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Abstract

In this paper weproposea novel framavork to representvisualinformation.Extendingthe notion of conventional
image-basedendering our framevork malesjoint useof bothlight elds andhologramsas complementaryep-
resentations\e demonstatehowlight elds canbetransformednto holograms,andviceversa.By exploitingthe
advantagesof eitherrepresentationpur proposediual representatiorandprocessingipelineis ableto overcome
the limitations inherent to light elds and hologramsalone We showvarious examplesfrom syntheticand real
light elds to digital hologramsdemonstating advantgesof eitherrepresentationsud as sped&le-freeimages,
ghosting-feeimages, aliasing-free recoding, natural light recoding, apertue-dependengffectsand real-time
renderingwhich canall be achievedusingthe sameframevork. Capturinghologramsunderwhite light illumina-

tion is onepromisingapplicationfor future work.

CatagyoriesandSubjectDescriptorgaccordingo ACM CCS) 1.3.0[ComputerGraphics]:General

1. Intr oduction

Throughoutcomputergraphicsrendering,geometric(ray)
opticsis frequentlybeingadoptecdasa physicalmodelof the
imageformationprocessfor somevery goodreasonsgeo-
metricopticsis amathematicallysimpleandyetsurprisingly
powerful modelthatis ableto explainandalsoquantitatvely
describemostoptical effectsthat we can perceve with our
eyes. Given all necessarynformation abouta scene geo-
metric opticsis regularly sufcient to achieve fastaswell
asrealisticrenderingperformanceNeverthelessgeometric
opticsalsopossessea numberof limitations. Most promi-
nently ary sceneto be renderednustbe representedather
ineleggantly in termsof 3D geometry texture, andlocal re-
ectance characteristicsObtainingtheseseparatedescrip-
tions of real-world scenegrovestedious,time-consuming,
andexpensve.

To overcomethis dravback,image-basedenderingiech-
nigues,and speci cally light eld rendering[LH96] have
beenproposedin light eld renderinga (large) setof pho-
tographstaken from various different positionsall around

T {zieglerr,grossm}@inf.ethz.ch, tyberis@gmail.com,
ahrenbey@mpi-inf.mpg.demagnor@cg.cs.tu-bs.de

¢ TheEurographic#ssociatiorandBlackwell Publishing2007.Publishedy Blackwell
Publishing,9600GarsingtorRoad,Oxford OX4 2DQ, UK and350Main Street,Malden,
MA 02148,USA.

the sceneare usedto representhe visual appearancef
the scene Unfortunately very large numbersof photosare
neededto guaranteealiasing-freelight eld renderingre-
sults [CCSTO0Q IMGO0Q], which is why subsequenimage-
basedrenderingtechniquesagain resortto additional (ap-
proximate)geometryinformationto interpolateviews from
muchreducechumbersof photographs.

With holograms,an alternatve representatiorof visual
sceneappearancés known. Basedon wave optics, holog-
raply is mathematicallyconsiderablynoredemandinghan
geometricoptics. The needfor monochromaticcoherenil-
lumination during acquisitionand specklepatternsduring
displayadditionallyseemo argueagainstconsideringholo-
gramsin thecontet of computergraphicsenderingOnthe
otherhand,hologramsepresentisual sceneappearancen
the mostelggant way, containingary possibleview from a
continuousviewport region without aliasing.In mary ways,
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hologramsarecomplementaryo light elds, seeTahl. Ge-
ometricopticsturnsout to be simply the approximationof
wave opticsin thelimit of in nitesimally smallwavelength
[BW59].

In this paper we proposeto useboththe light eld and
the hologramrepresentationf a scenes visual appearance
in tandem.Our goal is to perform processingstepson that
respectie representatiomior which the processingstepcan
bedoneeasieyfasteror moreaccuratelyTo switchbetween
eitherrepresentationye describehow to mapfrom theholo-
gramto thelight eld representatiomndvice versa.These
mappingsgive us the freedomto exploit the advantagef
eitherrepresentatiortheadwantagesndlimitationsof light

elds andhologramsaresummarizedn Table 1.

The core technical contrikutions of this paperare two
functionsto transformbetweerhologramsandlight elds. A
key ingredientof the forwardtransformincludesa novel al-
gorithmto reconstructiepthfrom arbitraryinputlight elds
by exploiting 4D epipolarvolumerepresentation®©ur map-
pingfunctionsprovide asolidtheoreticabasisto recordfull-
parallaxhologramsy meanf light eld camerasndthey
enableusto corvertary inputlight eld into ahologramfor
outputon future holographiadisplays.In addition,the wave
opticsrepresentationf the hologramallows for a variety of
sophisticategrocessingigorithmsandthe computediepth
proxy effectively eliminatesghostingartifactsof the input
light elds.

In Sect.3, we discussthe propertiesnherentto the light
eld andthe hologramrepresentationAn overvien of our
framawork is presentedn Sect.4, followed by the descrip-
tion of theforwardtransformfrom thelight eld totheholo-
gramin Sect.5, operationsn the hologramin Sect.6, and
the inversetransformationelaboratingthe essentialphysi-
cal characteristicin Sect.7. To demonstrat¢headantages
of ourproposediuallight eld-hologramrepresentatiornwe
presentresultsfor real and syntheticlight elds aswell as
digitally recordedholograms(DRH) in Sect.9 beforewe
concludewith anoutlookon futurework.

2. RelatedWork

In a paperin 1936 [Ger3§, Gershunintroducedthe con-
ceptof light elds for the rst time. He describedt asthe
amountof light traveling in every direction throughevery
pointin spaceusinglight vectors.n 1996Levoy andHanra-
hanin [LH96] andGortleretal.in [GGSC96 presentedwo
similar practicalwaysof capturingandrepresentingcenes
for computergraphicsindependentlybasedon Gershurs
theory Many publicationshave dravn their work uponthe
light eld aswell asthe lumigraphrepresentationvarious
publicationdocussingonsamplingrequirement§CCSTOQ,
renderingand Itering [IMGO00, SYGMO03, reducingghost-
ing artifactsandaliasing,aswell asnumerousapturingse-
tups consistingof a cameraarray [WJV 05, YEBMO02] or
oneshotcapturingdevicessuchasin [NgO5 LNA 06] keep
exploiting the big potential of this eld in variousways.

Table 1: AdvantgesandDisadvantges

Compare Hologram | Light Field
Functiondimension 2D 4D
Light representation wave ray
Single-shotcquisition Yes Yes
Refocusing Yes Yes
Naturallight recording No Yes
Specklefree No Yes
Realtime rendering No Yes
Aliasing free Yes No
Scene independentsam- Yes No
pling

Phase information for Yes No
depthencoding

Recordingwithout optical Yes No
elements

Compression Yes Yes
Combinatiorwith geomet- Yes No
rical representations

A goodoverview of recentwork in this eld is presented
in [Lev06].

Hologramscan be computergeneratedirom synthetic
data and renderedeither on a corventional display as in
[ZKGO7] or renderedntoholographidisplaysaspresented
in [LG95, Mat05. A real scenecanbe capturedon a holo-
graphic Im or digitally capturedby a CCD cameraonly if
illuminated by monochromatidaserlight. This is a severe
restriction,sincefor mary sceneghe light cannotbe con-
trolled in sucha meticulousway. DeBitettopresente two-
stepmodelto recordholographicstereogramsinderwhite
light illumination in [DeB]. Halle studiedthe characteriza-
tion of sampling-relatedmageartifactsand presentedlif-
ferentways of reducingor eliminating aliasingartifacts of
holographicstereogramin [Hal94]. The artifactsoriginate
from usinga planeasthe depthapproximatiorof the scene.

Numerouspublicationsdeal with the problemof depth
reconstructiorfrom multi-view input. Many algorithmsare
basedon the EpipolarPlanelmage(EPI) representatiomr
ontherelatedEpipolarVolumeswhichwere rst introduced
by Bolles et al. in [BBH87]. Although most of the work
assumed ambertiansurfaces,various approachesemove
speculaeffectssuchas[CKS 05BN95,LLL 02] while few
publicationd DYWO05, STMO0§ reconstrucsurfaceswith al-
mostarbitrary BRDF. However, thesemethodsrequiread-
ditional informationaboutthe re ection propertiesassume
light transportconstang requiringmultiple acquisitionsun-
der differentillumination or are not using the full redun-
dang of acameraarrayusedto capturealight eld.

In our work we presenta way of reconstructingdepth
from light elds with almostarbitraryBRDF. Basedon the
extracteddepthinformation, a scenecapturedunderwhite
light canbetransformednto a hologramfeaturingfull par
allax. Sincethe correctdepthgetsencodedinto the holo-
gram, the imagescreatedfrom the hologramdo not show
ary ghostingartifacts and operationssuch as refocussing
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andvaryingdepthof eld arestill possibleThehighestfre-
queny of the BRDF reconstructedrom the hologramwill
however, not be higherthan the one capturedby the light
eld.

3. Representation

Hologramsandlight elds have beenparameterizeih nu-
merousways. In Sect.3.1 and Sect. 3.2 we describethe
speci ¢ representationfor the hologramandthelight eld,

which areusedthroughouthe paper

3.1. Parametrization of Light Fields

Thereexist differentparameterizationsf light elds. In our
paperwe will eitherusethe populartwo-planeparametriza-
tion LF(u;v; s;t) aspresentedby Levoy [LH96] (seeFig. 1b)
or consider the light eld as angular parametrization
LF(u;v; qg;f) dependenbf positionon the uv-planeanddi-
rectiondependenon g andf asin Fig. 1c.

a) b)

hologram h

c
st-plane )

uv-plane

uv-plane

light field LF
two-plane parametrization

light field LF
angular parametrization

Figure 1: a) depictstherepresentatiorof a hologram.b) and
c¢) showtwo differentrepresentationsf a light eld.

3.2. Parametrization of Holograms

In general,a hologramis a real valuedfunction describing
the intensity of the staticinterferencepatternof a complec

valuedobjectwave with a complex valuedreferencewave.

Theoriginal objectwave canbereconstructeérom theholo-

gram.In thefollowing we will usetheterm "hologram”in

the spirit of the wave eld, which is a comple valuedwave

functionU (u; v), insteadof arealvaluedintensity eld. This

simpli cation doesnot have anin uence onthetransforma-
tion from ahologramto alight eld, sincethe comple val-

uedwave function canbe reconstructedrom a real valued
hologram.

4. Light Field Mapping Pipeline

In this paperwe describea pipelinebasedon a novel map-
ping M andits inverseM 1giving the possibility to trans-
form alight eld into aholographicrepresentatioandvice
versa.The holographicdatarepresentations similar to a
light eld in that the hologramas well as the light eld

measurehe light propagtedthrougha planein spaceinto
all directions.The input to our pipeline depictedin Fig. 2
is a purelight eld without ary depthinformation.M (cf.
Sect.5) transformsthe light eld into a holographicrepre-
sentationA coreingredientof M anda corecontrikution of
this paperis a methodto extractdepthfrom the input light
eld (cf. Sect.5.1). If accuratedepthinformationis avail-
ablefor thelight eld it canoptionallybeaddedo theinput

¢ TheEurographic#ssociatiorandBlackwell Publishing2007.
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Figure 2: Theinputto thepipelineis a pure light eld, with
anoptionof providinganaccuratedepthmapfor everyview.
UsingM thelight eld is transformedo a holographicrep-
resentationwhele functionssud as compessionand pro-
gressivetransmissiorcan be applied directly on the holo-
gram. A mappingfunctionM lallows an inversetransfor
mationinto a light eld, from which images from different
view pointscanberendeedin realtime

of M , increasinghe quality of the holographicrepresenta-
tion asdescribedn [Hal94, CCSTO0Q. Differentalgorithms
can be appliedto the manipulationof the hologram,such
as compressionprogressie transmissionwavefront prop-
agation simulatingdiffractive effectsand others.In Sect.6
we presenta renderingtechnique a compressioralgorithm
andstudy effectsof lossof data.Arbitrary parallaximages
canbe renderedef ciently from the holographicrepresen-
tation aslong asthe COP of the virtual camerdies on the
holographicplane.For arbitrary viewpoints we presentan
inversemappingM 1(cf. Sect.7), transformingthe holo-
graphicrepresentatiobackinto alight eld representation,
from whichit canberenderedo arbitraryviewpointsin real
time.

5. Forward Mapping

Theforward mappingM takesapurelight eld andmapsit
toahologramM consistf two mainstepsnamelyadepth
reconstructiorirom light elds with almostarbitraryBRDF,
and hologramevaluationbasedon the reconstructediepth
proxy andthe light eld if available.An optionalaccurate
depth eld canbeaddedto M , makinga depthreconstruc-
tion of thelight eld obsoletespeedingip the mappingand
slightly enhancinghe accurag of the forward mappingin
caseof inaccurateautomaticdepthreconstructioninterme-
diatestepsof theforwardmappingareshavn in Fig. 3.

depth field

wavefield

light field view wavefield view

Figure 3: For everyinput view of thelight eld a) a depth
mapb) is reconstructedwhich is usedto evaluatethewave-
eld c). A renderingof the geneatedwave eld is depicted
in d).

Sincesuchadepthmapis usuallynotathand,we present
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a novel depthreconstructiormethodfrom light eld data
basecbn a4D EpipolarVolumerepresentation.

5.1. Depth Reconstructionfrom Light Fields

Our methodtakes advantageof the full light eld informa-
tion andredundang capturedy cameraslignedto amatrix
insteadof a line. We call the resultingper view depthmap
the depth eld. Throughoutthe paper depicteddepthmaps
arein factalwaysdisparitymaps.

Representation The key adwantageof the EpipolarPlane
Image(EPI) representatiokPI(u; s) (cf. Fig. 4a)is thecol-
locationof correspondingixelsfrom differentviewsonone
line lc. In caseof Lambertianscenessuchlinesareconsist-
ing of a constantcolor in absenceof occlusions.Further
more, the inclination of I¢ is dependenbn the depth.Line
Ic correspondgo a plane p¢ in our 4D Epipolar Volume
EV(u;v, s;t). In all ourexamplesDv = Dutheinclinationin s
andt is thesameTheplanep. canalsobeinterpretedasthe
setof all the samplesf the plenopticfunction of onepoint
P sampledby thelight eld.

Discretization Assuming a continuouslight eld, every
pointin spaceeadsto a continuoudine in the EPl aslong
asocclusionis ignored.However, the rasterizatiorof | (cf.
Fig. 4b) at aninclination smallerthan45 will leadto dot-
tedlines,which arehardto berecognizedisingary Iter or
edgedetectorThesameproblemarisesvhentryingto t the
inclination of planesps in EV(u; v;s;t). Thereforewe com-
puteasequencef shearedpacedy progressiely changing
theshearfactors,y correspondingp aninclination,suchthat

EVO(UO,VO,SO,tC) = EV(uvis+ sy Ut+ sy V) andcheck
only shearmplanesps = Hvso(uo,vo,so,t‘) orthogonalto the s

andt direction.Thereconstructedepthprecisioncanbeim-
provedby increasinghe numberof shears.

a) continuous b) discrete
u u
s s il
7 %
u u L
s s
Light Field EPI Light Field EPI

Figure 4: a) showsthe continuoudight eld andits corre-
spondingEPI. b) showsa discretelight eld andits corre-
spondingdiscreteEPI.

FrequencyMinimization Criteria In the caseof a Lam-
bertianscenehe color of theplaneps is constantaslong as
its pixelsstemmingfrom everylight eld imageLF(u;Vv; ;)
correspondso thesamepointin the sceneThis consisteng
criterion canbe evaluatedby minimizing the varianceover
ps. In caseof arbitrary BRDFs, the variancewill fail (cf.
Fig. 6) in mostof the depthreconstructionef speculamob-
jects. By comparingFourier transformsof different shear

planescontaining Evo(u;v,s;t) we obsene predominantly
low frequenciesf the shearcorrespondso the depthof the

Diffuse sample

Specular sample

chosen point  correct shear chosen point  correct shear incorrect shear

Figure 5: Sheamlanesfor a diffuseanda speculamoint.

spec 0.5 spec 0.68

spec 0.90

Lyt
0 -1

Variance

Variance Variance

Figure 6: Depthreconstructiondasedon FMC and vari-
anceof the samesphee with varying specularcoefcients
are compaed after the r st passof the 2-passalgorithm of
Sect5.1 Thevarianceleadsto holesat specularre ections.

pixel at that position, albeit points shaving specularhigh-

lights. This is basedon the fact that the specularhighlight
becomessmallerfor non-matchingshearplanesleadingto

higherfrequenciesn the spectrumAdditional texture mag-
ni es thehigh frequenciegor non-matchinghearsaswell.

Therefore,we introducethe following novel criteria based
on the Fourier TransformF , which we will referto asFre-

quencyMinimizationCriteria (FMC):

FMC(uVistisg)= & W(P) jF f(ps Ps) fapodd(P)j?

P2F fg
&)
s = mearfBve (e V2 s 19) @
R= g ®

dox
T tan(3) 2

with fapoq beingan apodizatiorfunctionandw(P) a fre-
guengy dependentveighting function. We use a weighted
sumof the power spectrumpenalizinghigh frequenciesind
disrggardinglower frequenciesThis approachgivesa ner
control of the shearplane analysisthan the variance.The
shears,y correspondindo SrDiZnS(F MC(u;v;s,t;S4y)), with S

beingthe setof all possibleshearsboundedby the closest
andfarthestobject,leadsto depthzr (cf. Eq.@3)) of theray
LF(u;v;s;t). dpx is the disparityin pixels, N the numberof

pixelsin oneview andJ the eld of view (FoV).

Gray Channel Evaluation Since FMC can only be eval-
uatedon monochromdmages,we transformour color im-
agesinto gray scaleimagesusinga techniquepresentedn
[GDO0Y. In orderto transferthe gray levelsto all the other
views of thelight eld, we createeitherabig imagecontain-
ing all of the imagesfor smalllight elds, or evaluatethe
rst principal componenbf the rst imageanduseit asan

¢ TheEurographic#ssociationandBlackwell Publishing2007.
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axis to which all the colorsof all the imagesare projected
to. More elaboratebut slower versionsof color transforma-
tions suchaspresentedn [GOTGO05 KRJ0Y, did notseem
to achieve betterresultsaccordingo our requirements.

Occlusion and Specular Highlights Occludedpoints al-

wayslie further avay thanthe occludingpointsandhence
lie onasheamlanewith alargershearfactors,y. As soonas
aforegroundpointis detectedall pixels correspondingo it

areignoredfor further FMC calculationsIn orderto avoid

highfrequencieslueto missingpixels,a3 3 Gausslter is

appliedontheshearplane leadingto pixelsusableto Il the
holes.Furthermore sharpfeaturesat occlusionsaswell as
thin structuresrepresered,sinceouralgorithmignoresary

kind of neighborhoodor correspondencmatching.There-
fore, occlusionsare modeledcorrectly andincludedin our
reconstructionmethod.

Sincethe FMC nds the optimal sheardespitespecular
highlights,we do not have to handlethemin ary particular
way.

Algorithm We evaluatethe FMC from the smallestshear
correspondingo theclosespoint,to thelargestshearcorre-
spondingo thefarthespoint,in orderto nd theglobalmin-

imum persampleof thelight eld. We suggestwo methods
which focus on speedand accurag respectiely. In a one-
passalgorithm, the global minimumis chosenoncea local

minimumhasnotbeenchangedfterthelastw stepsandthe

minimumfrequengy is below acertainthresholdwherew is

ary numberof shearsteps(cf. Algo. 1). If thevarianceover

ps is smallerthana certainthresholdwe do not evaluatethe

FMC, but choosethe currentsyy astheoptimal t.

Input : Light Field
Output: DepthField

% initialize FMC
FMC(U;V;s;t; Sey) = ¥;
for syy=smallShearo largeSheardo
for all (s,t)do
eval FMC( 4gz; Yix; 5t 5, ) for p;
if Var(HVSO(uo,vo,so,t% < Threshot then
chooseshear;
remove pixelsfrom ps;
elseif FMC(u; v, s;t; s¢y) >
previy(FMC(u; v; S t; syy)) then
assignprev. sy to pixelsof ps;
remove pixelsfrom ps;
end
end
end

Algorithm 1: Depthreconstructiorof the one-pass
algorithm. prevy( ) takesthe minimumof thelastw
steps.

A morerobustbut slowertwo-passalgorithmremovesthe
pointsfor which a global minimum below a certainthresh-

¢ TheEurographic#ssociationandBlackwell Publishing2007.

old hasbeenfound after completingthe rst pass.In asec-
ondpassheremainingpointsaredetectedy evaluatingthe
minimum FMC for the remainingsamplesFor avery com-
plex scenethe numberof passesouldbeadapted.

Sceneshavingre ectionsof surroundingbjectswill not
be reconstructecproperly since altering colors causedby
otherobjectswill leadto high frequenciesand areleading
to anarbitraryFMC. In the caseof big homogenougatches,
no uniquesolutionexists dueto the lack of informationin
thelight eld. In this casewe selectthe rst minimal FMC
to evaluatethe depth.

5.2. Hologram Evaluation

The holograply pipeline presentedn [ZKGO07] canbe ex-
tendedin orderto handlethe evaluationof alight eld with
a correspondinglepth eld. Insteadof meging the depth
mapsfrom all the views to one sampledscenewe setone
pointsourceR,y alongeachray LF(u;V; g; f ) corresponding
to a frequeng componenbf the hologramat a depthcor
respondingo the depth eld in orderto minimize speckles
in thereconstructior{cf. Sect.7). EachP,y is evaluatedover
the entiretile T,y of sizeDu Dv asdepictedin Fig. 7a. By
evaluatingone point sourceper ray, we implicitly include
knowledgeof view dependentcclusionandre ection prop-
ertiesof the scenecapturedby the light eld. Efcient per
pointwave eld evaluationis enhancedby a hardwarebased
implementatiorof pointsourceavaluation.Thecontritution
of every point sourcecanbe addedup to obtainthe wave-
eld.

a)

T Tw
overlapping tiles

non-overlapping tiles

Figure 7: A point source Ry lying on theray LF(u;v;s;t)
will only be evaluatedon thetile T,y conservingknowledg
of occlusionandre ection captuedbythelight eld.

Overlapping Tiles Sincethe capturedight eld leadsto a
discretesamplingof the BRDF of pointson the scenesur
face,discontinuitieshetweentwo neighboringtiles canoc-
cur. The maximal discontinuityis dependenbn the maxi-
mumfrequeng of the BRDF In orderto avoid ringing arti-
factsduringtheinversemappingM ‘we overlappandblend
thetiles asshavn in Fig. 7b. The overlapcanbefreely cho-
senbetweerD to maximally Du or Dv. Theoverlappingparts
arelinearly blendedNotethattheblendingdoesnothave an
in uence on the interpolationof intensitiesbetweendiffer-
ent BRDF samplesfor novel viewpoints, but solely avoids
ringing artifactswhenevaluatingnovel viewpoints.

Choice of Wavelength If the hologramis only usedasan
intermediaterepresentatiomnd not as an interferencepat-
tern for holographicscreensye areableto choosea wave
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length with more e xibility. On the one hand, the wave
lengthshouldbe asbig aspossiblein orderto keepthere-
quiredsamplingful lling the Nyquistcriteriaaslow aspos-
sible. On the other hand, the wavelengthhasto be short
enoughin order to guaranteethe required resolution for
the backtransformationM linto the light eld leadingto
Sect.7.

Speckle elimination Speckles occur if multiple point
sourcescreatethe samefrequeng and the phasesare dis-
tributedin a way cancelingeachotherout. This is a known
physical phenomenorinherentto coherentlight modeling.
Point sourcescreatethe samefrequeng if they lie in the
samefrequeny bandand therefore,in approximatelythe
samedirectionfrom the centerof the aperture(cf. Sect.7).
In orderto reducespecklenoisein the nal views, we only
evaluateevery nM pointsourceto createa hologramJeading
to anumberof n holograms.

single pass b

double pass c) 9 x pass

0e0

50 G POOOCE
------ 0e00 [oXoXoXoXoXol
...... POOOOG B5XoXoXoXoXo)
...... Y0060 RO XOROK o)
------ [oJON o JONo RO [oXoYoXoYoXol

Figure 8: Spekle reductionthrough selectivepoint source
rendering Each point source surroundedby the samecol-
oredring will be evaluatedon the samehologram. Mostly
two hologramsare sufcient to achieve spe&le suppession.

The nal imageresultingfrom the holographicrendering
or inversemappingis a sumof the imagesof the n holo-
grams.Using this techniquewe areableto improve theim-
agequality from a straightforward evaluationFig. 8a with
n = 1 shaving speckleto Fig. 8b andFig. 8c beingalmost
specklefree. To avert specklescreatedfrom corresponding
points,we setidenticalphasedor all of them.By increasing
the aperturesize over severaltiles, speckleshecomevisible
at the straightforward transformation However, sincethe
bigger aperturesize is leadingto a higher resolutionwith
high-frequeng specklewe low-passlter anddown sample
the imageto createan almostspecklefree smallerimage.
The resizedsmallerimagestill hasthe sameresolutionas
thecorrespondindight eld view would have had.

6. Hologram Operations

A practical application of the transform M is to create
unique input for a holographicscreen.Moreover, a holo-
graphic representationhas various advantages,such as
smoothparallaxrenderingwithoutghostingartifacts robust-
nesgegardingdatalossanddiffractionsimulation.

Smooth parallax rendering The hologram renderingis
basedon the holographicpipeline presentedn [ZKGO07].
Settingthe apertureandviewpointfor a hologramrendering
will handleinterpolationof intensity informationfrom the

light eld implicitly. Sincedepthinformation of the scene
is encodedn the phaseof the hologramno ghostingarti-

factsare visible in novel viewpoints as shavn in Fig. 9c

and Fig. 9d. Although light elds do shov ghostingasin

Fig. 9b if no depthis known, they arenot proneto speckles
ashologramsare.By choosingthe optimal focal plane,the

light eld imagescanbeimprovedconsiderablyasdepicted
in Fig. 9a. Ghostingreductionhasbeenstudiedintensiely

in [CCSTOQIMGO00, SYGMO03,.

a) Light Field b) d c)  Hologram d)  Hologram
M " -

novel view
focal plane 2 near

novel view
focal plane 2 near

novel view
focal plane 2 sphere

novel view
focal plane 2 sphere

Figure 9: Thesamenovel viewpointis rendeedfor thelight
eld andthehologramusingvariousfocal planedistances.

Effects of Loss of Data The hologramstoresthe informa-
tion of the scendn the form of a wavefront. Therefore ev-
ery point of the scenehasanin uence on every pixel of the
hologramaslong asit is not occluded.This meansthatwe
cancutout partsof thehologramandstill retaininformation
aboutall thepointsin thesceneaslong asatleastonepartof
the evaluationof all the pointsis still visible. If theaperture
is choserlargeenoughin orderto neverfully lay overthecut
outpart,imagesfor all viewpointscanstill bereconstructed.
Artif actscanoccurif thecutoutpartsarenotapodizedsince
highintensitydifferencesanleadto ringing artifacts.

CompressionLight eld compressionwas already ad-

dressedin the pioneeringwork of Levoy and Hanrahan
[LH96] andGortleretal. [GGSC9§. Sincethenmary com-

pressionstratgies have beenpresentedwhich were most
ofteninspiredby standardmageor videocompressiotech-

nigues.In contrastto this, hologramcompressiordoesnot

lend itself to standardmage compressiorsincethe recon-
structionquality candependon the entirefrequeng range.
Naughtoretal. [NFM 01] shavedthelimited useof lossless
compressiorior hologramsA betterstratey for hologram
compressions non linear quantization[SNJOG. This pre-

senesthe spatialdetail while still requiring relatively few

bits percomplex number

7. InverseMapping

The inverse mapping M cannot be implementedas a

straightforward inverseof M , sincethe point sourcesare
combinedto onehologram.A wave basednversepropag-
tion would leadto alot of problemsdueto thelimited aper
ture size.Furthermorethe complex valuedspatiallydepen-
dentpoint spreadfunctionswould have to be decowolved
in orderto reconstruceachpoint sourceindependentf one
another

Insteadwe renderimagesat positions(u;v) on the holo-
graphicplaneleadingto directionalcomponents andf (cf.
Sect.8), which canbe interpretedas samplesof anangular

¢ TheEurographicfAssociationandBlackwell Publishing2007.
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light eld LF(u;v;q;f). By applyinga perspectie distor
tion asdescribedn [ZKGO07] theangularcomponentsanbe
transformednto a two-planeparametrizatiorLF (u;v; s;t).
Thetransformatiorfrom thehologramto alight eld canbe
donefor ary hologram for which the original wavefront of
thescenecanberestored.

Desired light eld resolution In the rst stepwe have to
determinethe desiredresolutionDg and Df andthe spac-
ing Du andDv de ning thelight eld. Accordingto Sect.8.2
thecentersof thearti cial aperturesreseton every sample
position (u;Vv) of the hologram.The size of the aperturea
hasto be chosensuchthat the minimal angularresolution

Da = arcsin IE correspondgo min(Dq;Df ). For every
aperturea lensfunction andapodizationfunction is multi-
plied with thewave eld beforegettingthe directionalcom-
ponentsthroughthe Short-Term Fourier Transform(STFT)
describedn Sect.8.1 Theresolutionof u is limited by the

numberof sampleon the hologramin this dimension.

Upper boundary of angular resolution The bestpossible
resolutionwhich cantheoreticallybeachiezedfor thetrans-
formation dependson the maximal depthextensionof the

visible part of the sceneDZisg.ene The depthof eld Dz

(cf. App. B) hasto be congruentwith DZisgene allowing

a maximalaperturesize a leadingto the highestresolution
Da for a givenwavelength/ . Differenttechniquedo elab-

orateD2isgenearefoundin numeroupapersWe areusing

a techniqueproposedn [ZKGO07] for depthreconstruction
from thehologram.

8. Transformation

The angularspectrumA () as presentedn [Goo6§ is a
Fourier transformF () decomposinghe comple valued
wavefrontU (u; V) into a collection of planewave compo-
nentspropa@tingin differentdirectionsk dependenonthe
spatialfrequenciesn, and ny (seeEq.()). The vectork is
de nedask = k (a;b;g) withk= 2 p=I beingthewave
number ! thewavelengthand(a;b;g) beingthe unit vec-
tor pointinginto the directionof the wave propagtion. The
component®f the vectorare calleddirectionalcosinesand
arerelatﬁdtothespatialfrequenciebya =ny l,b=ny I

andg= 1 a2 b2
> ¥ .
A (ngmy) = U(u;v)e 2Pt ) gydy
¥ ¥
=F fU(u;v)g 4)

Every spatialfrequeng extendsovertheentireuv-domain
andcan,thereforenot be spatiallylocalized.Nevertheless,
[Goo6§ shaws that local spatial frequenciesnl, and nly
canbe obtainedby a spatially limited Fourier transformas
long asthe phasej (u;v) doesnot changetoo rapidly (see
Sect.8.1).

¢ TheEurographic#ssociatiorandBlackwell Publishing2007.

8.1. Local Spatial Frequencies

We employ the Short-Term Fourier Transform(STFT) also
known asthe Sliding-Window Transform,wherethe wave-
front U(u;Vv) to be Fourier transformeds multiplied by a
window functionh(u; v), whichis nonzerdor alimited area
aroundthe origin. The resultingspectrumS( ) is calledthe
local frequencyspectrumandis de ned asfollows:

x ¥ '

S(nu; v X y; h) = U(uv)e 2P+ nVgudy  (5)
¥ ¥

Juv) = U(uvh(u xv v). (6)

Themultiplicationby h(') suppressel (') outsidethe win-
dow andcauses localization.However, sincethis transfor
mationis governedby the Heisenbeg-Gaborinequality as
shavn in [Fla99 we cannotgeta perfectlocalizationin the
spatialdomainaswell asin thefrequeny domain.
Consideringthe analysisof a wavefront, we cansaythat
thebetterthelocalizationof thedirectionalcomponentsthe
less directionscan be speci ed. Neverthelessapplying a
lenslocalizesthe frequenciedor pointsat speci ¢ depths.
In the following sectionwe usethe principle of STFT, but
improve the quality of localizationfor certaindepths.

8.2. Aperture

The window h(') canbe regardedasan apertureSa which
blocksthe incomingwavefront outsideof it. By evaluating
thewave eld U (u;v) from apointsourceP on Sy andtrans-
formingit usingthe STFT we obtainthe directionalcompo-
nentsof the planarwavesdescribingU (u;Vv). For a point P
of nite distance(cf. Fig. 10a) U (u;V) leadsto several pla-
narwaves,andthereforenolocalizationin thefrequeng do-
main.

a)

with lens

Figure 10: a) showsthe frequencydistribution over the
wholeapertue causedby a point souice b) showsthe fre-
guencydistribution whenusinga lens.

By introducingalenswith focallength f asin Eq.(7), the
incomingwavefrontfrom P canbetransformednto asingle
planewave asshavn in Fig. 10b. Introducingalensdoesnot
only havethebene t of creatingasingleplanewave, but also
givesinformationaboutthespatiallocationof thedirectional
wave. Undertheassumptiorof P beingperfectlyin focus,P
lies on theline de ned by the centerof the apertureC and
thedirectionalvectork.

(uv)= e Ko withr= w2+ 2+ f2 @)

A lens hastheoreticallyexactly one focal plane,which
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liesatdistancez from thelensandthereforepnly planarsur

facegparallelto theaperturecould betransformednto rays.
In practicehowever, every capturingsystemhasa certain
resolution,which determinesa Circle of Confusion(CoC)
(cf. App. A). Taking this CoC into accountwe cande ne

a Depthof Field (DoF) (cf. App. B) in which all the point
sourcesppeain focusandcanbetransformednto raysgo-

ing throughC. If thewhole objectis consideredo lie in the
depthof eld of alens,the frequeng distribution of each
pointwill not extendover morethanonediscretefrequeny

measureandthe wave eld of the sceneat the aperturecan
be transformednto a light eld. To getthe highestangu-
lar resolution(cf. App. C) andthereforethe biggestaperture
we have to achieve atight t of the DoF aroundthe object
includingdiffraction.

Thelensfunction, aperturesize,wavefrontsamplingand
the wavelengthde ne the resultingCoC and DoF yielding
alight eld with a speci c maximalresolutionfor s andt
aswell asamaximalFoV for every position(u;v). Thede-
pendencdetweerthesecharacteristicareelaboratedn the
following appendiceé\pp. A, App. B, App. C andApp. D.

9. Results

All hologramrenderingspresentedn this sectionare only
computedto give an illustration of direct output of holo-
graphiccontenton future generatiorholographicdisplays.
They do not competewith thelight eld renderingswvhich
are by far more efcient for corventional 2D framehuffer
displays.We show the versatility and the power of M and
M by applyingit to several examples,suchas synthetic
light elds, real light elds and digitally recordedholo-
grams.Therenderedmagescanbe evaluateddirectly from
the holographicrepresentationr throughlight eld render
ing. We implementeda light eld rendererusing a spatial
methodcapableof simulatingdifferentaperturesizesaswell
asfocal lengthfor viewpointsin the uwplane.A more ef-
cient implementationhas beenpresentedn [Ng05 and
would have to be usedif real-timeperformancewasa re-
quirementEvaluationsof a hologramfrom alight eld and
depth eld aswell asall therenderingfrom the holograms
have beenintegratednto thepipelinepresentedh [ZKGO07].

9.1. Forward Mapping

We computethreesynthetic sceneshown in Fig. 11. The
datasetn Fig. 11ais aPOV-Rayrendered384 192 16
16 light eld for which our depthmapreconstructioralgo-
rithm requires60 minuteson a Pentium4 with 3.2GHz.The
resultis a depth map with 163 possibledepth valuesper
light eld sample,while handlingvariousdif culties such
asocclusionsareasof low texture and specularhighlights
correctly Fig.11b andFig. 11c depictalight eld rendered
usingRenderMan13®f the procedurallygeneratedompeii
scenepresentedn [MWH 06]. Both scenescontaina very
big depthrange,which is biggerthanthe depthof eld of
the camerausedfor the holographicrendering Regionsbe-
ing slightly out of focus are thereforespreadover multi-

ple frequenciedeadingto somespecklenoise.According
to Sect.5.2 specklediminishesfor bigger aperturesagain.

Therenderingof the hologramare not primarily shovn to

demonstraténolographicrendering,but to shav a possible
view, which couldbegeneratednaholographicscreenThe
humaneye would transformthewavefrontinto animageand
thereforedetermineaperturesizeandfocal length.

Most importantly we transforma real light eld (cf.
Fig. 11d) into a hologramin orderto shav thatour method
canbeappliedto capturehologramsindemwhitelight illumi-
nation. The depthmapreconstructiorshavs someartifacts
sincewe hadno camerecalibrationandtheimagessuffered
from lensdistortion.However, the depthmapis still precise
enoughin ordernotto shav ary ghosting.

9.2. InverseMapping

The transformationfrom the hologramto a light eld can
be donefor ary hologram for which the original wavefront
of the scenecanberestoredThe third columnof every se-
guenceof Fig. 11 representareconstructedight eld view
by applyingM 1. Direct comparisonsshaw somedistor
tionsat off-axis raysfor camerawith a big FoV.

Furthermorewe transformeda digitally recordedholo-
graminto alight eld in orderto shav the versatility of our
frameavork andtransformFig. 12. Our proposedspecklere-
ductioncannotbe appliedto digitally recordedholograms,
sothe nal renderingsarespeckleprone.

a) c) d)
Figure 12: a) andb) are light elds genertedfroma digi-
tally captuedhologramrendeedby a smallaperture at two

positions.c) showsa big aperture with short focal length
andd) a big apertue with focal lengthon object.

b)

Limitations A limitation of this framework consistsin

transformingarbitrary light elds featuring strongre ec-

tions and transparenbbjects, since thoseregions can fail

during depthreconstructionFurthermorethe lack of visi-

ble raysof a point at the borderof the light eld might not
provide enoughinformation for a robust depth estimation
in all the views. In our examplesat least20% of the rays
have to be visible to reconstructhe depthof a point. The
resultingholesare lled throughinterpolationof surround-
ing depthvalues.Inaccuratalepthcouldleadto ghostingfor

novel viewpoints.

For sceneswith a big depthextent specklescan be no-
ticed. Thereforethebiggerthedepthextentof thescenethe
more hologramshave to be evaluatedfor a perfectimage.
Furthermoretheappliedlensmodelleadsto abberation$or
non-paraxiataysandcantherefordeadto speckles.

¢ TheEurographic#AssociationandBlackwell Publishing2007.
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Synthetic Light Fields

Light Field Computed Depth Field

Real Light Field

Light Field Computed Depth Field

Hologram rendering

Hologram rendering

Figure 11: All theimage sequenceshowan original view of thelight eld input, its correspondingdepth eld, the rendeed
transformationinto a hologram and two arbitrary views of the hologram with varying apertuie and focal length. The grey
squae symbolizeshe hologram, while the greensquae showsthe positionand apertue sizeof the camea.

10. Conclusions

In thispapeme presenteéd fundamentamappingfrom light
elds to hologramsanddemonstratethe versatilityon mul-
tiple examples.For the forward mappingwe introduceda
novel 3D reconstructionechniquebasedn frequeny spec-
trum analysiscapableof evaluatingdepthdespiteof occlu-
sions,speculahighlights,andlow textureinformation.The
createddepth eld providesthebasefor aforwardtransform
into a hologram.Most importantlythis givesthe possibility
to capturefull parallaxhologramsunder naturalillumina-
tion, which hasnot beenpossibleso far. This createsa big
potentialfor future work in this eld. Furthermorethein-
versemappingoperationallows for digitally capturedholo-
gramsto berenderedn real-timeusingthelight eld repre-

sentation.

¢ TheEurographic#ssociationandBlackwell Publishing2007.

11. FutureWork

Basedon the elaboratednappingoperation hologramscan
becapturedusingalight eld cameraaspresenteih [Ng05

andrenderedn a holographicscreeraspresentedy Qine-
tig in [SCSO03%. Thistechniquecantake advantageof there-
alismanddetailpreservingene tsof areallight eld while

giving thepossibilityof a3D outputonaholographicscreen.
Furthermorethe 3D reconstructiortechniquecan be used
for ghostingreductionin light eld renderingwithout hav-

ing to blur ary partof thesceneVariouslenseffectscanfur-

therbeusedto createrealisticlooking renderinggor general
graphicgprocessingFinally, digital hologramsotrequiring
opticalelementdor acquisitioncanberenderedn real-time
aftermappingtheminto light elds. Therefore future work
canbene t in numerousways from the fundamentaimap-
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ping by takingadwantageof eitherrepresentatiordepending

ontheneeds.
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Appendix A: Circle of Confusion

The Circle of Confusion
(CoC)c is de ned asthe size
of the circle to which anide-
alizedpointwill divergewhen
thelensis focusedat different
length.Assumingaray repre-
sentatiorof light, the CoC causedrom defocusCyefocusiS

_ Az z)
Cdefocus™ N(2zz;  f(zat 21))

This implies thatthe CoC at focal distancef is zero.Evenwith a

perfectlens,a point will notleadto a pointin theimagebut to the

Airy disk governedby diffraction whensimulatinglight aswaves.

TheCoClimited by diffractioncgy;s ¢ isgivenby cgiss  2:441 N(1+
f

m) with mbeinga magni cationfactorm= .
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ey

z

— v
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Despitethe physical limitation of the minimal CoC given by
diffraction cgjt, the CoC canalso be restrictedby the resolution
of thediscretizingmedia(e.g. Im grain,pixel sizeof acamerajpnd
therefore,regardedto be in focus.In our casethe CoC is limited
by the angularresolutionDa given by the aperturesize a andthe
wavelength/ for a hologramandby the pixel sizemaxDs; Dt) of
the CCD whencapturingalight eld.

Appendix B: Depthof Field

The Depthof Field (DoF) Dz= z; z, asshavn in Fig. A is the
distancebetweerthe closestpointin focusandthefarthestpointin
focus,wherea pointin focusis determinedby the CoC. The DoF
consideringonly geometricabpticsis givenas

2zNcf2(z  f)

D2= Nz )2

9)

Thereis no simple numericalexpressiornto combinethe effects of

defocusanddiffraction besideausingan empiricalexpression Fur

thermorethe perceptiorof sharpnesss notsolelydependentf the

nest resolutionbut alsoon contrastTheability to transfercontrast
of aninput patternwith agivenfrequeng n by adiffraction-limited
lenswith defocuscanbedescribedy the Optical TransferFunction
OTF(Cgefocus N; V) asshavn in [Hop55 by

OTF(Cdefocus N; 1) =

[o J—
R 2 p——

47 1S 2 i

g 0 sin 1 y? sds ifs 1‘ (10)
0 otherwise

wheres= | nN(1+ m) andg= pnCgefocus IN [Jan9T and[BW59]
themaximalresolutionaccordingto the Rayleighcriterionis given,
aslong astwo points canbe separatedo thata 19% dip appears
betweenthe peaks.Applying this thresholdto the OTF leadsto a
maximal spatialfrequeng n, which canbe resohed by the lens.
Diffraction canbe ignoredif defocusis sufciently big or N suf-
ciently smallleadingto a simpli ed OTF(c;n) = 249 with J;()
beingthe rst-order Bessefunctionof the rst kind. Fig.13a) shavs
threecurvesfor the OTF correspondingo theplanein focuswithout
defocusthe OTF dependenbf defocusanddiffraction at the DoF
limits andthe OTF ignoringdiffraction.

a) 12 b) 200
180 —focuspoint
— dot-ends

—— +def,, -diff. (DO ends)

—— -def.,"+diff. (focal plane)

—— +def., +diff. (DoF ends)
tolerance

OTF

02 4
0 k‘&v&/
02 20

0 20 40 60 80 100 120 140 160 180 200 005 01 015 02 025 03
spatial frequency in cycles/mm

aperture size

Figure 13: Thegraphin a) showshe OTF at focal distance
in greenand DoF limits in red, as well as the OTF depen-
dentof defocusonly in blue In graphb), the curvefor an

OTF=0.19 at focal distanceand at DoF limits is givenin

blueandgreen respectively

In Fig. 13b) the spatialfrequeng n dependingf the f-Number
N with OTF=0.19andconstanDoF is depicted This givesthepos-
sibility to choosea desiredresolutionrepresentedsa spatialfre-
guengy andsettingthe depthof eld including the completescene
in orderto obtainthe biggestpossibleaperture.
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Appendix C: Resolutiory Sampling

Differentresolutionsand samplingshave to be consideredor the
recordingand the transformationof a hologramand a light eld.
By resolutionwe meanthe maximal numberof samplesin a cer
tain dimensionwhereasamplingrefersto the sizeof onesample.
We take into accountthe maximalnumberof pixels nxmax of are-
sultingimageandthe numberof resultingcameragpositionsny max-
For simplicity the resolutionand samplingis alwaysgiven for one
dimensionandcanbehandledanalogouslyor the otherdimension.

Hologramswith resolutiomﬁo,o andextentayq|, canhave amin-
i

imal angularsamplingof Da = arcsin - . Theangularresolu-
tion is de ned by the numberof samplesap; of the aperturesimu-
lating thecameraThe maximalresolutionnmax = za;“’"’ is achieved
if theFoV (seeSect.D) is 180 . Furthermorethe numberof useful
camergpositionsfor the transformatiorequalsnyge in eachdimen-
sion.

Angular parameterizedLight Fields aremosteasilycompared
to holograms.The angularresolutionof the imageis given by the
numberof samplesin g-dimensionwith the maximal resolution
Nmax = % with Dg beingthe samplingdistance The numberof
possiblecamergpositionsequalshe numberof samplesn u.

For Two-plane parameterizedLight Fields, the maximumres-
olution of a renderedmageis equalto the maximumnumberof
samplesn the s direction. The numberof differentviews depends
onthenumberof samplesn theu dimension.

Comparison By neglectingcompressiomve canseethattheholo-
gramis capableto storemoredifferentviews with high resolution,
thanary of thelight eld representationsThis ef ciency is dueto
the samplingof the wave eld ratherthanthe samplingof differ-
entviewpoints,whereinformationlike depthis beingdisregarded.
However, hologramsare proneto specklenoisebecausef the co-
herentlight. Specklesizecanbe de ned asdsp = % with b being
the distanceof the point sourceto the imagingsystemanda being
theaperturesize.

Appendix D: Field of View

The maximal FoV amax of a hologramcan be determinecby the

samplesize Du asa = arcsin 2’Tu . This implies a phasediffer-

encebetweertwo sample®f maximally p justreachingheNyquist
frequeng. The FoV a of a freely chosenaperturedependson the
numberof samplesn inside the aperture since one samplecorre-
spondgo anangularsamplingof Da andtheFoV toa = Da nnot
exceedingamax.

The maximal FoV amax for the light eld dependson the
parametrization.For LF(u;v;q;f) the maximum is de ned as
amax= Maxq;f) consideringg andf of all rays.For atwo-plane
parametrizatioiLF (u; v; s;t) the FoV dependon the extentandthe
distancebetweenthe uv-plane and the st-plane. Furthermorethe
view frustumis shearedf only raysgoingthroughboth planesare
considered.
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