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3-D Displaysand Signal Processing:
An Answerto 3-D IlIs?

JanuszKonrad,SeniorMember IEEE, and Michael Halle

Three-dimensiona{3-D) perceptionis an intrinsic part of the humanexperience.While most peoplegain the
majority of their spatialinformationthroughvision, andapproximately@0%of thepopulationbene t from stereopsis,
display systemshave historically reproducedonly two-dimensionaldepth cues. Over the last 150 years, mary
attemptshave beenmadeto exploit stereopsisn various3-D displays;while several achiesed limited commercial
successnone have attainedequal statusto their 2-D counterpartsToday novel electronicdisplay technologies,
powerful microprocessorsndadwancedsignalprocessinglgorithmsareaboutto opena new erafor 3-D displays.
Signalprocessingspeci cally focusedon 3-D imagingwill, in large part, determinethe viability of theseemeging
3-D display systems.

In this paper we overvien today's main electronic3-D displaytechnologiesrom a signalprocessingerspectie.
We describethe underlying physics, and point out bene ts and de ciencies of various displays.We discussthe
generalrole of signalprocessingand provide speci c examplesof signalprocessindnelpingaddressertaindisplay

de ciencies.We highlight challengesawaiting signal processingn questof the ultimate 3-D experience.

I. INTRODUCTION

Virtual presentatiorof the true three-dimensiona(3-D) world hasfascinatechumanity for centuries.Seeking
a “being there” experience we have developedvariousvisual devices capableof mimicking the appearancef a
3-D objector scene Suchdevices usemechanicalpptical or electro-opticaimeansto simulatea eld of light that
producesa different projectionon the retinasof the viewer's two eyes. The brain interpretsthe disparity of these
light patternsas depth.This processs known as binocular steleopsis

It is importantto realize that retinal disparity is not the sole cue humanvisual systemrelies on to perceve
depth;indeedi,it is often not eventhe strongestue.2-D cuessuchasperspectie, occlusion relative objectsizeare
critically importantfor depthperception;motion parallaxhelpsus understandhe structureof objectsthat we can
move around(or that move in front of us). In this paper however, we limit our discussiorto displaysthat deliver
binocularstereopsisand when applicablemotion parallax,andinclude other cuesonly in relationshipto them.

Different 3-D display technologiesoffer distinct bene ts but are also plaguedby unique de ciencies. From
the early daysof stereoscopémid 19th century),throughparallaxstereogramgearly 20th century),polarized3-D
movies, personabktereccamerag1950s) andholograply (1960sand1970s) to quality 3-D Ims by IMAX ™ (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 becomeanimportanttool in a variety of specializedapplicationsjncludingimage-guidedsugical procedures,

remoteguidanceof robotsat dangerousvork sites,battle eld reconnaissancend scienti ¢ visualization.
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The adoptionof 3-D displaysis stronglydriven by the ongoingdigital multimediarevolution. While 3-D imaging
of previous decadeselied on customcomponent@&ndtechnologiedar outsidethe mainstream3-D displaydevices
of today can take advantageof an all-digital contentprocessingchain that includescapture,processinggditing,
anddisplay Of particularinterestto the signal processingcommunity 3-D aware algorithmscan be addedto this
existing pipeline in a naturalway without reirventing all of the other steps.This nev compatibility allows for
emeping opportunitiesin 3-D speci ¢ processingincluding compressionanti-aliasing,and image enhancement.
We believe that this new, exciting, and largely uncharteredcaireacan becomea highly productve “playground” for
digital signal processingas 3-D becomesa larger part of the imaging pipeline.

The paperis divided into four parts. First, we describestereoscopicdisplays the simplestand most common
systemghat provide binocularstereopsido the viewer. Next, we discussplanar multivien displays which provide
“look around”by displayingmultiple viewpointsof the scene Holographic displaysandelectroholographisystems
are describedas a distinct approachto planar3-D display using diffractive optical elementsFinally, we discuss
volumetric3-D displays which form a space- lling imagevolume using a variety of scanningtechniques.

While this paperprovidessomehistoricalcontet for different3-D displaytechnologiesmoregeneralreferences

suchas Okoshi[1] and Benton[2] offer the readermore extensive and complementanbackgroundmaterial.

Il. PLANAR STEREOSCOPIC DISPLAYS

The earliestattemptsat stereoscopi@-D involved placing two drawings in front of viewer eyes and separating
them by a mechanicabarrier Sucha device, known asthe steileoscopewas inventedby CharlesWheatstoneand
improved by David Brewsterandothersin mid 19-thcentury[3]. While Wheatstoneisedline dravings, photographs
from two closely-spaced@damerasoonbecamethe dominant3-D content.StereoscopebBecameextremely popular
during the Victorian era, and mary different variantsof the technologyemeped before Geoge Eastmanushered
in the eraof personalmonoscopicphotograph. Sincethattime, 3-D photograpl hasnever rivaledthe popularity
of its “at” counterpart.

A stereoscopalelivers two 2-D imagesthrough partitioned optical channelsto a viewer's eyes, a principle
of operationsharedby all stereoscopidisplays. Where display types differ is in their method of partitioning.
The stereoscopefor example, usestwo separatdensesand two printed or electronicimages.Head-mountecdr
goggle-basectlectronicdisplay systemsuse a similar channel-partitioningechnique . We will not considerthese
technologiesfurther. Rather we will concentrateon two other ways to multiplex the left/right componentf a

stereoscopi@mage:glasses-baseslystemsand autostereoscopi@r glasses-freetechnologies.

A. Steeoscopicdisplayswith glasses

Glasses-basedtereoscopidmaging uses lters or shutters,one for eacheye of eachviewer, to presentleft
and right channelsof view information from a single display or screen.Glasses-basedystemshave the great
adwantageof being able to provide an entire audiencewith a 3-D imaging experiencewith reasonableeconomy
While Im-based cinemawasthe original motivationfor the developmentof glasses-basestereothesetechnologies

are applicableto both desktopand large-scaleelectronic3-D displaystoday
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1) Wavelength-divisiormultiplexing: The introductionof color in printing and photograpls, 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 example 370-550nmand 550-
730nm.Sinceideal “brick-wall” optical lters cannotbe realizedin practice typical transmissiorcharacteristicare
similar to thoseshaowvn in Fig. 1.a,that correspondo red (left) andblue (right) lenses.The basicanaglyph method
placesthe left-imagedatain the red channelof a color photographor electronicdisplay andthe right-imagedata
in the blue channel.Although there exists some e xibility in composingthe greenchannel,this strongly depends
on spectralcharacteristicof the glassesFor example,with red/blueor red/g/an glassesplacing the right-image
datain the greenchannelleadsto muchimproved depthperceptionover placing of the left-imagedatatheresince
blue-greeror cyan-greermixturesfall in the passbanaf the right spectaclaunlike the red-greemmixturesthat do

not matchwell the left lens.
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Fig. 1. Spectraltransmissiorcurvesof: (a) practicalanaglyph(dual-band)Roscolux lters: orange-red#25) and brilliant-blue (#69), and
(b) ideal multi-band Iters illustrating the principle of operationof the In tec GmbH 3-D display system.

Historically, anaglyph3-D reproductionwas developedin mid 19th centuryfor line drawings andthenextended
to photographsit retainstheseusestoday as one of the most printercompatible3-D systemslt gainedpopularity
with the adwent of motion picturesin early 20-th century but was mostly subsumeddy polarizedsystemsby the
19505. Anaglyphic 3-D resuged after the color CRT (cathoderay tube) becamecommerciallyavailable;in 1960s
someTV programsand reprinted3-D movies were broadcasin anaglyphmode.

The most important bene t of anaglyphstereois that it can be usedon essentiallyary device capableof
reproducingcolor, whetherelectronic, Im or paper Additionally, with simple, easy-to-manwfctureglassest is
the leastexpensve techniquefor mass3-D visualization.lts main de ciencies,however, include visual discomfort
dueto differentspectralcontentpresentedo eacheye (color rivalry) and optical crosstalkbetweenchannelgpoor
spectralseparatiorof coloredlenses).Anaglyphsalsohave limited color reproductioncapability

Althoughthechannektrosstalkandcolor gamutcanbe,to adegree,controlledby a carefulselectionof colorlenses
vis-a-vis screenphosphorr print dyes,the rangeof possibleimprovementsis rathersmall. This is primarily due
to a limited selectionof spectrallens characteristicand ratherrudimentaryalgorithmsfor anaglyphpreparation.

Signi cant improvements,however, are possibleby emplg/ing signal processingmethodsto optimize anaglyph
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imageswith respectto reproduciblecolor gamut given spectralabsorptioncurves of the lenses,spectraldensity
functionsof the display primaries,and colorimetric characteristic®f the humanvisual system.A formulation of
this problem has beenrecently proposedtogetherwith a projection-basedolution [4] (see“Breathing life into
anaglyph3-D”). The methodproducedistinctly improved color gamutof the perceved 3-D imagesin comparison
with rudimentaryalgorithms.This techniqueis a good exampleof signal processingnethodshelpingenhance3-D
displaytechnologies.

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

The perceved 3-D image quality in anaglyphicviewing can be improved by meansof signal processingas
proposedby Dubois [4]. The main ideais to optimize the anaglyphimage so that displayedon a screenwith
known spectralcharacteristicand viewed throughlenseswith known absorptionfunctions,the imageis perceved
ascloseaspossible(in senseof a proposedmetric) to the original stereopair presentedvithout glasses.

Letfl!;17g, i = 1;2;3, be an RGB stereoscopiémage pair. A pixel at locationx is describedby two RGB
triplets, expressedas vectors:| '[x] = [I1][x]; 15[x]; 15[x]]T and1"[x] = [1][x];15[x];15[x]]". Note that! '[x] and
| "[x] aretriplets of tristimulusvaluesexpressedvith respecto someprimary systemthatmay be gamma-corrected,
sothatthey canbe directly displayedon a standardCRT monitor.

If si( ), i = 1;2;3, are spectraldensity functions of the RGB display phosphorsand px( ), k = 1;2; 3, are
color-matchingfunctionsfor selectedprimary colors, thenthe left- and right-imagecolors perceved at x canbe

expressedas follows:
z

X X3 .
BIxI=  ogl/Ixl BIXl=  oql/IX] o= m()s()d; kij
i=1 j=1

1, 2; 3 Q)

In vector notation, we can write: ﬁ‘l[x] = ClI'[x] and Pr[x] = CI"[x], where[C]y; - This is a simple
transformationbetweentwo setsof primary colors. For a speci ¢ monitor, this resultsin a x ed 3 3 matrix C
(see[4] for an example). At eachx, the sextuplet of color coordinatesf[x] can be expressedn terms of the
original sextuplet | [x] as follows B[x] = [(f3|[x])T(|3r[x])T]T = C,l [x], wherethe 6 6 matrix C, consistsof
two matricesC on the diagonaland zeroselsavhere.

Let Ija,j = 1;2; 3, be ananaglyphimageto be displayedon the samemonitor but viewed throughglasseswith
coloredlenseswith spectraltransmissiorfunctions '( ) and "( ) (Fig. 1.a). A similar transformationof color

coordinatedakes placeagain exceptfor the presenceof color lters. The two color transformatiomrmatricesare:
z z

Al =a;= p()s() '()d; [Ag=ag= p()s() "()d 2

and new color coordinatesare @I[x] = A'l3x], and ?r[x] = A"l ?[x]. Combining the left and right color
coordinatesnto a sextuplet, leadsto a simpletransformation®[x] = R 2[x], wherel 2[x] = [I 3[x]; 1 §[x]; 1 §[x]]"
andRT = [(ANT(A")T]is 6 3 matrix.

The goal is now as follows. Given a stereopair f1 '[x]; 1 "[x]g with 0 Ij| [xI; Ijr [x] 1forj = 1;2;3, nd
an anaglyphicimage | 2[x] with O Ija[x] 1 for j = 1;2;3, suchthatthe image & perceved throughthe

glassesis as similar as possibleto the input stereopair £. Dubois proposeda metric to numerically compute
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the subjectve differencebetweena stereopair and anaglyphicimage basedon certain heuristics,and developed
an optimization methodbasedon projection. The imagesproducedby this methodresultin a wider color gamut
perceved by viewers comparedo rudimentaryanaglyphpreparatiormethods.This methodis currently considered

state-of-the-artechniquefor anaglyphpreparation5].

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

eacheye is concentratedn a single wavelengthband(e.g.,370-550nmor 550-730nm) thus preventing full color
perceptionin eacheye andinducingcolor rivalry betweereyes.Additionally, poorspectrakeparatiorcharacteristics
of thelensesnduceoptical crosstalk An improvementover the anaglyphmethodis multi-bandwavelength-dvision
multiplexing, wherethe visible light spectrunis dividedinto two complementargetsof wavelengthintervals When
thosesetsare uniformly spreadout acrossthe light spectrum(Fig. 1.b), a vastly improved color reproductionin
eacheye is possible.Recently In tec GmbH, Germarny developeda pair of tri-band lters (coarsecomb lters) [6]
whosespectralresponsesire complementanput include a sufcient compositionof wavelengthsto warrantgood
color reproductionin eacheye.

For 3-D visualization,two projectorsare equippedwith complementarylters while viewerswearcorresponding
glassesWith suitableprocessinggolorsare representedn termsof spectralcharacteristicef left andright Iters
independentlyi.e., in termsof left-lensprimariesR'B'G' andright-lensprimariesR" G'B" (Fig. 1.b). If this color
representatioms accurateno visual discomfortresults,despitedifferentcolor primariesusedfor the left and right
eyes, becausghe humaneye cannotdistinguishdifferent compositionsof the samecolor. Two additionalbene ts
of this technologyarethe factsthat lters with sufciently accuratespectralresponse$o minimize optical crosstalk
canbe manufcturedtoday andthat non-depolarizingscreensare not needed.

The perceved 3-D image quality in sucha systemdependson the accurag of color representatiorvis-a-vis
lter spectralfunctions,andthe complementarityof thesefunctionsbetweenthe left andright channelg§amountof
crosstalk).While the rst issueis a standardproblemin colorimetry the latter one canbe addressedby techniques

similar to that discussedn “Dealing with ghosts”.

Note, that multi-band Iters arerelatively new to the commercialmarket and are signi cantly more expensie
thaneithertraditionalanaglyphicor polarizedglassesAt this time, the majority of multi-band Iter systemsequire
two projectors,althoughas of late 2006 Barco offers a single-projectoiin tec-basedmodel.

3) Light polarization Polarizationmultiplexing offers anothemmethodfor designingglasses-base8 D systems,

permitting the kind of full-color reproductionnot possiblewith anaglyphsystems.in a typical arrangementiwo
projectorsare equippedwith differently-polarizedlters. For example,if linear polarizationis used,one projector
is equippedwith a horizontally-orientedoolarizing Iter, the otherwith a vertical polarizing one. A specialnon-
depolarizingscreenis necessaryo ensurethat polarizationis maintainedduring projection. When a viewer uses
correspondingly-polarizedlassesgacheye capturedight from (ideally) one view only, producinga sensatiorof
depth.

The ability of a polarizedsystemto rendera full color gamut greatly reducesthe visual discomforttypical of
anaglyphicsystems.In real-world systems,however, crosstalkbetweenleft and right views in inevitable. View

separatiorusing linear polarizersis both imperfectand sensitve to rotation: as orientationof the glassesdeparts
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from that of projectorpolarizers,e.g.,dueto viewer headmotion, the optical crosstalkbetweenchanneldncreases.
Theseeffectscanbe largely mitigatedby employing circularly-polarizedlters (clock-wiseandcounterclock-wise).
Even whenusingcircular polarizers,someoptical crosstalkremainsdueto insufcient extinction propertiesof the
Iters, andlight depolarizationon the screen.n addition, circular polarizersare more expensve thanlinear ones.

Thetwo projectorpolarizedsystemshave two furtherdisadwantagesPolarizationlters block a signi cant amount
of light, so projectorswith increasedorightnessare needed.Second the alignmentof the two projectedimages
mustbe carefully maintained sinceimage misalignmentis a major causeof eye strain.

The projector alignmentissue can be eliminatedif static polarizersin front of left and right projectorsare
replacedby a dynamic polarizationmodulatorin front of single projector By interleaving left and right images
in a video sequenceand switching the modulatorpolarity in synchronismwith vertical synchronizatiorimpulses,
the projectedleft and right imagesare differently polarized,and can be easily separatedy viewerworn glasses.
However, a projectorcapableof doubledrefreshrate is needed.Two examplesof this technologyare: ZSceen®
developedby Stereographic€orp. (currently RealD Inc.) that circularly polarizesconsecutie imagesand Pol™
(micropol) developedby Vrex Inc. which linearly polarizesconsecutie lines of animage. The former has been
deployed commerciallyin hundredsof electroniccinemasto enable3-D movie projection?!

Although the dynamic modulatorsolution doesaway with left/right image alignmentissues,light output and
crosstalkremainof concern While thelight absorptionin a Iter or modulatorcanbe compensatetbr by increased
brightnesf a projector the crosstalkproblemnecessitatesignalprocessingolutions suchasthoseto bediscussed
in the next section;by pre-processinghe left and right imagesone can largely suppresshe perceved crosstalk.
Such a solution is applicableto systemsusing circular polarizationsince crosstalkis largely shift-invariant. In

systemaswith linear light polarization,the crosstalkis rotation-variantandthe problemis ratherintractable.

4) Light shuttering Theimagealignmentandlight outputissuescanbe resohed by employing shutteredjlasses
(e.g.,liquid-crystalshutters)nsteadof polarizedglassesRatherthanlight polarization light blockingis appliedby
meansof fastswitchinglensesthat, working in synchronismwith the screenpecomeopaquewhenthe unintended
view is renderedon the screenandtransparent whenthe intendedview is displayed.

CRT displaysin combinationwith liquid-crystal shutters(LCS) have long offered high quality stereoscopic
visualizationon the desktop.Suchsystemsare characterizedby full CRT spatialresolution,full CRT color gamut,
andno ick er for CRTs with refreshratesof at least120Hz. However, this approachs relatively expensve since
eachviewer needsa pair of costly LCS glassesMoreover, similarly to 3-D systemsusing polarizationmodulator
and polarized glassesthe CRT/LCS combinationsuffers from optical crosstalk. The sourceof the crosstalkis
differenthowever, with the mainfactorsbeingscreenphosphoipersistencel.CS extinction characteristiceandLCS
timing errors[7].

Similarly to 3-D displaysusingcircular polarizationthe CRT/LCS crosstalkis approximatelyshift-invariant; CRT

phosphompersistencandLCS light extinction characteristicare quite uniform spatially (althoughthe latter slightly

Thistechnologyhasleadto arecentrevival of 3-D movies. The2004animatedim “Polar Express”the rst movie releasedgimultaneously
in corventionalandIMAX 3-D format,grossed35% of its revenuefrom the 2% of the cinemaghat choseto shav the 3-D version.Polarized
3-DIMAX hasbeensosuccessfulthatcorventionalmonoscopidMAX maviesarenow oftenlabeled‘2-D” to avoid audiencalisappointment.
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changestowards shutter periphery). This approximateshift-invariance permits application of signal processing
algorithmsto pre-distortthe original left and right imagesin orderto compensatdor the crosstalkaddedduring
display[8], [9]. Detailsof suchan approachare discussedn “Dealing with ghosts”.

The widespreadreplacemenbf CRTs by slowerresponsd.CD panelshas made“stereoon the desktop”less
convenient.Planars StereoMirrordisplay [10] offers a desktopsolutionthatis compatiblewith passie polarized
glassedy combiningtwo LCDs anda beamsplittethat ips the polarizationof oneof the panelsimageregistration
betweenthe two views canbe very goodbecausef the atness of the optical panels,althoughsinceoneimageis
seenin re ection, it mustbe ipped left to right beforedisplay

Dealing with ghosts (Inset#2)

The optical crosstalkperceved by a viewer in front of 3-D screenmanifestsitself as doubleedgesor “ghosts”
at high-contrastfeaturesmisalignedbetweenleft and right imagesdueto disparity In dual-projectorsystemswith
circular polarization,the crosstalkis due to imperfectlight 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),imperfectlight extinction of LCS in the opaquestate (light
leakagerndby timing errorsof LCS (opening/closingoo earlyor too late).In systemausinga singleDLP projector
with LCS, phosphorpersistencés not anissueand only extinction characteristic&ndtiming errorsof the shutters
play a role. Althoughin eachsystemimprovementsare possibleby careful selectionof componentsmanipulation
of imagecontrast,and adjustmenibf disparity magnitude the degree of improvementis quite limited.

A signi cant reductionof perceved crosstalk.evenits completeeliminationundercertainconditions,is possible
by employing signal processingThe basicideais to create“anti-crosstalk”,i.e., pre-distortimagesso that upon
displayghostingis largely suppresse{B]. Recently a computationally-e€ient algorithmthataccountdor speci c
screenand LCS characteristichasbeendeveloped[9]. The algorithmis basedon a simple crosstalkmodel:

=+ 00 A =1+ an) 1= 123 3)
whereJ/!; JI are RGB componentf imagesperceved by the left and right eyes, respectiely, 1!;17 are RGB
componentsiriving the monitor, and ;'s arecrosstalkfunctionsfor the threecolor channelsThe crosstalkfunctions

i quantify the amountof crosstalkseenby aneye in termsof unintendedand intendedstimuli. They aredependent
on the particular CRT/LCS combinationusedand needto be quanti ed; example functionsfor a Sory Trinitron
monitor and Stereographic#nc!s CrystalEyeS' glassescan be found in [9]. Note that the above crosstalkmodel
ignoresthe point spreadfunctionsof the CRT andLCS.

If the mapping(3), thattransforms(l;11) into (J!;3") for i = 1;2;3, is denotedoy T with the domainD(T)
andrangeR (T), thenthe taskis to nd the inversemappingT * thattransforms(li';l{), imageswe would like

to see,into crosstalk-biasednages(G};G{) that actually drive the monitor, i.e., nd (G'; G") satisfying:
Il= G+ (G[;G]); I =G+ i(G;G]); i=123 (4)
For given crosstalkfunctions i, this mappingcan be computedoff-line and storedin a look-up table; for 8-bit

colorcomponentshisis a256 256 3 2 table(lessthan400kB),while for 10-bit componentst requiresno more

than 6.3MB and can be easily handledby moderngraphicscards.
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(@) (b) (© (d)

Fig. 2. Exampleof crosstalkcompensation(a) left, and(b) right original images(luminanceonly), and(c-d) the sameimagesafter crosstalk

compensatiorusing the algorithm describedn [9] with luminanceclipping below the amplitudeof 30.

Sincefor D(T) = [0;255] [0;255] R(T) is only a subsetof [0;255] [0; 255] the inversemappingT
operatingon [0; 255] [0; 255] may resultin negative tristimulus values,that cannotbe displayed.The algorithm
is trying to “carve out” intensity notches(Fig. 2), that will get lled with the unintendedight, but in dark parts
of animagethis is not possible.Two solutionspreventing negative tristimulus valuesare: linear mappingof RGB
componentsat the cost of reducedimage contrast,and black-level saturationthat leadsto loss of detail in dark
imageareag“black crush”), both appliedprior to T 1. Sinceneithersolutionis acceptablea compromisebetween
crosstalkreductionandimagequality degradationis usually sought[9]. This methodhasbeensuccessfullyusedin
LCS-basedsystemsbut it is equallyapplicableto polarization-basedystemsusing CRT monitors,CRT projectors
or DLP projectors.Exampleof applicationof the abore algorithmis shavn in Fig. 2. Note the reducedimage
intensity in areascorrespondingo bright featurespresentin the otherimage;the unintendedight dueto optical

crosstalkwill 1l those“holes” during displayleadingto crosstalkcompensation.

B. Autosteeoscopicdisplays

The needto useglassedor viewing stereoscopicontenthaslong beenidenti ed asa major incornveniencedue
to physical viewer discomfort,potentialfor projectormisalignmentandthe costand careof glassesMoreover, in
scenarioswhereboth 3-D and 2-D (hon-synchronized$creensarein the eld of view of the glassesliquid-crystal
shuttersoptically interfere with non-synchronizedlisplays resulting in screen ick er and, therefore,additional
viewer discomfort. Similarly, polarizing glassesnterferewith viewing corventionalLCD monitors.

As an alternatve to systemsusing glassesa numberof techniqueshave beenproposedsincethe early 1900's
[1] that apply spatialmultiplexing of left and right imagesin combinationwith a light-directing mechanismnthat
presentghoseviews to the viewer's eyes. Theseautosteeoscopictechniquesare directly applicableto electronic
displays[11], [12]. Thetwo major multiplexing techniquesare parallax barrier displays(originally called parallax
stereograms)and microlensdisplays(often called just lenticulars).

In parallax-barriedisplays,an opaquelayer (e.g.,a very thin sheetof aluminumor inked screen)with narrov
regularly-spacedlits is placedvery closeto a pixel-addressablsecreensuchasa 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 and pitch, barrier distancefrom the screensurface),a viewer sitting at a
prescribeddistancefrom the screenwill seedifferent setsof pixels with eacheye, correspondingo the left and
right views.

In lenticulardisplays,a sheetof narraw, thin cylindrical microlensess typically attachedo a pixel-addressable
screerat approximatelyonefocal length,sothatlight passinghroughlensedocuseshe underlyingpanel(Fig. 3.b)
to eitherin nity or the intendedviewing distance Again, the viewing anglesfor a given microlensaredifferentand
eachmicrolensfocuseslight horizontally If the microlensesare preciselyalignedwith pixel columns,and pixel
pitch, microlenspitch andfocal length are carefully selecteda viewer sitting at a prescribeddistancewill alsosee

differentsetsof pixels with eacheye.
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Fig. 3. Schematidllustration of how (a) parallax-barrierand (b) lenticular displayswork.

The locationsin front of a screenfrom which a consisten3-D perceptionis experiencedj.e., the left eye sees
pixels with left-image dataandthe right eye seespixels with right-imagedata,is called a viewing zone The size
of the viewing zonesis relatedto the geometryof the display mentionedabore.

When viewer's eyes straddletwo different viewing zonesin a two-view display the presentedeft and right
views arereversedandthe viewer seesa pseudoscopioor depth-irverted,image.The physical adjaceng of correct
(orthoscopic)and inverted (pseudoscopicyiew zonescan leadto visual confusionand discomfortfor the viewer.
Both parallax-barrierand lenticular technologiessuffer from this shortcomingwhich can be considerec type of
optical crosstalksinceone slit or lens can producean imageusingits neighbors data.Also, lensaberrationgnay
contrikute to crosstalkby reducingcontrastof imagesfrom adjacentpixels.

One method of reducingcrosstalkin parallax barrier displaysis to reducethe width of eachslit aperture.
This approachhasthe disadwantageof reducingthe display’s light ef ciency. Crosstalkcan also be minimized by
introducingguardbandswith no imageinformationin betweenthe view datafor eachslit/microlens.With guard
bands the imagewould black out for one or both eyesratherthandisplay neighbors data,but only at the expense
of reducingviewing zonesize.In electronicdisplaysguardbandsare often impracticalbecausef structureof the
the underlyingpixel array In practice displaysystemsaredesignedo balancecrosstalk size of viewing zonesand
light outputrequirementsalthoughthe “sweetspot” of an autostereoscopidisplay i.e., locationwherethe image
appeardepth-correcttendsto be fairly narrow.

A few additionalremarksare in order here. CRT displayscannotbe usedwith parallax-barrieror lenticular
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technologybecause precisegeometricrelationshipbetweenpixels and slits/microlensess required;light patterns
on a CRT screensuffer from unacceptablgitter. While parallax-barriersystemsare easierto manugcturethan
lenticulars,their main de ciency is a reducedight outputdueto the non-transparenbarrier

Finally, both spatially-multipling techniquessuffer from the loss of horizontal resolutiondelivered to each
eye; half of the pixels in eachhorizontalrow are deliveredto left and half — to right eye. In orderto spatially-
multiplex left andright imageson the screenpothimagesneedto be horizontallysub-sampledby the factorof two.
Clearly, suchsub-samplingnecessitateprior half-bandhorizontallowpass ltering in orderto avoid aliasing.Such
Itering is a specialcaseof more generalpre- Itering employed in spatially-multipleced multiview 3-D displays

(see“Fighting aliasingwithout regularity”).

I1l. PLANAR MULTIVIEW DISPLAYS

Two-view stereoscopialisplays, while relatively simple and inexpensve, have signi cant disadwantagesfor
displayinghigh delity 3-D. In glasses-baseslystemsthe sametwo views are presentedo the viewer regardless
of viewing position, which can lead to mental confusionabout the shapeof the object. As already mentioned,
two-view autostereoscopisystemsbasedon parallaxbarriersor lenticularsare also vulnerableto apparentdepth
inversionof the scene.

The two-view stereoscopidisplaysof the type describedthus far also fail to provide the importantdepthcue
of motion parallax,i.e., a changeof viewpoint dueto viewer motion. Motion parallaxis animportantcomplement
to stereopsisparticularly when a sceneis relatively static and the viewer is free to inspectit from a variety of
positions. Motion parallax can provide meaningful depth information over a larger range of working distances
betweenviewer and object than can stereopsisand it provides depth cuesto a larger portion of the population
(including thosewith de cienciesof binocularvision).

Several display technologiegprovide motion parallaxin additionto stereoscopicepthby displayinga rangeof
viewpoints of a sceneto the viewer. We refer to displaysof this type as multiview displays This sectiondescribes
two main displaysof this type: actve multiview systems,where a viewer's position is usedto calculateand
presenthe appropriatémages,andpassve multiview displays,whereseveral viewpointsof the sceneare projected

simultaneoushinto a viewing zonethroughoptical means.

A. Active multiview 3-D displays

In orderto display motion parallax,a device mustpresentview informationto an obserer thatis speci c to his
or herlocation.Active multiview displaysprovide motion parallaxby trackingthe viewer's location,generatingwo
appropriateviews for the viewer's eyes, and using an optical mechanisnsuchasthosewe have alreadydescribed
to presentthoseviews to the viewer [11]. An active multiview display at leastideally, presentghe samestereo
and parallaxcuesaswould a true 3-D object.

Sinceview renderingdependson head position, irregular, tempoal view multiplexing takes place;the degree
of irregularity dependson the motion patternof viewer's head.Sincethe selectionof suitableview for on-screen

renderings akin to sub-samplingf this view's full motionsequenceatemporalanti-alias Iter shouldbe employed.



IEEE SIGNAL PROCESSINGVIAGAZINE VOL. 24, NOV. 2007 11

Right eye Left eye
- -
.

i 5|6

7 8‘9‘

IR

[RIclTe[r[c]B[rR[c]B[R[C[B][R]C]E]

(@) (b)

Fig. 4. lllustration of the principle of lenticular multiview displays:(a) single-rav cross-sectiorof a 9-view display; and (b) impact of

lenticule slanton the spatialdistribution of same-viav pixels for a 7-view display

However, becausef movement-inducedrregularity, or time-variance the designof anoptimal Iter is non-trivial.
Moreover, had one beenableto nd an optimal Iter for this case,anothersigni cant de ciency would remain;
becauseof the tracking employed, correctview can be only presentedo the viewer being tracked. Essentially

active multiview 3-D displaysare single-viever displays.

B. Passivemultiview 3-D displays

The inability to supportmultiple viewersis a major weaknes®f actve multiview 3-D displays.An alternatve is
to displayall views simultaneouslyy meansof spatialmultiplexing [13]. If eachview (light from the corresponding
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 screenas otherwise
the effect is largely lost. Sinceall views are displayedat the sametime, and no headtracking is used, multiple
viewers canexperience3-D sensatiorconsistentvith their respectie positionsin front of the display Supportfor
multiple viewers, motion parallax,andeliminationof glasseave proved very appealinganda numberof parallax-
barrier and lenticular multiview 3-D displayshave beensuccessfulljaunchedcommerciallyin the last few years
[14], [15], [16]. Multiview displaysthat requireno glassesare often referredto as automultiscopiadisplays.

The samedisplaytechnologiesusedto implementautostereoscopidisplays(Sectionll-B), parallaxbarriersand
lenticulars,arethe mostcommonlyusedmethodsfor implementingpassve multiview systemgFig. 4.a). Thelinear
natureof the slits or lensesin thesedisplaysmeansthey are capableof displayingonly horizontal parallax,thus
providing depthinformationto a viewer with eyeshorizontaland moving from side-to-side This type of displays
is thus known as horizontal parallax only, or HPO, display While full-parallax passve multiview displayshave
beendeveloped,they are currently poorly suitedto electronicimplementationbecauseof insufciently high pixel
densityof plasmaandLCD panels.

In early approacheso multiview digital imaging, the slits or lensesremainedalignedwith pixel columns,thus
inducing N -fold horizontalresolutionloss for an N -view display (out of N consecutie pixels in one row each

belongsto a different view). This resultedin a severe imbalancebetweenvertical and horizontal resolutions.In
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order to correctthis 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-vigv pixels to be distributed more uniformly (both horizontal
and vertical sub-sampling)as showvn in Fig. 5, however the regular natureof sub-samplingnducedby non-tilted
lensesis lost. This posesa signi cant problemof aliasingdueto irregular sub-samplingHow to characterizesuch
aliasing?How to designanti-alias lters? Somesolutionsrecently developedare presentedn “Fighting aliasing

without regularity”.

Fighting aliasing without regularity (Inset#3)

When renderingimage datafor a passie 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 greenand blue sub-pixels). Thus, it is not
obvious how to quantify the aliasing resulting from such an irregular sub-sampling.Two approachesiave been
developedto date.

In the rst approach[18], the irregular sub-samplingayoutV  R? (red circlesin Fig. 5) is approximatedin
spatial domain by 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. = diag1; 1).

Thegoalnow isto nd  suchthat,in somesenseijt bestapproximateghe setV. Onepossibilityis 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) = minyoa kx yk. Then,a mutual distancebetweentwo point sets andV canbe minimized:

X X
min v d(x;) + d(x;V) (5)
X2V X2
where is a vectorof parameterglescribingthe samplingstructure . For a 2-D lattice, is a 3-vector (upper
triangular sampling matrix sufces), and thus minimization (5) can be accomplishedoy hierarchicalexhaustve
searchover a discretestatespace.As the weights y and  are adjusteddifferent solutionsresult. However, if
= 0, a very dense(in the limit, in nitely dense) would result, while for y = 0, a single-point Y
would be found optimal. Insteadof a combinationof both distancesne could useeitherof themunderconstrained
minimization (e.g., constrainton the densityof ).

Applied to various single-viev layoutsV, the abore method has beenshowvn effective in identifying various
regular approximationsfrom orthogonal-latticeapproximationgquite inaccurate) through non-orthogonal-lattice
approximationgmoreaccurate)fo union-of-coset@pproximationgmostaccurate) An exampleis shavn in Fig. 5;
notea progressiely-improved alignmentbetweensingle-viav pointsfrom V (red circles)andmodelpointsfrom
(crosses)Having identi ed aregularstructureapproximationit is relatively straightforvardto identify the passband
of suitablelow-passanti-aliaspre- Iters [17].

In an alternatve approachthe irregularity is approximatedin frequencydomain[19]. The mainideais basedon
the obsenationthatin 1-D a sequencef unit impulses(discreteKronecler deltas)g[n] hasthe discrete-time-ourier

transform(DTFT) in the form of a periodic impulsetrain (sum of delayedDirac delta functions). Therefore,the
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(@) (b) ()

Fig. 5. Approximationof single-viev sub-piels using: (a) orthogonallattice; (b) non-orthogonalattice; and (c) union of 21 cosets.Dots

denotethe orthonormalRGB screerraster red circles( ) denotered sub-pixels of this rasteractivatedwhenrenderingoneview on a typical
spatially-multiplexed multiview screenwhile crosseq ) shav model (lattice) locations.

sub-samplingof a signalx[n], by multiplying it with the sequence[n], resultsin the convolution of their DTFTs:
Ffx[nlg Ffg[n]g. Clearly the spectrumF f x[n]g is going to be replicatedat locationsof the periodicimpulse
train F fg[n]g. A similar relationshipholdsin 2-D with respectto bi-sequenceand 2-D periodicimpulsetrains.

The above relationshipsalsohold if g[n; m] is a bi-sequencef irr egularly-spacedunit impulses,i.e., de ned on
V. Then,Ffg[n; m]g is a 2-D train of Dirac deltafunctionsde ned on a reciprocallattice  of the leastdense
lattice suchthatV . Additionally, impulsesin this train are scaleddifferently at differentfrequeng locations
[20]. The consequencef this is that the signal spectrumis replicatedwith different gains at different frequeng
locations,and replicationswith smallergain factorsmay have lessof animpacton aliasingthanthosewith large
gain factors.Although to completelyprevent aliasingone could considerthe worst casescenarioj.e., limiting the
signal spectrumso that the closestoff-origin spectralreplicationsdo not “leak” into the baseband/oronoi cell,
sucha designwould be too restrictve; usually a controlleddegree of aliasingis permitted.Then, however, either
the actualsignalspectrumor its modelis neededGoodresultswere obtainedfor separabléMarkov-1 imagemodel
[19]; an anti-alias lter' s passbandoundarywas found by identifying frequenciesat which the ratio of baseband
spectrummagnitudeto that of its closestspectralreplication (with suitablegain) is either 1 or exceedsl (less
aliasing).

Fig. 6 shawvs the desiredand computedmagnituderesponsesf anti-alias Iters usingthe spatial-andfrequeng-
domainapproximationsNote a rotatedhexagonalpassbandor the multiplexing model basedon non-orthogonal
lattice, and a diamond-shapegassbandwith horizontaland vertical extensionsfor the frequeng-domainapprox-
imation. The lter in Fig. 6(c) hasa slightly larger passbandhan the onein Fig. 6(b) for it takesinto account
optical crosstalkpresentin lenticular displays[19]. Applied in practice,pre- Itering basedon speci cationsfrom
Fig. 6.b or 6.c resultsin as effective suppressiorof aliasingartifactsas Itering using speci cationsfrom Fig. 6.a
while much betterpreservinghorizontaland vertical detail of 3-D images.

The bene t of approximationin frequeng domainis that anti-alias Itering canbe adaptedto speci ¢ spectra,

whetherof a particularimageor of a model. In principle, given sufcient computingpower (alreadyavailablein
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high-endgraphicscards),one canimagineanti-alias Itering adaptedo eachdisplayedimage.

C. Projectional multiview displays

An emeping classof multiview displaysuse multiple projectorsor scanningoptics, combinedwith optics that
shapeindividual view zones,to presentmultiple views autostereoscopicallyfexamplesof this kind of display
include numeroustime multiplexed designsfrom CambridgeUniversity [21] [12], a joint Cambridge/MITwork
[22], multi-projectordisplaysusing lenticular sheetsat MERL [23], and multi-projectordisplayswith holographic
optical elementdrom the Hungariancompary Hologra ka [24]. Froma signalprocessingtandpointthesedisplays
sharecommoncharacteristicsvith othermultiview displaysandwith holographicstereogramsand are susceptible
to the sametypesof aliasingartifacts(describedn a later section).

On the other hand, projectionalmultiview displayscan maintainthe full spatialresolutionof eachview, rather
thandirectly trading off spatialresolutionand numberof perspectiesthe way that lenticular and parallaxbarrier
displaysare forced to do. Maintaining full spatialresolutionand allowing a more e xible choice of humber of
view zonesis usefulwhendevelopingdisplaysfor high quality cinemaor 3-D TV (potentially higher costsof the
display systemnotwithstanding).

D. Interperspectivealiasing in multivien displays

In additionto signalprocessingssueselatedto particulardisplaymethodologiesall displaytypesthatdiscretize
view spacearesusceptiblgo additionalaliasingartifacts,speci cally interperspectie aliasing[25]. Interperspectie
aliasingresultswhenthe spatialfrequeny of a three-dimensiongbointin a scenebeingimagedby a multiview dis-
play exceedsthat display's permittedresolution.This resolutionlimit dependon the particulardisplay’s geometry
but is always depth-dependerdnd always relatedto the size and discretizationof the view zone.This resolution

limit of the display’s opticsis exactly analogougo depthof eld in animagerecordingcamera.
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Failure to bandlimitimage contentbelon a display's maximumresolutionresultsin artifactswherepartsof the
imagethat shouldappearasa continuousblur are broken up into a seriesof dotsor imagefragments.This artifact
can either be preventedduring image recordingor synthesis[25], [22], or correctedusing post-captureltering
[26].

V. HOLOGRAPHIC DISPLAYS (PLANAR)

Holographicdisplaysare a diversegroup of imaging technologieghat incorporatediffraction as an underlying
componenbf imageformation.Holograply is fundamentallydifferentfrom otherdisplaytypesbecausef its ability
to usenot just spatially-\arying intensity information, but also phaseto reconstructhe intensity and direction of
alight eld.

Optical holograply was inventedin 1948 by Dennis Gabor but only becamepracticalfor imagingin the mid-
19605 throughLeith and Upatnieks useof the laser A Leith and Upatniektype hologramis both a recordingand
a display device. A high resolutionphotographicplate recordsthe interferencebetweenlight from an objectand
a mutually-coherenbut otherwiseinformationlesgeferencdight source.ln signal processingerms,the reference
beamactsasa carrierfor the scenes spatialinformation. This interferencepatternis recordedcontinuouslyacross
the entire surface of the recordingmaterial.

During viewing, a monochromaticillumination beam, typically at the samerelative location to the display
as was the original referencesourceto the recording material, actsto heterodynethe image information down
from high frequeny spatialinformation back into an image.Remarkablythe light emeging from the hologram
closely approximatesthe wavefront of the original scenein phase,direction, and intensity Since this process
occursseamlesslhyandphase-coherentlgcrosshe recordingmaterial,a hologrambecomesa highly accuratethree-
dimensionalwindow into the original scene.Consideredcanotherway, a hologramis an extremely specializedens
that focuseslight from the illumination sourceinto the three-dimensionashapeof the original scene.

This processof phasemanipulationusing high-resolutionspatialinformation and diffraction allows holograply
to exceedthe information storagecapacityof all other display technologieslin its purestform, the hologramis
free of the limitations of spatialmultiplexing anddiffraction dueto aperturingthat canplagueotherhigh-resolution
multiview displaytechnologiesThis propertymeanshatholograply canactuallybe usedto mimic complex multi-

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

A. Informationreduction

In reality, the holograms ability to recordextremelylarge amountsof datais asmuchits weaknesssits strength,
particularly whenwe considerholograply as a display for digital or dynamic content.It would be impossibleto
replicatethe detail of a high-quality optically-exposedhologramusing a digital recordingprocessSincethis level
of image delity is simply not requiredfor mosttasks,informationreductionis a challengingbut essentiaklement
of syntheticholograply.

Holographic information reductionis possibleusing a variety of techniques,mary dravn from other non-

holographicdisplaytechnologiesThesemethodsncludeeliminationof vertical parallax,pixelizationof the display
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Fig. 7. Conceptuablock diagramshaving how a fringe patternis computedfrom view informationin a holographicvideo system.The
image or view planeis decomposednto pixels throughwhich viewing rays are cast; this view information can be either capturedusing
multiple camerasor computedfrom a syntheticscene.This view datamodulatesa setof basisfringe patternswhich are summedto form
the input signal for a diffractive light modulatorin the display device.

surface, partitioning the display's viewing region into a relatively small number of discreteview zones,and
approximatingthe wavefront of objectsat differentdepthsusing pieceavise cylindrical representations.

The extentof informationreductiondepend®n viewing conditions humanvisual responseandthe bandwidthof
the recording,transmissioncomputation,and output stagesof the display pipeline. For photographicor synthetic
displaysrecordedon holographic Im, a discretizationknowvn as a holographicstereograms commonly used.
Holographicstereogramspproximatea 3-D sceneusing projectionalviews, muchlike thoseusedin a multiview
display Theseimagesarerecordedoptically into the hologram,with eachimagebeingvisible in only its own view
zone. The holographicinterferencepatternis optically “computed” throughinterferencejust like in a traditional
hologram.Highly realistic,full parallax,full color, white light illuminated,wall-sizedsyntheticimagesare possible

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

B. Holographic video

Dynamic holographicimages,on the other hand, add multiple additional compleities to holographicimage
formation. For thesedisplays(known as holographicvideo or electroholographidisplays),interferencepatterns
cannotbe createdoptically but insteadmustbe computedand fed througha phase-modulatingptical device such
asan acousto-optianodulator(AOM). In generalthe fringe patternproducedby the modulatoris scanneahrough

aview zoneusinga polygonalor mirror-basedscannerA variety of display systemsand computationatechniques
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[28] have beendevelopedsincethe earliestprototypein 1989-1990[29]. Holographicfringe computationis now
possibleusingGPU acceleratioron moderngraphicsdisplaycards[30]. However, imagemodulationdevicesremain
costly limiting the utility of holographicvideo systemsfor practicalapplicationsat the presenttime.

An open signal processingquestionin the eld of electroholograph is how to decomposehe holographic
fringe patterninto componentelementsthat lend themseles to a practical blend of inexpensive synthesis high
compressibility simpli ed transmissiongffective modulationof the display device, or useful optical properties.
Unlike their multiview display counterpart®r traditionalholographicstereogramselectroholographidlisplayscan
use a fringe basisthat behaes quite differently from a physical lens or aperture.This e xibility opensup the

potentialfor nev optimizationsand innovationsin the display pipeline.

C. Holographic optical elementdor 3-D displays

Holograply senes an additional,non-imageforming role in three-dimensionatlisplay as an optical elementin
a multiview display device. Since hologramscan be thought of as programmabldliffractive optics, holographic
lensesor diffuserscan be fabricatedto meetvery speci ¢ optical requirementsn a very compactelement.For
example,a holographicoptical element(HOE) can be usedto restricta view zonehorizontally while diffusing it
vertically. Furthermore multiple optical elementscan be written into a single holographicelement,producinga
compositedevice that behaes as a superpositiorof its components.

Such compl holographicoptical elementscan be createdthrough either optical or computationaimeansand
replicatedrepeatediyto make multiple copiesof the device. As diffractive elementsthough,HOEsare susceptible
to chromaticblur, making them mostappropriatefor monochromaticoptical pathsor for diffuserswhere spectral

blur is not critical.

V. VOLUMETRIC DISPLAYS

While surfacedisplaysusedirectionalemissionof light to simulatethe appearancef 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 appearancef a three-dimensionascenecan be recreatedoy drawing it in
3-D in the display volume.

By emitting light from a 3-D locationin the volumethat directly correspondso a pointin the scene yolumetric
displaysaccuratelyreproducethe wavefront cunatureof light comingfrom pointson the object(from a geometric
optics perspectie). This propertyimplies that volumetric displaysprovide visual accommodatior{focus) cuesto
depth,sincethe eye canfocus on the volumetricimage of the scenein the sameway it would focus on the real
sceneMost volumetricdisplaysalsoreproducevertical parallax,which is particularly usefulfor devicesthatallow
scenedo be inspectedrom a wide rangeof viewer positions.

Typical volumetricdisplaysystemgroduceimagepointsthathave only a singleaddressabletensityvalue:each
pointhasanappearancedependenof viewer location.On the positive side,this propertyavoidstheinterperspectie
aliasingartifacts of multiview systemssincethe view zoneis not discretized.On the other hand, displaysof this

type do not maintainaccurateocclusioncuesfor all viewers. Sinceocclusionis commonlyconsideredhe strongest
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cue to depthin mary scenesthe inability to representocclusionlimits the kind of scenein which volumetric
displaysexcel. (Recentwork hasdemonstratedhat view-dependencand occlusioncan be obtainedin volumetric

displays;we will describethis technologynearthe end of this section.)

A. Swept-volumdisplays

Becauseaf theinherentcomplexity of directly addressingll the pointsin a three-dimensionalolumesimultane-
ously volumetricdisplaysall employ scanningin someway. Scanningcanbe accomplishedising several different
methodsMechanicalvolumescanningmethodsusea passve projectionscreeror active displayelementhatmoves
throughall partsof the display volume during a single display cycle: thesedisplaysare sometimegeferredto as
swept-volumelisplays.Thesesystemdiffer in their screengeometry the shapeof their working volume, the order
in which this volumeis scannedandthe optical con guration of the projectorand screenFor example,Perspecta
from Actuality Systems[31] usesa at, double-sidedscreento sweepout a hemisphericaimage volume. The
projectedimagerotateson the screemasthe screensweepsut the imagevolume. This rotationleadsto a relatively
comple rasterizationorderingof the volumetricimage datacomparedo traditional rasterscannedD displays.

Perspectaalso usesa display elementvery commonin contemporaryvolumetric displays:a DMD (digital
micromirror device) image subsystemDMD elementsare extremely useful becauseof their ability to display
imagedataat extremely high refreshrates(approximatelyl5kHz). The binary two-dimensionaimageinformation
onthe DMD canbe multiplexedto producegrayscalgthroughpulse-widthmodulation),color (usinga color wheel),
andradial resolution(by varying the ratio of scanningspeedto imageupdate).DMD subsystemsre available as
off-the-shelfdevices, replacingwhat would otherwisebe an expensve customelectro-opticaldisplay component.

B. Staticvolumedisplays

Another classof volumetric displaysuseselectronically addressablelementsto scanout the image volume,
sometimesknown as static volumedisplays The DepthCubefrom LightSpaceTechnologieg32] is an example
of sucha device. In this display a DMD imaging systemprojectsa planarimagethrougha stackof electrically-
addressableCD shuttergtwenty panelsin LightSpaces currentversion).At arny oneinstantin thedisplayscanning
cycle, oneof the shutterss active. In this state the shutterscatterdight, actingasa projectionscreerfor theimage
behindit. Eachshutterin the stackis sequentiallyactivatedin synchrory with the displayof a new projectedimage,
sweepingout an entireimagevolume.

With twenty depth planes,the depth samplingof the DepthCubeis relatively coarse,and gaps betweenthe
depthplanesare possibleto obsere. To minimize this problem,LightSpaceusesan interpolationmethodthat blurs

computationallythe gap betweenadjacentslices,reducingthe perceved discontinuity

C. Other scanningmethods

We mentionbrie y two othertypesof volumetricdisplaysthathave beendevelopedbut to datehave not achieved
signi cant commercialsuccessThevarifocalmirror usinga moving e xible membraneactingasa focusingmirror,

to opto-mechanicallyscanan image of a planardisplay into a viewing zone[33], [34]. The seconddisplay type
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lIs the display volume with an optical mediumthat actsnon-linearlyto optical radiation.Whentwo light beams,
eachwith a wavelengthinvisible to the humaneye, crossin the medium,visible light is emitted;the entireimage

volume canthus be addressedhroughoptical addressing35], [36].

D. Occlusionand mid-air projection

Two recentdevelopmentdirectionshave changedwidely spreadassumptionsboutpracticalvolumetricdisplays.
The rst assumptiorwasthat a volumetricdisplay cannotdisplay view-dependengeffects or occlusion.Cossairtet
al. [37] modi ed an existing Actuality SystemsPerspectasystemwith a screenwith limited horizontaldiffusion.
This changepermittedview dependencéo be displayed.In mary waysthis displayis a hybrid betweenvolumetric
and multiview displays,possessingomecharacteristicof each.While the describeddevice wasonly a prototype,
we are aware of additional, currently unpublishedwork on this classof displays. Numeroussignal processing
challengeswill doubtlessemege asthesedisplaysmature.

The secondassumptionabout volumetric displayswas that mid-air display of three-dimensionalorm of non-
trivial depthis not practicalwithout the introductionof a non-lineardisplaymedium.Recentwork at AIST in Japan
[38] hasshawvn that display comprisedof a strongly focused,scannednfrared laserbeamis capableof draving
simple 3-D scenescomprisedof glowing balls of plasmaionizedfrom air. While the limitations of this systemare
not yet known, its inventiondoesremindus to periodicallyrevisit commonassumptiongndreassestheir validity

in the faceof changingtechnology

V1. SUMMARY AND CONCLUSIONS

A suney 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 davn of
digital signal processingDifferentdisplaytypeshave experiencedoeriodic popularity andsome3-D displayshave
maintainedcommercialsuccessn a few specializedareas.Beyond thesenichesand fads,though, 3-D hasnever
beforethreatenedhe dominanceof “ at” imaging.

Today the digital contentrevolution haschangedeverything. The CCD hasreplacedim. The desktopcomputer
hasbecomethedirector’s editingroom. Graphicstechnologyhasexceededhe traditionalanimators wildestdreams.
And digital imagingis a componenbf almostevery desktopevery conferenceéoom, andevery cinema.The digital
bitstreamis one of the mostimportantfoundationsfor the re-emegenceof 3-D, and 3-D speci ¢ signalprocessing
is the essentiakomponenthat allows us to take advantageof it.

3-D displaysneedextra imageinformationto provide a senseof dimensionality andthat datacanbe processed
like any othersignal.But it is the 3-D speci ¢ algorithmthatcan,for example,compressnultiple views into oneby
taking advantageof inter-perspectie coherence3-D awareimageprocessinggancompensatéor displaylimitations
by minimizing or removing crosstalk betweenchannels.Multiple imagescan be meiged for autostereoscopic
displays,with minimal artifacts, by a specializedembeddednosaicingengine.Aliasing artifacts can be ltered
out of multiview cameradata,again using algorithmstailoredto 3-D data.

New signal processingalgorithms,new 3-D display devices,and new waysto create3-D content,are,togethey

rapidly curing 3-D's longtimeills andusheringin a new eraof ubiquitousdimensionaimaging.We believe thatthe
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early successewe areseeingtoday in partbecausef thekinds of sighalprocessingechniquesve have described,
will only expandas public interestgrows, as commercialsuccesseare achiered, as nen algorithmsand devices
are developed,and as computationbecomesever cheaper

The future enabledby the combinationof 3-D signal processinggdigital content,andnew displaytechnologiess
oneof mary exciting possibilities.Eventoday a volumetricdisplay of cardiacimagescanallow a teamof doctors
to treata beatingheart,andaudiencesn a pacledtheatercanall reachout at onceto try to touchsyntheticsnav in
a completelydigital 3-D movie. We canonly imagine,or perhapsnvent, the kinds of applicationghatwill emege
whencomplete3-D display systemsbecomewidely available.
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