking the appearanceof a

3-D objector scene.Suchdevicesusemechanical,optical or electro-opticalmeansto simulatea �eld of light that

producesa differentprojectionon the retinasof the viewer's two eyes.The brain interpretsthe disparity of these

light patternsasdepth.This processis known asbinocular stereopsis.

It is important to realize that retinal disparity is not the sole cue humanvisual systemrelies on to perceive

depth;indeed,it is oftennot even thestrongestcue.2-D cuessuchasperspective, occlusion,relative objectsizeare

critically importantfor depthperception;motion parallaxhelpsus understandthe structureof objectsthat we can

move around(or that move in front of us). In this paper, however, we limit our discussionto displaysthat deliver

binocularstereopsis,andwhenapplicablemotion parallax,and includeothercuesonly in relationshipto them.

Different 3-D display technologiesoffer distinct bene�ts but are also plaguedby unique de�ciencies. From

the early daysof stereoscope(mid 19th century),throughparallaxstereograms(early 20th century),polarized3-D

movies,personalstereocameras(1950s),andholography (1960sand1970s),to quality3-D �lms by IMAX TM(1980s

and 1990s) and electronic 3-D (today), advancesin materials,electronicsand optics have lead to signi�cant

improvementsin 3-D imagequality, visual comfortandbene�t/costratio. Due to theseimprovements,3-D displays

have becomean importanttool in a varietyof specializedapplications,including image-guidedsurgical procedures,

remoteguidanceof robotsat dangerouswork sites,battle�eld reconnaissance,andscienti�c visualization.
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Theadoptionof 3-D displaysis stronglydrivenby theongoingdigital multimediarevolution. While 3-D imaging

of previousdecadesreliedon customcomponentsandtechnologiesfar outsidethemainstream,3-D displaydevices

of today can take advantageof an all-digital contentprocessingchain that includescapture,processing,editing,

anddisplay. Of particularinterestto the signalprocessingcommunity, 3-D awarealgorithmscanbe addedto this

existing pipeline in a natural way without reinventing all of the other steps.This new compatibility allows for

emerging opportunitiesin 3-D speci�c processing,including compression,anti-aliasing,and imageenhancement.

We believe that this new, exciting, and largely uncharteredareacanbecomea highly productive “playground” for

digital signalprocessingas3-D becomesa larger part of the imagingpipeline.

The paperis divided into four parts.First, we describestereoscopicdisplays, the simplestand most common

systemsthat provide binocularstereopsisto the viewer. Next, we discussplanar multiview displays, which provide

“look around”by displayingmultiple viewpointsof thescene.Holographicdisplaysandelectroholographicsystems

are describedas a distinct approachto planar3-D display using diffractive optical elements.Finally, we discuss

volumetric3-D displays, which form a space-�lling imagevolumeusinga variety of scanningtechniques.

While this paperprovidessomehistoricalcontext for different3-D displaytechnologies,moregeneralreferences

suchasOkoshi [1] andBenton[2] offer the readermoreextensive andcomplementarybackgroundmaterial.

I I . PLANAR STEREOSCOPIC DISPLAYS

The earliestattemptsat stereoscopic3-D involved placing two drawings in front of viewer eyesandseparating

themby a mechanicalbarrier. Sucha device, known as the stereoscopewas inventedby CharlesWheatstoneand

improvedby David Brewsterandothersin mid 19-thcentury[3]. While Wheatstoneusedline drawings,photographs

from two closely-spacedcamerassoonbecamethe dominant3-D content.Stereoscopesbecameextremelypopular

during the Victorian era,and many different variantsof the technologyemerged beforeGeorge Eastmanushered

in the eraof personal,monoscopic,photography. Sincethat time, 3-D photography hasnever rivaledthe popularity

of its “�at” counterpart.

A stereoscopedelivers two 2-D imagesthrough partitioned optical channelsto a viewer's eyes, a principle

of operationsharedby all stereoscopicdisplays.Where display types differ is in their methodof partitioning.

The stereoscope,for example,usestwo separatelensesand two printed or electronicimages.Head-mountedor

goggle-basedelectronicdisplay systemsusea similar channel-partitioningtechnique.We will not considerthese

technologiesfurther. Rather, we will concentrateon two other ways to multiplex the left/right componentsof a

stereoscopicimage:glasses-basedsystemsandautostereoscopic,or glasses-free,technologies.

A. Stereoscopicdisplayswith glasses

Glasses-basedstereoscopicimaging uses�lters or shutters,one for eacheye of eachviewer, to presentleft

and right channelsof view information from a single display or screen.Glasses-basedsystemshave the great

advantageof being able to provide an entire audiencewith a 3-D imaging experiencewith reasonableeconomy.

While �lm-basedcinemawastheoriginal motivationfor thedevelopmentof glasses-basedstereo,thesetechnologies

areapplicableto both desktopand large-scaleelectronic3-D displaystoday.
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1) Wavelength-divisionmultiplexing: The introductionof color in printing andphotography, andnow electronic

displays,provides a natural mechanismfor left/right view channelseparationbasedon spectrumdivision. The

simplestdivision of the visible light spectrum(370-730nm)is into two bands,for example370-550nmand 550-

730nm.Sinceideal “brick-wall” optical �lters cannotberealizedin practice,typical transmissioncharacteristicsare

similar to thoseshown in Fig. 1.a,that correspondto red (left) andblue (right) lenses.The basicanaglyph method

placesthe left-imagedatain the red channelof a color photographor electronicdisplay, and the right-imagedata

in the blue channel.Although thereexists some�e xibility in composingthe greenchannel,this stronglydepends

on spectralcharacteristicsof the glasses.For example,with red/blueor red/cyan glassesplacing the right-image

datain the greenchannelleadsto muchimproved depthperceptionover placingof the left-imagedatatheresince

blue-greenor cyan-greenmixturesfall in the passbandof the right spectacleunlike the red-greenmixturesthat do

not matchwell the left lens.
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Fig. 1. Spectraltransmissioncurvesof: (a) practicalanaglyph(dual-band)Roscolux�lters: orange-red(#25) andbrilliant-blue (#69), and

(b) ideal multi-band�lters illustrating the principle of operationof the In�tec GmbH 3-D displaysystem.

Historically, anaglyph3-D reproductionwasdevelopedin mid 19th centuryfor line drawings andthenextended

to photographs;it retainstheseusestodayasoneof the mostprinter-compatible3-D systems.It gainedpopularity

with the advent of motion picturesin early 20-th century, but was mostly subsumedby polarizedsystemsby the

1950's. Anaglyphic3-D resurgedafter the color CRT (cathoderay tube)becamecommerciallyavailable; in 1960s

someTV programsandreprinted3-D movies werebroadcastin anaglyphmode.

The most important bene�t of anaglyphstereois that it can be used on essentiallyany device capableof

reproducingcolor, whetherelectronic,�lm or paper. Additionally, with simple, easy-to-manufactureglassesit is

the leastexpensive techniquefor mass3-D visualization.Its main de�ciencies,however, includevisual discomfort

dueto differentspectralcontentpresentedto eacheye (color rivalry) andoptical crosstalkbetweenchannels(poor

spectralseparationof coloredlenses).Anaglyphsalsohave limited color reproductioncapability.

Althoughthechannelcrosstalkandcolorgamutcanbe,to adegree,controlledby acarefulselectionof color lenses

vis-�a-vis screenphosphorsor print dyes,the rangeof possibleimprovementsis rathersmall. This is primarily due

to a limited selectionof spectrallens characteristicsand ratherrudimentaryalgorithmsfor anaglyphpreparation.

Signi�cant improvements,however, are possibleby employing signal processingmethodsto optimize anaglyph
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imageswith respectto reproduciblecolor gamut given spectralabsorptioncurves of the lenses,spectraldensity

functionsof the display primaries,and colorimetric characteristicsof the humanvisual system.A formulation of

this problem has beenrecently proposedtogetherwith a projection-basedsolution [4] (see“Breathing life into

anaglyph3-D”). The methodproducesdistinctly improved color gamutof the perceived 3-D imagesin comparison

with rudimentaryalgorithms.This techniqueis a goodexampleof signalprocessingmethodshelpingenhance3-D

display technologies.

Breathing life into anaglyph 3-D (Inset#1)

The perceived 3-D image quality in anaglyphicviewing can be improved by meansof signal processingas

proposedby Dubois [4]. The main idea is to optimize the anaglyphimage so that displayedon a screenwith

known spectralcharacteristicsandviewed throughlenseswith known absorptionfunctions,the imageis perceived

ascloseaspossible(in senseof a proposedmetric) to the original stereopair presentedwithout glasses.

Let f I l
i ; I r

i g, i = 1; 2; 3, be an RGB stereoscopicimagepair. A pixel at location x is describedby two RGB

triplets, expressedasvectors:I l [x ] = [I l
1[x ]; I l

2[x ]; I l
3[x ]]T and I r [x ] = [I r

1 [x ]; I r
2 [x ]; I r

3 [x ]]T . Note that I l [x ] and

I r [x ] aretripletsof tristimulusvaluesexpressedwith respectto someprimarysystemthatmaybegamma-corrected,

so that they canbe directly displayedon a standardCRT monitor.

If si (� ), i = 1; 2; 3, are spectraldensity functionsof the RGB display phosphors,and �pk (� ), k = 1; 2; 3, are

color-matchingfunctionsfor selectedprimary colors, then the left- and right-imagecolors perceived at x can be

expressedas follows:

eI l
k [x ] =

3X

j =1

ckj I l
j [x ]; eI r

k [x ] =
3X

j =1

ckj I r
j [x ]; ckj =

Z
�pk (� )sj (� )d�; k; j = 1; 2; 3: (1)

In vector notation,we can write: eI
l
[x ] = C I l [x ] and eI

r
[x ] = C I r [x ], where [C ]kj = ckj . This is a simple

transformationbetweentwo setsof primary colors. For a speci�c monitor, this resultsin a �x ed 3� 3 matrix C

(see[4] for an example).At eachx , the sextuplet of color coordinateseI [x ] can be expressedin terms of the

original sextuplet I [x ] as follows eI [x ] = [(eI
l
[x ])T (eI

r
[x ])T ]T = C 2I [x ], where the 6� 6 matrix C 2 consistsof

two matricesC on the diagonalandzeroselsewhere.

Let I a
j , j = 1; 2; 3, be an anaglyphimageto be displayedon the samemonitor but viewed throughglasseswith

coloredlenseswith spectraltransmissionfunctions  l (� ) and  r (� ) (Fig. 1.a). A similar transformationof color

coordinatestakesplaceagain except for the presenceof color �lters. The two color transformationmatricesare:

[A l ]kj = al
kj =

Z
�pk (� )sj (� ) l (� )d�; [A r ]kj = ar

kj =
Z

�pk (� )sj (� ) r (� )d� (2)

and new color coordinatesare eJ
l
[x ] = A l I a[x ], and eJ

r
[x ] = A r I a[x ]. Combining the left and right color

coordinatesinto a sextuplet, leadsto a simpletransformationeJ [x ] = R I a[x ], whereI a[x ] = [I a
1 [x ]; I a

2 [x ]; I a
3 [x ]]T

andR T = [(A l )T (A r )T ] is 6� 3 matrix.

The goal is now as follows. Given a stereopair f I l [x ]; I r [x ]g with 0 � I l
j [x]; I r

j [x ] � 1 for j = 1; 2; 3, �nd

an anaglyphicimage I a[x ] with 0 � I a
j [x ] � 1 for j = 1; 2; 3, such that the image eJ perceived through the

glassesis as similar as possibleto the input stereopair eI . Dubois proposeda metric to numerically compute
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the subjective differencebetweena stereopair and anaglyphicimagebasedon certainheuristics,and developed

an optimizationmethodbasedon projection.The imagesproducedby this methodresult in a wider color gamut

perceived by viewerscomparedto rudimentaryanaglyphpreparationmethods.This methodis currentlyconsidered

state-of-the-arttechniquefor anaglyphpreparation[5].

2) Multi-band �lter s: The main de�ciency of the anaglyphapproachstemsfrom the fact that light capturedby

eacheye is concentratedin a singlewavelengthband(e.g.,370-550nmor 550-730nm),thuspreventing full color

perceptionin eacheye andinducingcolor rivalry betweeneyes.Additionally, poorspectralseparationcharacteristics

of the lensesinduceopticalcrosstalk.An improvementover theanaglyphmethodis multi-bandwavelength-division

multiplexing, wherethevisible light spectrumis dividedinto two complementarysetsof wavelengthintervals. When

thosesetsare uniformly spreadout acrossthe light spectrum(Fig. 1.b), a vastly improved color reproductionin

eacheye is possible.Recently, In�tec GmbH,Germany developeda pair of tri-band�lters (coarsecomb�lters) [6]

whosespectralresponsesarecomplementarybut includea suf�cient compositionof wavelengthsto warrantgood

color reproductionin eacheye.

For 3-D visualization,two projectorsareequippedwith complementary�lters while viewerswearcorresponding

glasses.With suitableprocessing,colorsarerepresentedin termsof spectralcharacteristicsof left andright �lters

independently, i.e., in termsof left-lensprimariesR l B l Gl andright-lensprimariesRr Gr B r (Fig. 1.b). If this color

representationis accurate,no visual discomfortresults,despitedifferentcolor primariesusedfor the left andright

eyes,becausethe humaneye cannotdistinguishdifferentcompositionsof the samecolor. Two additionalbene�ts

of this technologyarethe factsthat �lters with suf�ciently accuratespectralresponsesto minimizeopticalcrosstalk

canbe manufacturedtoday, and that non-depolarizingscreensarenot needed.

The perceived 3-D image quality in such a systemdependson the accuracy of color representationvis-�a-vis

�lter spectralfunctions,andthe complementarityof thesefunctionsbetweenthe left andright channels(amountof

crosstalk).While the �rst issueis a standardproblemin colorimetry, the latter onecanbe addressedby techniques

similar to that discussedin “Dealing with ghosts”.

Note, that multi-band�lters are relatively new to the commercialmarket and are signi�cantly more expensive

thaneithertraditionalanaglyphicor polarizedglasses.At this time, themajority of multi-band�lter systemsrequire

two projectors,althoughasof late 2006Barcooffers a single-projectorIn�tec-basedmodel.

3) Light polarization: Polarizationmultiplexing offersanothermethodfor designingglasses-based3-D systems,

permitting the kind of full-color reproductionnot possiblewith anaglyphsystems.In a typical arrangement,two

projectorsareequippedwith differently-polarized�lters. For example,if linear polarizationis used,oneprojector

is equippedwith a horizontally-orientedpolarizing �lter , the other with a vertical polarizing one.A specialnon-

depolarizingscreenis necessaryto ensurethat polarizationis maintainedduring projection.When a viewer uses

correspondingly-polarizedglasses,eacheye captureslight from (ideally) one view only, producinga sensationof

depth.

The ability of a polarizedsystemto rendera full color gamut greatly reducesthe visual discomfort typical of

anaglyphicsystems.In real-world systems,however, crosstalkbetweenleft and right views in inevitable. View

separationusing linear polarizersis both imperfectand sensitive to rotation: as orientationof the glassesdeparts
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from that of projectorpolarizers,e.g.,dueto viewer headmotion, the optical crosstalkbetweenchannelsincreases.

Theseeffectscanbelargely mitigatedby employing circularly-polarized�lters (clock-wiseandcounterclock-wise).

Even whenusingcircular polarizers,someoptical crosstalkremainsdueto insuf�cient extinction propertiesof the

�lters, and light depolarizationon the screen.In addition,circular polarizersaremoreexpensive than linear ones.

Thetwo projectorpolarizedsystemshave two furtherdisadvantages.Polarization�lters blocka signi�cant amount

of light, so projectorswith increasedbrightnessare needed.Second,the alignmentof the two projectedimages

mustbe carefully maintained,sinceimagemisalignmentis a major causeof eye strain.

The projector alignment issue can be eliminated if static polarizersin front of left and right projectorsare

replacedby a dynamicpolarizationmodulatorin front of single projector. By interleaving left and right images

in a video sequence,andswitching the modulatorpolarity in synchronismwith vertical synchronizationimpulses,

the projectedleft and right imagesare differently polarized,and can be easily separatedby viewer-worn glasses.

However, a projectorcapableof doubledrefreshrate is needed.Two examplesof this technologyare: ZScreenR


developedby StereographicsCorp. (currentlyRealD Inc.) that circularly polarizesconsecutive imagesand � Pol
TM

(micropol) developedby Vrex Inc. which linearly polarizesconsecutive lines of an image.The former hasbeen

deployed commerciallyin hundredsof electroniccinemasto enable3-D movie projection.1

Although the dynamic modulatorsolution doesaway with left/right image alignmentissues,light output and

crosstalkremainof concern.While the light absorptionin a �lter or modulatorcanbecompensatedfor by increased

brightnessof aprojector, thecrosstalkproblemnecessitatessignalprocessingsolutions,suchasthoseto bediscussed

in the next section;by pre-processingthe left and right imagesone can largely suppressthe perceived crosstalk.

Such a solution is applicableto systemsusing circular polarizationsince crosstalkis largely shift-invariant. In

systemswith linear light polarization,the crosstalkis rotation-variantand the problemis ratherintractable.

4) Light shuttering: Theimagealignmentandlight outputissuescanberesolvedby employing shutteredglasses

(e.g.,liquid-crystalshutters)insteadof polarizedglasses.Ratherthanlight polarization,light blocking is appliedby

meansof fastswitchinglensesthat,working in synchronismwith the screen,becomeopaquewhenthe unintended

view is renderedon the screen,and transparent– whenthe intendedview is displayed.

CRT displays in combinationwith liquid-crystal shutters(LCS) have long offered high quality stereoscopic

visualizationon the desktop.Suchsystemsarecharacterizedby full CRT spatialresolution,full CRT color gamut,

andno �ick er for CRTs with refreshratesof at least120Hz.However, this approachis relatively expensive since

eachviewer needsa pair of costly LCS glasses.Moreover, similarly to 3-D systemsusingpolarizationmodulator

and polarizedglasses,the CRT/LCS combinationsuffers from optical crosstalk.The sourceof the crosstalkis

differenthowever, with themain factorsbeingscreenphosphorpersistence,LCS extinction characteristicsandLCS

timing errors[7].

Similarly to 3-D displaysusingcircularpolarization,theCRT/LCS crosstalkis approximatelyshift-invariant;CRT

phosphorpersistenceandLCS light extinction characteristicsarequiteuniform spatially(althoughthe latterslightly

1This technologyhasleadto arecentrevival of 3-D movies.The2004animated�lm “PolarExpress”,the�rst movie releasedsimultaneously

in conventionalandIMAX 3-D format,grossed35%of its revenuefrom the2% of thecinemasthatchoseto show the3-D version.Polarized

3-D IMAX hasbeensosuccessful,thatconventionalmonoscopicIMAX moviesarenow oftenlabeled“2-D” to avoid audiencedisappointment.
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changestowards shutter periphery).This approximateshift-invariancepermits application of signal processing

algorithmsto pre-distortthe original left and right imagesin order to compensatefor the crosstalkaddedduring

display [8], [9]. Detailsof suchan approacharediscussedin “Dealing with ghosts”.

The widespreadreplacementof CRTs by slower-responseLCD panelshasmade“stereoon the desktop” less

convenient.Planar's StereoMirrordisplay [10] offers a desktopsolution that is compatiblewith passive polarized

glassesby combiningtwo LCDs anda beamsplitterthat�ips thepolarizationof oneof thepanels.Imageregistration

betweenthe two views canbe very goodbecauseof the �atnessof the optical panels,althoughsinceoneimageis

seenin re�ection, it mustbe �ipped left to right beforedisplay.

Dealing with ghosts (Inset#2)

The optical crosstalkperceived by a viewer in front of 3-D screenmanifestsitself asdoubleedgesor “ghosts”

at high-contrastfeaturesmisalignedbetweenleft andright imagesdueto disparity. In dual-projectorsystemswith

circular polarization,the crosstalkis due to imperfect light extinction in the glassesand depolarizingproperties

of the screen.In systemsusing CRT monitor (or projector)and liquid-crystal shutters,the crosstalkis causedby

phosphorpersistenceof the CRT (primarily green),imperfect light extinction of LCS in the opaquestate(light

leakage)andby timing errorsof LCS (opening/closingtoo earlyor too late).In systemsusinga singleDLP projector

with LCS, phosphorpersistenceis not an issueandonly extinction characteristicsandtiming errorsof the shutters

play a role. Although in eachsystemimprovementsarepossibleby carefulselectionof components,manipulation

of imagecontrast,andadjustmentof disparitymagnitude,the degreeof improvementis quite limited.

A signi�cant reductionof perceived crosstalk,even its completeeliminationundercertainconditions,is possible

by employing signal processing.The basic idea is to create“anti-crosstalk”,i.e., pre-distortimagesso that upon

displayghostingis largely suppressed[8]. Recently, a computationally-ef�cient algorithmthataccountsfor speci�c

screenandLCS characteristicshasbeendeveloped[9]. The algorithmis basedon a simplecrosstalkmodel:

J l
i = I l

i + � i (I r
i ; I l

i ); J r
i = I r

i + � i (I l
i ; I r

i ); i = 1; 2; 3; (3)

whereJ l
i ; J r

i are RGB componentsof imagesperceived by the left and right eyes, respectively, I l
i ; I r

i are RGB

componentsdriving themonitor, and� i 's arecrosstalkfunctionsfor thethreecolor channels.Thecrosstalkfunctions

� i quantify theamountof crosstalkseenby aneye in termsof unintendedandintendedstimuli. They aredependent

on the particularCRT/LCS combinationusedand needto be quanti�ed; example functionsfor a Sony Trinitron

monitor andStereographicsInc.'s CrystalEyes
TM

glassescanbe found in [9]. Note that the above crosstalkmodel

ignoresthe point spreadfunctionsof the CRT andLCS.

If the mapping(3), that transforms(I l
i ; I r

i ) into (J l
i ; J r

i ) for i = 1; 2; 3, is denotedby T with the domainD(T )

andrangeR(T ), then the task is to �nd the inversemappingT � 1 that transforms(I l
i ; I r

i ), imageswe would like

to see,into crosstalk-biasedimages(Gl
i ; Gr

i ) that actuallydrive the monitor, i.e., �nd (Gl ; Gr ) satisfying:

I l
i = Gl

i + � i (Gr
i ; Gl

i ); I r
i = Gr

i + � i (Gl
i ; Gr

i ); i = 1; 2; 3: (4)

For given crosstalkfunctions � i , this mappingcan be computedoff-line and storedin a look-up table; for 8-bit

color componentsthis is a 256� 256� 3� 2 table(lessthan400kB),while for 10-bit componentsit requiresno more

than6.3MB andcanbe easilyhandledby moderngraphicscards.
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(a) (b) (c) (d)

Fig. 2. Exampleof crosstalkcompensation:(a) left, and(b) right original images(luminanceonly), and(c-d) thesameimagesaftercrosstalk

compensationusing the algorithmdescribedin [9] with luminanceclipping below the amplitudeof 30.

Since for D(T ) = [0; 255] � [0; 255], R(T ) is only a subsetof [0; 255] � [0; 255], the inversemappingT � 1

operatingon [0; 255]� [0; 255] may result in negative tristimulus values,that cannotbe displayed.The algorithm

is trying to “carve out” intensity notches(Fig. 2), that will get �lled with the unintendedlight, but in dark parts

of an imagethis is not possible.Two solutionspreventingnegative tristimulusvaluesare: linear mappingof RGB

components,at the cost of reducedimagecontrast,and black-level saturation,that leadsto loss of detail in dark

imageareas(“black crush”),bothappliedprior to T � 1. Sinceneithersolutionis acceptable,a compromisebetween

crosstalkreductionandimagequality degradationis usuallysought[9]. This methodhasbeensuccessfullyusedin

LCS-basedsystemsbut it is equallyapplicableto polarization-basedsystemsusingCRT monitors,CRT projectors

or DLP projectors.Exampleof applicationof the above algorithm is shown in Fig. 2. Note the reducedimage

intensity in areascorrespondingto bright featurespresentin the other image;the unintendedlight due to optical

crosstalkwill �ll those“holes” during display leadingto crosstalkcompensation.

B. Autostereoscopicdisplays

The needto useglassesfor viewing stereoscopiccontenthaslong beenidenti�ed asa major inconveniencedue

to physical viewer discomfort,potentialfor projectormisalignment,andthe costandcareof glasses.Moreover, in

scenarioswhereboth 3-D and2-D (non-synchronized)screensarein the �eld of view of the glasses,liquid-crystal

shuttersoptically interfere with non-synchronizeddisplays resulting in screen�ick er and, therefore,additional

viewer discomfort.Similarly, polarizingglassesinterferewith viewing conventionalLCD monitors.

As an alternative to systemsusing glasses,a numberof techniqueshave beenproposedsincethe early 1900's

[1] that apply spatialmultiplexing of left and right imagesin combinationwith a light-directing mechanismthat

presentsthoseviews to the viewer's eyes.Theseautostereoscopictechniquesare directly applicableto electronic

displays[11], [12]. The two major multiplexing techniquesareparallax barrier displays(originally calledparallax

stereograms),andmicrolensdisplays(often called just lenticulars).

In parallax-barrierdisplays,an opaquelayer (e.g.,a very thin sheetof aluminumor inked screen)with narrow

regularly-spacedslits is placedvery closeto a pixel-addressablescreen,suchasa plasmaor LCD panel(Fig. 3.a).

Note that for a given slit eacheye's viewing angle is different and also that eachslit acts horizontally as an

approximatepin-hole projector. If the slits are preciselyalignedwith pixel columns,and the overall geometryis
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carefully adjusted(pixel pitch, slit width andpitch, barrierdistancefrom the screensurface),a viewer sitting at a

prescribeddistancefrom the screenwill seedifferent setsof pixels with eacheye, correspondingto the left and

right views.

In lenticulardisplays,a sheetof narrow, thin cylindrical microlensesis typically attachedto a pixel-addressable

screenat approximatelyonefocal length,sothat light passingthroughlensesfocusestheunderlyingpanel(Fig. 3.b)

to eitherin�nity or the intendedviewing distance.Again, theviewing anglesfor a givenmicrolensaredifferentand

eachmicrolensfocuseslight horizontally. If the microlensesare preciselyalignedwith pixel columns,and pixel

pitch, microlenspitch andfocal lengtharecarefully selected,a viewer sitting at a prescribeddistancewill alsosee

differentsetsof pixels with eacheye.
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Fig. 3. Schematicillustration of how (a) parallax-barrierand(b) lenticulardisplayswork.

The locationsin front of a screenfrom which a consistent3-D perceptionis experienced,i.e., the left eye sees

pixels with left-imagedataand the right eye seespixels with right-imagedata,is calleda viewing zone. The size

of the viewing zonesis relatedto the geometryof the displaymentionedabove.

When viewer's eyes straddletwo different viewing zonesin a two-view display, the presentedleft and right

views arereversedandtheviewer seesa pseudoscopic, or depth-inverted,image.Thephysicaladjacency of correct

(orthoscopic)and inverted(pseudoscopic)view zonescan lead to visual confusionanddiscomfortfor the viewer.

Both parallax-barrierand lenticular technologiessuffer from this shortcoming,which canbe considereda type of

optical crosstalksinceoneslit or lenscanproducean imageusing its neighbor's data.Also, lensaberrationsmay

contribute to crosstalkby reducingcontrastof imagesfrom adjacentpixels.

One method of reducing crosstalk in parallax barrier displays is to reducethe width of each slit aperture.

This approachhasthe disadvantageof reducingthe display's light ef�ciency. Crosstalkcanalsobe minimizedby

introducingguardbandswith no imageinformation in betweenthe view datafor eachslit/microlens.With guard

bands,the imagewould black out for oneor both eyesratherthandisplayneighbor's data,but only at the expense

of reducingviewing zonesize.In electronicdisplaysguardbandsareoften impracticalbecauseof structureof the

theunderlyingpixel array. In practice,displaysystemsaredesignedto balancecrosstalk,sizeof viewing zonesand

light output requirements,althoughthe “sweetspot” of an autostereoscopicdisplay, i.e., locationwherethe image

appearsdepth-correct,tendsto be fairly narrow.

A few additional remarksare in order here. CRT displayscannotbe usedwith parallax-barrieror lenticular
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technologybecausea precisegeometricrelationshipbetweenpixels andslits/microlensesis required;light patterns

on a CRT screensuffer from unacceptablejitter. While parallax-barriersystemsare easierto manufacturethan

lenticulars,their main de�ciency is a reducedlight outputdue to the non-transparentbarrier.

Finally, both spatially-multiplexing techniquessuffer from the loss of horizontal resolutiondelivered to each

eye; half of the pixels in eachhorizontal row are delivered to left and half – to right eye. In order to spatially-

multiplex left andright imageson thescreen,both imagesneedto behorizontallysub-sampledby thefactorof two.

Clearly, suchsub-samplingnecessitatesprior half-bandhorizontallowpass�ltering in orderto avoid aliasing.Such

�ltering is a specialcaseof more generalpre-�ltering employed in spatially-multiplexed multiview 3-D displays

(see“Fighting aliasingwithout regularity”).

I I I . PLANAR MULTIVIEW DISPLAYS

Two-view stereoscopicdisplays, while relatively simple and inexpensive, have signi�cant disadvantagesfor

displayinghigh �delity 3-D. In glasses-basedsystems,the sametwo views arepresentedto the viewer regardless

of viewing position, which can lead to mental confusionabout the shapeof the object. As alreadymentioned,

two-view autostereoscopicsystemsbasedon parallaxbarriersor lenticularsare also vulnerableto apparentdepth

inversionof the scene.

The two-view stereoscopicdisplaysof the type describedthus far also fail to provide the importantdepthcue

of motion parallax,i.e., a changeof viewpoint dueto viewer motion.Motion parallaxis an importantcomplement

to stereopsis,particularly when a sceneis relatively static and the viewer is free to inspectit from a variety of

positions.Motion parallax can provide meaningfuldepth information over a larger rangeof working distances

betweenviewer and object than can stereopsis,and it provides depthcuesto a larger portion of the population

(including thosewith de�cienciesof binocularvision).

Several display technologiesprovide motion parallaxin addition to stereoscopicdepthby displayinga rangeof

viewpointsof a sceneto the viewer. We refer to displaysof this type asmultiview displays. This sectiondescribes

two main displays of this type: active multiview systems,where a viewer's position is used to calculateand

presenttheappropriateimages,andpassive multiview displays,whereseveralviewpointsof thesceneareprojected

simultaneouslyinto a viewing zonethroughoptical means.

A. Activemultiview 3-D displays

In orderto displaymotion parallax,a device mustpresentview informationto an observer that is speci�c to his

or her location.Activemultiview displaysprovide motionparallaxby trackingtheviewer's location,generatingtwo

appropriateviews for the viewer's eyes,andusingan optical mechanismsuchas thosewe have alreadydescribed

to presentthoseviews to the viewer [11]. An active multiview display, at least ideally, presentsthe samestereo

andparallaxcuesaswould a true 3-D object.

Sinceview renderingdependson headposition, irregular, temporal view multiplexing takes place; the degree

of irregularity dependson the motion patternof viewer's head.Sincethe selectionof suitableview for on-screen

renderingis akin to sub-samplingof thisview's full motionsequence,a temporalanti-alias�lter shouldbeemployed.
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Fig. 4. Illustration of the principle of lenticular multiview displays:(a) single-row cross-sectionof a 9-view display; and (b) impact of

lenticuleslanton the spatialdistribution of same-view pixels for a 7-view display.

However, becauseof movement-inducedirregularity, or time-variance,the designof an optimal �lter is non-trivial.

Moreover, had one beenable to �nd an optimal �lter for this case,anothersigni�cant de�ciency would remain;

becauseof the tracking employed, correct view can be only presentedto the viewer being tracked. Essentially,

active multiview 3-D displaysaresingle-viewer displays.

B. Passivemultiview 3-D displays

The inability to supportmultiple viewersis a majorweaknessof active multiview 3-D displays.An alternative is

to displayall views simultaneouslyby meansof spatialmultiplexing [13]. If eachview (light from thecorresponding

pixels) is directedinto a distinct viewing zonein front of the 3-D display, then viewer motion acrosszoneswill

inducemotion parallax.The viewer must,however, restat a speci�ed distancein front of the screen,asotherwise

the effect is largely lost. Sinceall views are displayedat the sametime, and no headtracking is used,multiple

viewerscanexperience3-D sensationconsistentwith their respective positionsin front of the display. Supportfor

multiple viewers,motionparallax,andeliminationof glasseshave provedvery appealinganda numberof parallax-

barrierand lenticularmultiview 3-D displayshave beensuccessfullylaunchedcommerciallyin the last few years

[14], [15], [16]. Multiview displaysthat requireno glassesareoften referredto asautomultiscopicdisplays.

The samedisplaytechnologiesusedto implementautostereoscopicdisplays(SectionII-B), parallaxbarriersand

lenticulars,arethemostcommonlyusedmethodsfor implementingpassive multiview systems(Fig. 4.a).The linear

natureof the slits or lensesin thesedisplaysmeansthey are capableof displayingonly horizontalparallax,thus

providing depthinformation to a viewer with eyeshorizontalandmoving from side-to-side.This type of displays

is thus known as horizontal parallax only, or HPO, display. While full-parallax passive multiview displayshave

beendeveloped,they are currently poorly suitedto electronicimplementationbecauseof insuf�ciently high pixel

densityof plasmaandLCD panels.

In early approachesto multiview digital imaging, the slits or lensesremainedalignedwith pixel columns,thus

inducing N -fold horizontal resolutionloss for an N -view display (out of N consecutive pixels in one row each

belongsto a different view). This resultedin a severe imbalancebetweenvertical and horizontal resolutions.In
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order to correct this imbalance,it was later proposedto slightly slant the slits or lensesat a carefully selected

anglein orderto minimize Moiré patternsresultingfrom interferenceof regular structureof the slits/lenticulesand

screenraster[13] (Fig. 4(b)). This tilt causessame-view pixels to be distributed more uniformly (both horizontal

andvertical sub-sampling),asshown in Fig. 5, however the regular natureof sub-samplinginducedby non-tilted

lensesis lost. This posesa signi�cant problemof aliasingdueto irregular sub-sampling.How to characterizesuch

aliasing?How to designanti-alias�lters? Somesolutionsrecentlydevelopedare presentedin “Fighting aliasing

without regularity”.

Fighting aliasing without regularity (Inset#3)

When renderingimage data for a passive multiview display, spatial view sub-samplingand multiplexing are

required.This is illustratedin Fig. 5. Note that red sub-pixels, activatedby single view, are not regularly spaced;

their locationscannotbe describedby a 2-D lattice [17] (similarly, for greenandblue sub-pixels). Thus, it is not

obvious how to quantify the aliasing resulting from such an irregular sub-sampling.Two approacheshave been

developedto date.

In the �rst approach[18], the irregular sub-samplinglayout V � R2 (red circles in Fig. 5) is approximatedin

spatial domainby sub-samplingon a lattice or union of lattices [17], denoted	 � R2. Clearly, V � � � R2,

where� is the orthonormallattice of the screenraster(dots),with samplingmatrix V� = diag(1; 1).

Thegoalnow is to �nd 	 suchthat, in somesense,it bestapproximatesthesetV. Onepossibility is to minimize

distancebetweensets 	 and V. Let d(x ; A ) be the distancefrom point x to a discreteset of points A , i.e.,

d(x ; A ) = miny 2A kx � yk. Then,a mutualdistancebetweentwo point sets	 andV canbe minimized:

min
�

� V

X

x 2V

d(x ; 	) + � 	

X

x 2 	

d(x ; V) (5)

where � is a vector of parametersdescribingthe samplingstructure	 . For a 2-D lattice, � is a 3-vector (upper-

triangular samplingmatrix suf�ces), and thus minimization (5) can be accomplishedby hierarchicalexhaustive

searchover a discretestatespace.As the weights � V and � 	 are adjusted,different solutionsresult.However, if

� 	 = 0, a very dense(in the limit, in�nitely dense)	 would result, while for � V = 0, a single-point 	 � V

would be foundoptimal. Insteadof a combinationof bothdistancesonecoulduseeitherof themunderconstrained

minimization(e.g.,constrainton the densityof 	 ).

Applied to various single-view layouts V, the above methodhas beenshown effective in identifying various

regular approximations,from orthogonal-latticeapproximations(quite inaccurate),throughnon-orthogonal-lattice

approximations(moreaccurate),to union-of-cosetsapproximations(mostaccurate).An exampleis shown in Fig. 5;

notea progressively-improvedalignmentbetweensingle-view pointsfrom V (redcircles)andmodelpointsfrom 	

(crosses).Having identi�ed a regular-structureapproximation,it is relatively straightforwardto identify thepassband

of suitablelow-passanti-aliaspre-�lters [17].

In an alternative approach,the irregularity is approximatedin frequencydomain[19]. The main ideais basedon

theobservationthat in 1-D a sequenceof unit impulses(discreteKronecker deltas)g[n] hasthediscrete-timeFourier

transform(DTFT) in the form of a periodic impulsetrain (sum of delayedDirac delta functions).Therefore,the
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Fig. 5. Approximationof single-view sub-pixels using: (a) orthogonallattice; (b) non-orthogonallattice; and(c) union of 21 cosets.Dots

denotetheorthonormalRGB screenraster, redcircles(� ) denoteredsub-pixelsof this rasteractivatedwhenrenderingoneview on a typical

spatially-multiplexed multiview screen,while crosses(� ) show model (lattice) locations.

sub-samplingof a signalx[n], by multiplying it with the sequenceg[n], resultsin the convolution of their DTFTs:

F f x[n]g � F f g[n]g. Clearly, the spectrumF f x[n]g is going to be replicatedat locationsof the periodic impulse

train F f g[n]g. A similar relationshipholds in 2-D with respectto bi-sequencesand2-D periodic impulsetrains.

The above relationshipsalsohold if g[n; m] is a bi-sequenceof irregularly-spacedunit impulses,i.e., de�ned on

V. Then,F f g[n; m]g is a 2-D train of Dirac delta functionsde�ned on a reciprocallattice � � of the leastdense

lattice � suchthat V � � . Additionally, impulsesin this train arescaleddifferently at differentfrequency locations

[20]. The consequenceof this is that the signal spectrumis replicatedwith different gains at different frequency

locations,and replicationswith smallergain factorsmay have lessof an impacton aliasingthan thosewith large

gain factors.Although to completelyprevent aliasingonecould considerthe worst casescenario,i.e., limiting the

signal spectrumso that the closestoff-origin spectralreplicationsdo not “leak” into the basebandVoronoi cell,

sucha designwould be too restrictive; usuallya controlleddegreeof aliasingis permitted.Then,however, either

theactualsignalspectrumor its modelis needed.Goodresultswereobtainedfor separableMarkov-1 imagemodel

[19]; an anti-alias�lter' s passbandboundarywas found by identifying frequenciesat which the ratio of baseband

spectrummagnitudeto that of its closestspectralreplication (with suitablegain) is either 1 or exceeds1 (less

aliasing).

Fig. 6 shows thedesiredandcomputedmagnituderesponsesof anti-alias�lters usingthespatial-andfrequency-

domainapproximations.Note a rotatedhexagonalpassbandfor the multiplexing model basedon non-orthogonal

lattice,anda diamond-shapedpassband,with horizontalandvertical extensions,for the frequency-domainapprox-

imation. The �lter in Fig. 6(c) hasa slightly larger passbandthan the one in Fig. 6(b) for it takes into account

optical crosstalkpresentin lenticulardisplays[19]. Applied in practice,pre-�ltering basedon speci�cationsfrom

Fig. 6.b or 6.c resultsin aseffective suppressionof aliasingartifactsas �ltering usingspeci�cationsfrom Fig. 6.a

while muchbetterpreservinghorizontalandvertical detail of 3-D images.

The bene�t of approximationin frequency domainis that anti-alias�ltering can be adaptedto speci�c spectra,

whetherof a particularimageor of a model. In principle, given suf�cient computingpower (alreadyavailable in
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Fig. 6. Desired(shaded)andcomputed(contours)magnituderesponseof anti-alias�lter for multiplexing model:(a) basedon non-orthogonal

lattice in spatialdomain,andbasedon irregular structurefollowed by spectrummodeling(b) disregardingoptical crosstalkbetweenviews,

and(c) accountingfor suchcrosstalk.Both frequency axesarenormalizedto the Nyquist frequency.

high-endgraphicscards),onecan imagineanti-alias�ltering adaptedto eachdisplayedimage.

C. Projectionalmultiview displays

An emerging classof multiview displaysusemultiple projectorsor scanningoptics,combinedwith optics that

shapeindividual view zones,to presentmultiple views autostereoscopically. Examplesof this kind of display

include numeroustime multiplexed designsfrom CambridgeUniversity [21] [12], a joint Cambridge/MITwork

[22], multi-projectordisplaysusing lenticularsheetsat MERL [23], andmulti-projectordisplayswith holographic

opticalelementsfrom theHungariancompany Hologra�ka [24]. Froma signalprocessingstandpoint,thesedisplays

sharecommoncharacteristicswith othermultiview displaysandwith holographicstereograms,andaresusceptible

to the sametypesof aliasingartifacts(describedin a later section).

On the other hand,projectionalmultiview displayscan maintainthe full spatialresolutionof eachview, rather

thandirectly tradingoff spatialresolutionand numberof perspectives the way that lenticularand parallaxbarrier

displaysare forced to do. Maintaining full spatial resolutionand allowing a more �e xible choice of numberof

view zonesis usefulwhendevelopingdisplaysfor high quality cinemaor 3-D TV (potentiallyhighercostsof the

displaysystemnotwithstanding).

D. Interperspectivealiasing in multiview displays

In additionto signalprocessingissuesrelatedto particulardisplaymethodologies,all displaytypesthatdiscretize

view spacearesusceptibleto additionalaliasingartifacts,speci�cally interperspective aliasing[25]. Interperspective

aliasingresultswhenthespatialfrequency of a three-dimensionalpoint in a scenebeingimagedby a multiview dis-

play exceedsthat display's permittedresolution.This resolutionlimit dependson the particulardisplay's geometry,

but is always depth-dependentand always relatedto the size and discretizationof the view zone.This resolution

limit of the display's optics is exactly analogousto depthof �eld in an imagerecordingcamera.
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Failure to bandlimit imagecontentbelow a display's maximumresolutionresultsin artifactswherepartsof the

imagethat shouldappearasa continuousblur arebroken up into a seriesof dotsor imagefragments.This artifact

can either be preventedduring image recordingor synthesis[25], [22], or correctedusing post-capture�ltering

[26].

IV. HOLOGRAPHIC DISPLAYS (PLANAR)

Holographicdisplaysare a diversegroup of imaging technologiesthat incorporatediffraction as an underlying

componentof imageformation.Holography is fundamentallydifferentfrom otherdisplaytypesbecauseof its ability

to usenot just spatially-varying intensity information,but alsophase,to reconstructthe intensityanddirectionof

a light �eld.

Optical holography was inventedin 1948 by DennisGabor, but only becamepracticalfor imaging in the mid-

1960's throughLeith andUpatniek's useof the laser. A Leith andUpatniektype hologramis both a recordingand

a display device. A high resolutionphotographicplate recordsthe interferencebetweenlight from an object and

a mutually-coherentbut otherwiseinformationlessreferencelight source.In signalprocessingterms,the reference

beamactsasa carrier for the scene's spatialinformation.This interferencepatternis recordedcontinuouslyacross

the entiresurfaceof the recordingmaterial.

During viewing, a monochromaticillumination beam, typically at the samerelative location to the display

as was the original referencesourceto the recordingmaterial, acts to heterodynethe image information down

from high frequency spatial information back into an image.Remarkably, the light emerging from the hologram

closely approximatesthe wavefront of the original scenein phase,direction, and intensity. Since this process

occursseamlesslyandphase-coherentlyacrossthe recordingmaterial,a hologrambecomesa highly accuratethree-

dimensionalwindow into the original scene.Consideredanotherway, a hologramis an extremelyspecializedlens

that focuseslight from the illumination sourceinto the three-dimensionalshapeof the original scene.

This processof phasemanipulationusinghigh-resolutionspatialinformationanddiffraction allows holography

to exceedthe information storagecapacityof all other display technologies.In its purestform, the hologramis

freeof the limitationsof spatialmultiplexing anddiffractiondueto aperturingthatcanplagueotherhigh-resolution

multiview displaytechnologies.This propertymeansthatholography canactuallybeusedto mimic complex multi-

elementoptical devices,or even to simulatethe propertiesof other3-D display technologies.

A. Informationreduction

In reality, thehologram's ability to recordextremelylargeamountsof datais asmuchits weaknessasits strength,

particularly when we considerholography as a display for digital or dynamiccontent.It would be impossibleto

replicatethe detail of a high-qualityoptically-exposedhologramusinga digital recordingprocess.Sincethis level

of image�delity is simply not requiredfor mosttasks,informationreductionis a challengingbut essentialelement

of syntheticholography.

Holographic information reduction is possibleusing a variety of techniques,many drawn from other non-

holographicdisplaytechnologies.Thesemethodsincludeeliminationof verticalparallax,pixelizationof thedisplay
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Fig. 7. Conceptualblock diagramshowing how a fringe patternis computedfrom view information in a holographicvideo system.The

imageor view plane is decomposedinto pixels throughwhich viewing rays are cast; this view information can be either capturedusing

multiple camerasor computedfrom a syntheticscene.This view datamodulatesa set of basisfringe patterns,which are summedto form

the input signal for a diffractive light modulatorin the displaydevice.

surface, partitioning the display's viewing region into a relatively small number of discreteview zones,and

approximatingthe wavefront of objectsat differentdepthsusingpiecewise cylindrical representations.

Theextentof informationreductiondependson viewing conditions,humanvisualresponse,andthebandwidthof

the recording,transmission,computation,and output stagesof the displaypipeline.For photographicor synthetic

displaysrecordedon holographic�lm, a discretizationknown as a holographicstereogramis commonly used.

Holographicstereogramsapproximatea 3-D sceneusing projectionalviews, much like thoseusedin a multiview

display. Theseimagesarerecordedoptically into thehologram,with eachimagebeingvisible in only its own view

zone.The holographicinterferencepatternis optically “computed” through interferencejust like in a traditional

hologram.Highly realistic,full parallax,full color, white light illuminated,wall-sizedsyntheticimagesarepossible

using this technology[27]. This optical printing techniquehasonly beenappliedto static images.

B. Holographic video

Dynamic holographicimages,on the other hand, add multiple additional complexities to holographicimage

formation. For thesedisplays(known as holographicvideo or electroholographicdisplays),interferencepatterns

cannotbe createdoptically but insteadmustbe computedandfed througha phase-modulatingoptical device such

asan acousto-opticmodulator(AOM). In general,the fringe patternproducedby the modulatoris scannedthrough

a view zoneusinga polygonalor mirror-basedscanner. A variety of displaysystemsandcomputationaltechniques
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[28] have beendevelopedsincethe earliestprototypein 1989-1990[29]. Holographicfringe computationis now

possibleusingGPUaccelerationon moderngraphicsdisplaycards[30]. However, imagemodulationdevicesremain

costly limiting the utility of holographicvideo systemsfor practicalapplicationsat the presenttime.

An open signal processingquestionin the �eld of electroholography is how to decomposethe holographic

fringe patterninto componentelementsthat lend themselves to a practical blend of inexpensive synthesis,high

compressibility, simpli�ed transmission,effective modulationof the display device, or useful optical properties.

Unlike their multiview displaycounterpartsor traditionalholographicstereograms,electroholographicdisplayscan

use a fringe basisthat behaves quite differently from a physical lens or aperture.This �e xibility opensup the

potentialfor new optimizationsand innovationsin the displaypipeline.

C. Holographic optical elementsfor 3-D displays

Holography servesan additional,non-imageforming role in three-dimensionaldisplayas an optical elementin

a multiview display device. Since hologramscan be thought of as programmablediffractive optics, holographic

lensesor diffuserscan be fabricatedto meet very speci�c optical requirementsin a very compactelement.For

example,a holographicoptical element(HOE) can be usedto restrict a view zonehorizontally while diffusing it

vertically. Furthermore,multiple optical elementscan be written into a single holographicelement,producinga

compositedevice that behavesasa superpositionof its components.

Suchcomplex holographicoptical elementscan be createdthrougheither optical or computationalmeansand

replicatedrepeatedlyto make multiple copiesof the device. As diffractive elements,though,HOEsaresusceptible

to chromaticblur, making them most appropriatefor monochromaticoptical pathsor for diffuserswherespectral

blur is not critical.

V. VOLUMETRIC DISPLAYS

While surfacedisplaysusedirectionalemissionof light to simulatethe appearanceof a 3-D scene,volumetric

displaysappearto emit light from an entire volume of space.The intensity of eachpoint in the volume can be

modulatedby an electricalsignal.The appearanceof a three-dimensionalscenecanbe recreatedby drawing it in

3-D in the displayvolume.

By emitting light from a 3-D locationin the volumethat directly correspondsto a point in the scene,volumetric

displaysaccuratelyreproducethe wavefront curvatureof light comingfrom pointson the object(from a geometric

optics perspective). This property implies that volumetric displaysprovide visual accommodation(focus) cuesto

depth,sincethe eye can focus on the volumetric imageof the scenein the sameway it would focus on the real

scene.Most volumetricdisplaysalsoreproducevertical parallax,which is particularlyusefulfor devicesthat allow

scenesto be inspectedfrom a wide rangeof viewer positions.

Typical volumetricdisplaysystemsproduceimagepointsthathave only a singleaddressableintensityvalue:each

pointhasanappearanceindependentof viewer location.Onthepositiveside,thispropertyavoidstheinterperspective

aliasingartifactsof multiview systemssincethe view zoneis not discretized.On the other hand,displaysof this

typedo not maintainaccurateocclusioncuesfor all viewers.Sinceocclusionis commonlyconsideredthestrongest
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cue to depth in many scenes,the inability to representocclusionlimits the kind of scenein which volumetric

displaysexcel. (Recentwork hasdemonstratedthat view-dependenceandocclusioncanbe obtainedin volumetric

displays;we will describethis technologynearthe endof this section.)

A. Swept-volumedisplays

Becauseof the inherentcomplexity of directly addressingall thepointsin a three-dimensionalvolumesimultane-

ously, volumetricdisplaysall employ scanningin someway. Scanningcanbe accomplishedusingseveral different

methods.Mechanicalvolumescanningmethodsusea passive projectionscreenor active displayelementthatmoves

throughall partsof the display volume during a single display cycle: thesedisplaysare sometimesreferredto as

swept-volumedisplays.Thesesystemsdiffer in their screengeometry, the shapeof their working volume,the order

in which this volumeis scanned,andthe optical con�guration of the projectorandscreen.For example,Perspecta

from Actuality Systems[31] usesa �at, double-sidedscreento sweepout a hemisphericalimage volume. The

projectedimagerotateson thescreenasthescreensweepsout the imagevolume.This rotationleadsto a relatively

complex rasterizationorderingof the volumetric imagedatacomparedto traditional raster-scanned2D displays.

Perspectaalso usesa display elementvery common in contemporaryvolumetric displays: a DMD (digital

micromirror device) image subsystem.DMD elementsare extremely useful becauseof their ability to display

imagedataat extremelyhigh refreshrates(approximately15kHz).The binary two-dimensionalimageinformation

on theDMD canbemultiplexedto producegrayscale(throughpulse-widthmodulation),color (usinga color wheel),

and radial resolution(by varying the ratio of scanningspeedto imageupdate).DMD subsystemsareavailableas

off-the-shelfdevices,replacingwhat would otherwisebe an expensive customelectro-opticaldisplaycomponent.

B. Staticvolumedisplays

Another classof volumetric displaysuseselectronicallyaddressableelementsto scanout the image volume,

sometimesknown as static volumedisplays. The DepthCubefrom LightSpaceTechnologies[32] is an example

of sucha device. In this display, a DMD imaging systemprojectsa planarimagethrougha stackof electrically-

addressableLCD shutters(twentypanelsin LightSpace's currentversion).At any oneinstantin thedisplayscanning

cycle, oneof theshuttersis active. In this state,theshutterscatterslight, actingasa projectionscreenfor the image

behindit. Eachshutterin thestackis sequentiallyactivatedin synchrony with thedisplayof a new projectedimage,

sweepingout an entire imagevolume.

With twenty depth planes,the depth samplingof the DepthCubeis relatively coarse,and gaps betweenthe

depthplanesarepossibleto observe. To minimize this problem,LightSpaceusesan interpolationmethodthatblurs

computationallythe gap betweenadjacentslices,reducingthe perceived discontinuity.

C. Other scanningmethods

We mentionbrie�y two othertypesof volumetricdisplaysthathave beendevelopedbut to datehave not achieved

signi�cant commercialsuccess.Thevarifocalmirror usinga moving �e xible membrane,actingasa focusingmirror,

to opto-mechanicallyscanan imageof a planardisplay into a viewing zone[33], [34]. The seconddisplay type
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�lls the displayvolumewith an optical mediumthat actsnon-linearlyto optical radiation.Whentwo light beams,

eachwith a wavelengthinvisible to the humaneye, crossin the medium,visible light is emitted;the entire image

volumecan thusbe addressedthroughoptical addressing[35], [36].

D. Occlusionand mid-air projection

Two recentdevelopmentdirectionshave changedwidely spreadassumptionsaboutpracticalvolumetricdisplays.

The �rst assumptionwasthat a volumetricdisplaycannotdisplayview-dependenteffectsor occlusion.Cossairtet

al. [37] modi�ed an existing Actuality SystemsPerspectasystemwith a screenwith limited horizontaldiffusion.

This changepermittedview dependenceto be displayed.In many waysthis displayis a hybrid betweenvolumetric

andmultiview displays,possessingsomecharacteristicsof each.While the describeddevice wasonly a prototype,

we are aware of additional, currently unpublishedwork on this classof displays.Numeroussignal processing

challengeswill doubtlessemerge as thesedisplaysmature.

The secondassumptionaboutvolumetric displayswas that mid-air display of three-dimensionalform of non-

trivial depthis not practicalwithout the introductionof a non-lineardisplaymedium.Recentwork at AIST in Japan

[38] hasshown that display comprisedof a strongly focused,scannedinfrared laserbeamis capableof drawing

simple3-D scenescomprisedof glowing balls of plasmaionizedfrom air. While the limitations of this systemare

not yet known, its inventiondoesremindus to periodicallyrevisit commonassumptionsandreassesstheir validity

in the faceof changingtechnology.

VI . SUMMARY AND CONCLUSIONS

A survey papersuchasthis onecanonly give the readera �rst glimpseat rich andvaried�eld of 3-D displays.

Most of the 3-D technologieswe have describedhere can be tracedback to origins well before the dawn of

digital signalprocessing.Differentdisplaytypeshave experiencedperiodicpopularity, andsome3-D displayshave

maintainedcommercialsuccessin a few specializedareas.Beyond thesenichesand fads,though,3-D hasnever

beforethreatenedthe dominanceof “�at” imaging.

Today, the digital contentrevolution haschangedeverything.The CCD hasreplaced�lm. The desktopcomputer

hasbecomethedirector's editingroom.Graphicstechnologyhasexceededthetraditionalanimator's wildestdreams.

And digital imagingis a componentof almostevery desktop,every conferenceroom,andevery cinema.Thedigital

bitstreamis oneof the mostimportantfoundationsfor the re-emergenceof 3-D, and3-D speci�c signalprocessing

is the essentialcomponentthat allows us to take advantageof it.

3-D displaysneedextra imageinformationto provide a senseof dimensionality, andthat datacanbe processed

like any othersignal.But it is the3-D speci�c algorithmthatcan,for example,compressmultiple views into oneby

takingadvantageof inter-perspective coherence.3-D awareimageprocessingcancompensatefor displaylimitations

by minimizing or removing crosstalkbetweenchannels.Multiple imagescan be merged for autostereoscopic

displays,with minimal artifacts,by a specializedembeddedmosaicingengine.Aliasing artifacts can be �ltered

out of multiview cameradata,again usingalgorithmstailored to 3-D data.

New signalprocessingalgorithms,new 3-D displaydevices,andnew ways to create3-D content,are,together,

rapidly curing3-D's longtimeills andusheringin a new eraof ubiquitousdimensionalimaging.We believe that the
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earlysuccesseswe areseeingtoday, in partbecauseof thekindsof signalprocessingtechniqueswe have described,

will only expandas public interestgrows, as commercialsuccessesare achieved, as new algorithmsand devices

aredeveloped,andascomputationbecomesever cheaper.

The futureenabledby thecombinationof 3-D signalprocessing,digital content,andnew displaytechnologiesis

oneof many exciting possibilities.Even today, a volumetricdisplayof cardiacimagescanallow a teamof doctors

to treata beatingheart,andaudiencesin a packed theatercanall reachout at onceto try to touchsyntheticsnow in

a completelydigital 3-D movie. We canonly imagine,or perhapsinvent, thekinds of applicationsthatwill emerge

whencomplete3-D displaysystemsbecomewidely available.
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