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Abstract
In thispaper, weproposea novel framework to representvisualinformation.Extendingthenotionof conventional
image-basedrendering, our framework makesjoint useof bothlight �elds andhologramsascomplementaryrep-
resentations.Wedemonstratehowlight �elds canbetransformedinto holograms,andviceversa.Byexploitingthe
advantagesof eitherrepresentation,our proposeddualrepresentationandprocessingpipelineis ableto overcome
the limitations inherent to light �elds and hologramsalone. We showvariousexamplesfrom syntheticand real
light �elds to digital hologramsdemonstrating advantagesof either representation,such asspeckle-freeimages,
ghosting-free images,aliasing-freerecording, natural light recording, aperture-dependenteffectsand real-time
renderingwhich canall beachievedusingthesameframework.Capturinghologramsunderwhitelight illumina-
tion is onepromisingapplicationfor futurework.

CategoriesandSubjectDescriptors(accordingto ACM CCS): I.3.0 [ComputerGraphics]:General

1. Intr oduction

Throughoutcomputergraphicsrendering,geometric(ray)
opticsis frequentlybeingadoptedasaphysicalmodelof the
imageformationprocess,for somevery goodreasons:geo-
metricopticsis amathematicallysimpleandyetsurprisingly
powerful modelthatis ableto explainandalsoquantitatively
describemostoptical effectsthat we canperceive with our
eyes.Given all necessaryinformation abouta scene,geo-
metric optics is regularly suf�cient to achieve fast as well
asrealisticrenderingperformance.Nevertheless,geometric
opticsalsopossessesa numberof limitations.Most promi-
nently, any sceneto berenderedmustberepresentedrather
inelegantly in termsof 3D geometry, texture, andlocal re-
�ectance characteristics.Obtainingtheseseparatedescrip-
tions of real-world scenesprovestedious,time-consuming,
andexpensive.

To overcomethis drawback,image-basedrenderingtech-
niques,and speci�cally light �eld rendering[LH96] have
beenproposed.In light �eld rendering,a (large)setof pho-
tographstaken from variousdifferent positionsall around
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the sceneare usedto representthe visual appearanceof
the scene.Unfortunately, very large numbersof photosare
neededto guaranteealiasing-freelight �eld renderingre-
sults [CCST00, IMG00], which is why subsequentimage-
basedrenderingtechniquesagain resort to additional (ap-
proximate)geometryinformationto interpolateviews from
muchreducednumbersof photographs.

With holograms,an alternative representationof visual
sceneappearanceis known. Basedon wave optics,holog-
raphy is mathematicallyconsiderablymoredemandingthan
geometricoptics.Theneedfor monochromatic,coherentil-
lumination during acquisitionand specklepatternsduring
displayadditionallyseemto argueagainstconsideringholo-
gramsin thecontext of computergraphicsrendering.Onthe
otherhand,hologramsrepresentvisualsceneappearancein
the mostelegant way, containingany possibleview from a
continuousviewport region without aliasing.In many ways,
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hologramsarecomplementaryto light �elds, seeTab.1. Ge-
ometricopticsturnsout to be simply the approximationof
wave opticsin the limit of in�nitesimally smallwavelength
[BW59].

In this paper, we proposeto useboth the light �eld and
the hologramrepresentationof a scene's visual appearance
in tandem.Our goal is to performprocessingstepson that
respective representationfor which the processingstepcan
bedoneeasier, faster, or moreaccurately. To switchbetween
eitherrepresentation,wedescribehow to mapfrom theholo-
gramto the light �eld representation,andvice versa.These
mappingsgive us the freedomto exploit the advantagesof
eitherrepresentation.Theadvantagesandlimitationsof light
�elds andhologramsaresummarizedin Table1.

The core technicalcontributions of this paperare two
functionsto transformbetweenhologramsandlight �elds. A
key ingredientof theforwardtransformincludesa novel al-
gorithmto reconstructdepthfrom arbitraryinput light �elds
by exploiting 4D epipolarvolumerepresentations.Ourmap-
pingfunctionsprovideasolidtheoreticalbasisto recordfull-
parallaxhologramsby meansof light �eld camerasandthey
enableusto convertany input light �eld into ahologramfor
outputon futureholographicdisplays.In addition,thewave
opticsrepresentationof thehologramallows for a varietyof
sophisticatedprocessingalgorithmsandthecomputeddepth
proxy effectively eliminatesghostingartifactsof the input
light �elds.

In Sect.3, we discussthepropertiesinherentto the light
�eld andthe hologramrepresentation.An overview of our
framework is presentedin Sect.4, followedby thedescrip-
tion of theforwardtransformfrom thelight �eld to theholo-
gramin Sect.5, operationson thehologramin Sect.6, and
the inversetransformationelaboratingthe essentialphysi-
cal characteristicsin Sect.7. To demonstratetheadvantages
of ourproposedduallight �eld-hologramrepresentation,we
presentresultsfor real andsyntheticlight �elds aswell as
digitally recordedholograms(DRH) in Sect.9 beforewe
concludewith anoutlookon futurework.

2. RelatedWork

In a paperin 1936 [Ger36], Gershunintroducedthe con-
ceptof light �elds for the �rst time. He describedit asthe
amountof light traveling in every direction throughevery
point in spaceusinglight vectors.In 1996Levoy andHanra-
hanin [LH96] andGortleretal. in [GGSC96] presentedtwo
similar practicalwaysof capturingandrepresentingscenes
for computergraphicsindependently, basedon Gershun's
theory. Many publicationshave drawn their work uponthe
light �eld aswell as the lumigraphrepresentation.Various
publicationsfocussingonsamplingrequirements[CCST00],
renderingand�ltering [IMG00,SYGM03], reducingghost-
ing artifactsandaliasing,aswell asnumerouscapturingse-
tups consistingof a cameraarray [WJV� 05, YEBM02] or
oneshotcapturingdevicessuchasin [Ng05,LNA� 06] keep
exploiting the big potential of this �eld in various ways.

Table1: AdvantagesandDisadvantages

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

Yes No

Phase information for
depthencoding

Yes No

Recordingwithout optical
elements

Yes No

Compression Yes Yes
Combinationwith geomet-
rical representations

Yes No

A good overview of recentwork in this �eld is presented
in [Lev06].

Hologramscan be computergeneratedfrom synthetic
data and renderedeither on a conventional display as in
[ZKG07] or renderedontoholographicdisplaysaspresented
in [LG95, Mat05]. A real scenecanbe capturedon a holo-
graphic�lm or digitally capturedby a CCD cameraonly if
illuminatedby monochromaticlaserlight. This is a severe
restriction,sincefor many scenesthe light cannotbe con-
trolled in suchameticulousway. DeBitettopresentedatwo-
stepmodel to recordholographicstereogramsunderwhite
light illumination in [DeB]. Halle studiedthe characteriza-
tion of sampling-relatedimageartifactsandpresenteddif-
ferentwaysof reducingor eliminatingaliasingartifactsof
holographicstereogramsin [Hal94]. The artifactsoriginate
from usingaplaneasthedepthapproximationof thescene.

Numerouspublicationsdeal with the problemof depth
reconstructionfrom multi-view input. Many algorithmsare
basedon the Epipolar-PlaneImage(EPI) representationor
ontherelatedEpipolarVolumes,whichwere�rst introduced
by Bolles et al. in [BBH87]. Although most of the work
assumesLambertiansurfaces,various approachesremove
speculareffectssuchas[CKS� 05,BN95,LLL � 02] while few
publications[DYW05,STM06] reconstructsurfaceswith al-
mostarbitraryBRDF. However, thesemethodsrequiread-
ditional informationaboutthe re�ection properties,assume
light transportconstancy requiringmultipleacquisitionsun-
der different illumination or are not using the full redun-
dancy of acameraarrayusedto capturea light �eld.

In our work we presenta way of reconstructingdepth
from light �elds with almostarbitraryBRDF. Basedon the
extracteddepthinformation,a scenecapturedunderwhite
light canbetransformedinto a hologramfeaturingfull par-
allax. Sincethe correctdepthgetsencodedinto the holo-
gram, the imagescreatedfrom the hologramdo not show
any ghostingartifacts and operationssuch as refocussing
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andvaryingdepthof �eld arestill possible.Thehighestfre-
quency of the BRDF reconstructedfrom the hologramwill
however, not be higher than the one capturedby the light
�eld.

3. Representation

Hologramsandlight �elds have beenparameterizedin nu-
merousways. In Sect.3.1 and Sect.3.2 we describethe
speci�c representationsfor thehologramandthelight �eld,
whichareusedthroughoutthepaper.

3.1. Parametrization of Light Fields

Thereexist differentparameterizationsof light �elds. In our
paperwe will eitherusethepopulartwo-planeparametriza-
tion LF(u;v;s;t) aspresentedby Levoy [LH96] (seeFig. 1b)
or consider the light �eld as angular parametrization
LF(u;v;q; f ) dependentof positionon theuv-planeanddi-
rectiondependentonq andf asin Fig. 1c.

a) c)

hologram h

b)

light field LF light field LF

uv-plane
uv-plane

st-plane

q

two-plane parametrization angular parametrization

f

Figure1: a) depictstherepresentationof a hologram.b) and
c) showtwodifferentrepresentationsof a light �eld.

3.2. Parametrization of Holograms

In general,a hologramis a real valuedfunction describing
the intensityof the static interferencepatternof a complex
valuedobjectwave with a complex valuedreferencewave.
Theoriginalobjectwavecanbereconstructedfrom theholo-
gram.In the following we will usethe term "hologram"in
thespirit of thewave�eld, which is a complex valuedwave
functionU(u;v), insteadof arealvaluedintensity�eld. This
simpli�cation doesnot have anin�uence on thetransforma-
tion from a hologramto a light �eld, sincethecomplex val-
uedwave function canbe reconstructedfrom a real valued
hologram.

4. Light Field Mapping Pipeline

In this paperwe describea pipelinebasedon a novel map-
ping M and its inverseM � 1giving the possibility to trans-
form a light �eld into a holographicrepresentationandvice
versa.The holographicdata representationis similar to a
light �eld in that the hologramas well as the light �eld
measurethe light propagatedthrougha planein spaceinto
all directions.The input to our pipelinedepictedin Fig. 2
is a pure light �eld without any depthinformation.M (cf.
Sect.5) transformsthe light �eld into a holographicrepre-
sentation.A coreingredientof M anda corecontribution of
this paperis a methodto extract depthfrom the input light
�eld (cf. Sect.5.1). If accuratedepthinformation is avail-
ablefor thelight �eld it canoptionallybeaddedto theinput

Light Field Light Field RenderingBackward
Transform

Forward
Transform Hologram

Holo Display

Hologram
Operations

Depth Field
(optional)

M M-1

Figure 2: Theinput to thepipelineis a pure light �eld, with
anoptionof providinganaccuratedepthmapfor everyview.
UsingM thelight �eld is transformedto a holographicrep-
resentation,where functionssuch as compressionand pro-
gressivetransmissioncan be applieddirectly on the holo-
gram. A mappingfunctionM � 1allows an inversetransfor-
mation into a light �eld, from which images from different
view pointscanberenderedin real time.

of M , increasingthequality of theholographicrepresenta-
tion asdescribedin [Hal94,CCST00]. Differentalgorithms
can be appliedto the manipulationof the hologram,such
ascompression,progressive transmission,wavefront prop-
agation simulatingdiffractive effectsandothers.In Sect.6
we presenta renderingtechnique,a compressionalgorithm
andstudyeffectsof lossof data.Arbitrary parallaximages
canbe renderedef�ciently from the holographicrepresen-
tation aslong asthe COPof the virtual cameralies on the
holographicplane.For arbitrary viewpoints we presentan
inversemappingM � 1(cf. Sect.7), transformingthe holo-
graphicrepresentationbackinto a light �eld representation,
from which it canberenderedto arbitraryviewpointsin real
time.

5. Forward Mapping

TheforwardmappingM takesa purelight �eld andmapsit
to ahologram.M consistsof two mainsteps,namelyadepth
reconstructionfrom light �elds with almostarbitraryBRDF,
andhologramevaluationbasedon the reconstructeddepth
proxy andthe light �eld if available.An optionalaccurate
depth�eld canbeaddedto M , makinga depthreconstruc-
tion of thelight �eld obsolete,speedingup themappingand
slightly enhancingthe accuracy of the forward mappingin
caseof inaccurateautomaticdepthreconstruction.Interme-
diatestepsof theforwardmappingareshown in Fig. 3.

light field view wavefield view
wavefield

depth field

d)
b)

c)

a)

Figure 3: For every input view of the light �eld a) a depth
mapb) is reconstructed,which is usedto evaluatethewave-
�eld c). A renderingof the generatedwave�eld is depicted
in d).

Sincesuchadepthmapis usuallynotathand,wepresent
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a novel depthreconstructionmethodfrom light �eld data
basedona4D EpipolarVolumerepresentation.

5.1. Depth Reconstructionfr om Light Fields

Our methodtakesadvantageof the full light �eld informa-
tion andredundancy capturedby camerasalignedto amatrix
insteadof a line. We call the resultingper view depthmap
the depth�eld . Throughoutthe paper, depicteddepthmaps
arein factalwaysdisparitymaps.

Representation The key advantageof the Epipolar-Plane
Image(EPI) representationEPI(u;s) (cf. Fig. 4a) is thecol-
locationof correspondingpixelsfrom differentviewsonone
line lc. In caseof Lambertianscenes,suchlinesareconsist-
ing of a constantcolor in absenceof occlusions.Further-
more,the inclination of lc is dependenton the depth.Line
lc correspondsto a plane pc in our 4D Epipolar Volume
fEV(u;v;s;t). In all ourexamplesDv= Du theinclinationin s
andt is thesame.Theplanepc canalsobeinterpretedasthe
setof all thesamplesof theplenopticfunctionof onepoint
P sampledby thelight �eld.

Discretization Assuming a continuouslight �eld, every
point in spaceleadsto a continuousline in theEPI aslong
asocclusionis ignored.However, therasterizationof lc (cf.
Fig. 4b) at an inclinationsmallerthan45� will leadto dot-
tedlines,whicharehardto berecognizedusingany �lter or
edgedetector. Thesameproblemariseswhentrying to �t the
inclinationof planesps in fEV(u;v;s;t). Therefore,we com-
puteasequenceof shearedspacesby progressively changing
theshearfactorsxy correspondingto aninclination,suchthat
fEV

0
(u0;v0;s0; t0) = fEV(u;v;s+ sxy � u;t + sxy � v) and check

only shearplanesps = gEVs
0
(u0;v0;s0; t0) orthogonalto thes

andt direction.Thereconstructeddepthprecisioncanbeim-
provedby increasingthenumberof shears.

u

Light Field EPI Light Field EPI

u

s

s

lc

u

u

s

s

b)  discretea)  continuous

Figure 4: a) showsthecontinuouslight �eld and its corre-
spondingEPI. b) showsa discretelight �eld and its corre-
spondingdiscreteEPI.

FrequencyMinimization Criteria In the caseof a Lam-
bertianscenethecolorof theplaneps is constant,aslongas
its pixelsstemmingfrom every light �eld imageLF(u;v; �; �)
correspondsto thesamepoint in thescene.Thisconsistency
criterion canbe evaluatedby minimizing the varianceover
ps. In caseof arbitrary BRDFs, the variancewill fail (cf.
Fig. 6) in mostof thedepthreconstructionsof specularob-
jects. By comparingFourier transformsof different shear
planescontaining fEV

0
(u;v;s;t) we observe predominantly

low frequenciesif theshearcorrespondsto thedepthof the

chosen point correct shear chosen point correct shear incorrect shear

Diffuse sample Specular sample

Figure5: Shearplanesfor a diffuseanda specularpoint.

spec 0.68 spec 0.90spec 0.5

FMC

Variance

FMC

Variance

FMC

Variance

Figure 6: Depth reconstructionsbasedon FMC and vari-
anceof the samesphere with varying specularcoef�cients
are comparedafter the �r st passof the2-passalgorithmof
Sect.5.1. Thevarianceleadsto holesat specularre�ections.

pixel at that position,albeit pointsshowing specularhigh-
lights. This is basedon the fact that the specularhighlight
becomessmallerfor non-matchingshearplanesleadingto
higherfrequenciesin thespectrum.Additional texturemag-
ni�es thehigh frequenciesfor non-matchingshearsaswell.
Therefore,we introducethe following novel criteria based
on theFourierTransformF , which we will refer to asFre-
quencyMinimizationCriteria (FMC):

FMC(u;v;s;t;sxy) = å
P2F f�g

w(P) � jF f (ps � ps) � fapodg(P)j2

(1)

ps = mean(gEVs
0
(u0;v0;s0; t0)) (2)

zR =
Du

dpx
N � tan( J

2 ) � 2
(3)

with fapod beinganapodizationfunctionandw(P) a fre-
quency dependentweighting function. We usea weighted
sumof thepowerspectrum,penalizinghigh frequenciesand
disregardinglower frequencies.This approachgivesa �ner
control of the shearplaneanalysisthan the variance.The
shearsxy correspondingto min

sxy2S
(FMC(u;v;s;t;sxy)) , with S

beingthe setof all possibleshearsboundedby the closest
andfarthestobject,leadsto depthzR (cf. Eq.(3)) of the ray
LF(u;v;s;t). dpx is thedisparityin pixels,N thenumberof
pixelsin oneview andJ the�eld of view (FoV).

Gray Channel Evaluation SinceFMC can only be eval-
uatedon monochromeimages,we transformour color im-
agesinto gray scaleimagesusinga techniquepresentedin
[GD05]. In orderto transferthe gray levels to all the other
viewsof thelight �eld, wecreateeitherabig imagecontain-
ing all of the imagesfor small light �elds, or evaluatethe
�rst principalcomponentof the �rst imageanduseit asan
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axis to which all the colorsof all the imagesareprojected
to. More elaboratebut slower versionsof color transforma-
tionssuchaspresentedin [GOTG05,KRJ05], did not seem
to achievebetterresultsaccordingto our requirements.

Occlusion and Specular Highlights Occludedpoints al-
ways lie further away thanthe occludingpointsandhence
lie onashearplanewith a largershearfactorsxy. As soonas
a foregroundpoint is detected,all pixelscorrespondingto it
areignoredfor furtherFMC calculations.In orderto avoid
highfrequenciesdueto missingpixels,a3� 3 Gauss�lter is
appliedontheshearplane,leadingto pixelsusableto �ll the
holes.Furthermore,sharpfeaturesat occlusionsaswell as
thinstructuresarepreserved,sinceouralgorithmignoresany
kind of neighborhoodfor correspondencematching.There-
fore, occlusionsaremodeledcorrectlyandincludedin our
reconstructionmethod.

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

Algorithm We evaluatethe FMC from the smallestshear,
correspondingto theclosestpoint,to thelargestshear, corre-
spondingto thefarthestpoint,in orderto �nd theglobalmin-
imumpersampleof thelight �eld. Wesuggesttwo methods
which focuson speedandaccuracy respectively. In a one-
passalgorithm,the global minimum is chosenoncea local
minimumhasnotbeenchangedafterthelastw stepsandthe
minimumfrequency is below acertainthreshold,wherew is
any numberof shearsteps(cf. Algo. 1). If thevarianceover
ps is smallerthanacertainthreshold,wedonotevaluatethe
FMC, but choosethecurrentsxy astheoptimal�t.

Input : Light Field
Output : DepthField

% initialize FMC
FMC(u;v;s;t;sxy) = ¥ ;
for sxy=smallShearto largeSheardo

for all (s,t)do
eval FMC( umax

2 ; vmax
2 ;s;t;sxy) for ps;

if Var(gEVs
0
(u0;v0;s0; t0)) < Threshold then

chooseshear;
removepixelsfrom ps;

elseif FMC(u;v;s;t;sxy) >
prevw(FMC(u;v;s;t;sxy)) then

assignprev. sxy to pixelsof ps;
removepixelsfrom ps;

end
end

end

Algorithm 1: Depthreconstructionof the one-pass
algorithm.prevw(�) takestheminimumof thelastw
steps.

A morerobustbut slower two-passalgorithmremovesthe
pointsfor which a globalminimumbelow a certainthresh-

old hasbeenfoundaftercompletingthe �rst pass.In a sec-
ondpasstheremainingpointsaredetectedby evaluatingthe
minimumFMC for theremainingsamples.For a very com-
plex scenethenumberof passescouldbeadapted.

Scenesshowing re�ectionsof surroundingobjectswill not
be reconstructedproperly, sincealtering colors causedby
otherobjectswill lead to high frequenciesandare leading
to anarbitraryFMC. In thecaseof big homogenouspatches,
no uniquesolutionexists dueto the lack of informationin
the light �eld. In this casewe selectthe �rst minimal FMC
to evaluatethedepth.

5.2. Hologram Evaluation

The holography pipelinepresentedin [ZKG07] canbe ex-
tendedin orderto handletheevaluationof a light �eld with
a correspondingdepth�eld. Insteadof merging the depth
mapsfrom all the views to onesampledscene,we setone
pointsourcePuv alongeachrayLF(u;v;q; f ) corresponding
to a frequency componentof the hologramat a depthcor-
respondingto thedepth�eld in orderto minimizespeckles
in thereconstruction(cf. Sect.7). EachPuv is evaluatedover
theentiretile Tuv of sizeDu� Dv asdepictedin Fig. 7a. By
evaluatingone point sourceper ray, we implicitly include
knowledgeof view dependentocclusionandre�ection prop-
ertiesof the scenecapturedby the light �eld. Ef�cient per
point wave�eld evaluationis enhancedby a hardwarebased
implementationof pointsourceevaluation.Thecontribution
of every point sourcecanbe addedup to obtainthe wave-
�eld.

u

v

Tuv

Puv

{ u

v

Tuv

Puv

overlapping tilesnon-overlapping tiles

hologram

hologram

{

b)a)

Figure 7: A point source Puv lying on the ray LF(u;v;s;t)
will only beevaluatedon thetile Tuv conservingknowledge
of occlusionandre�ection capturedby thelight �eld.

Overlapping Tiles Sincethecapturedlight �eld leadsto a
discretesamplingof the BRDF of pointson the scenesur-
face,discontinuitiesbetweentwo neighboringtiles canoc-
cur. The maximaldiscontinuityis dependenton the maxi-
mumfrequency of theBRDF. In orderto avoid ringing arti-
factsduringtheinversemappingM � 1weoverlappandblend
thetiles asshown in Fig. 7b. Theoverlapcanbefreely cho-
senbetween0 to maximallyDu or Dv. Theoverlappingparts
arelinearlyblended.Notethattheblendingdoesnothavean
in�uence on the interpolationof intensitiesbetweendiffer-
ent BRDF samplesfor novel viewpoints,but solely avoids
ringingartifactswhenevaluatingnovel viewpoints.

Choice of Wavelength If the hologramis only usedasan
intermediaterepresentationandnot asan interferencepat-
tern for holographicscreens,we areableto choosea wave
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length with more �e xibility . On the one hand, the wave
lengthshouldbe asbig aspossiblein orderto keepthe re-
quiredsamplingful�lling theNyquistcriteriaaslow aspos-
sible. On the other hand, the wavelengthhas to be short
enoughin order to guaranteethe required resolution for
the back transformationM � 1into the light �eld leadingto
Sect.7.

Speckle elimination Speckles occur if multiple point
sourcescreatethe samefrequency and the phasesare dis-
tributedin a way cancelingeachotherout. This is a known
physical phenomenoninherentto coherentlight modeling.
Point sourcescreatethe samefrequency if they lie in the
samefrequency bandand therefore,in approximatelythe
samedirectionfrom thecenterof theaperture(cf. Sect.7).
In orderto reducespecklenoisein the �nal views, we only
evaluateeverynth pointsourceto createahologram,leading
to anumberof n holograms.

single pass 9 x passdouble passa) b) c)

Figure 8: Speckle reductionthroughselectivepoint source
rendering. Each point source surroundedby the samecol-
ored ring will be evaluatedon the samehologram. Mostly
twohologramsaresuf�cient to achievespecklesuppression.

The�nal imageresultingfrom theholographicrendering
or inversemappingis a sum of the imagesof the n holo-
grams.Usingthis techniquewe areableto improve the im-
agequality from a straightforward evaluationFig. 8a with
n = 1 showing speckleto Fig. 8b andFig. 8c beingalmost
specklefree.To avert specklescreatedfrom corresponding
points,wesetidenticalphasesfor all of them.By increasing
theaperturesizeover several tiles, specklesbecomevisible
at the straight forward transformation.However, sincethe
bigger aperturesize is leadingto a higher resolutionwith
high-frequency speckle,welow-pass�lter anddown sample
the imageto createan almostspecklefree smaller image.
The resizedsmallerimagestill hasthe sameresolutionas
thecorrespondinglight �eld view wouldhavehad.

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-
nessregardingdatalossanddiffractionsimulation.

Smooth parallax rendering The hologram rendering is
basedon the holographicpipeline presentedin [ZKG07].
Settingtheapertureandviewpoint for ahologramrendering
will handleinterpolationof intensity information from the

light �eld implicitly. Sincedepthinformationof the scene
is encodedin the phaseof the hologramno ghostingarti-
factsare visible in novel viewpoints as shown in Fig. 9c
and Fig. 9d. Although light �elds do show ghostingas in
Fig. 9b if no depthis known, they arenot proneto speckles
ashologramsare.By choosingthe optimal focal plane,the
light �eld imagescanbeimprovedconsiderablyasdepicted
in Fig. 9a. Ghostingreductionhasbeenstudiedintensively
in [CCST00,IMG00,SYGM03].

novel view
focal plane = sphere

novel view
focal plane = near

Light Field Light Field Holograma) b) Hologramc) d)

^
novel view

focal plane = sphere^^
novel view

focal plane = near^

Figure9: Thesamenovelviewpointis renderedfor thelight
�eld andthehologramusingvariousfocalplanedistances.

Effects of Lossof Data Thehologramstoresthe informa-
tion of thescenein the form of a wavefront.Therefore,ev-
ery point of thescenehasanin�uence on every pixel of the
hologramaslong asit is not occluded.This meansthatwe
cancutoutpartsof thehologramandstill retaininformation
aboutall thepointsin thesceneaslongasat leastonepartof
theevaluationof all thepointsis still visible. If theaperture
is chosenlargeenoughin orderto neverfully lay overthecut
outpart,imagesfor all viewpointscanstill bereconstructed.
Artif actscanoccurif thecutoutpartsarenotapodized,since
high intensitydifferencescanleadto ringingartifacts.

Compression Light �eld compressionwas already ad-
dressedin the pioneeringwork of Levoy and Hanrahan
[LH96] andGortleretal. [GGSC96]. Sincethenmany com-
pressionstrategies have beenpresented,which were most
ofteninspiredby standardimageor videocompressiontech-
niques.In contrastto this, hologramcompressiondoesnot
lend itself to standardimagecompressionsincethe recon-
structionquality candependon the entirefrequency range.
Naughtonetal. [NFM� 01] showedthelimited useof lossless
compressionfor holograms.A betterstrategy for hologram
compressionis non linear quantization[SNJ06]. This pre-
serves the spatialdetail while still requiring relatively few
bitspercomplex number.

7. InverseMapping

The inverse mapping M � 1cannot be implementedas a
straightforward inverseof M , sincethe point sourcesare
combinedto onehologram.A wave basedinversepropaga-
tion would leadto a lot of problemsdueto thelimited aper-
turesize.Furthermore,thecomplex valuedspatiallydepen-
dentpoint spreadfunctionswould have to be deconvolved
in orderto reconstructeachpoint sourceindependentof one
another.

Insteadwe renderimagesat positions(u;v) on theholo-
graphicplaneleadingto directionalcomponentsq andf (cf.
Sect.8), which canbe interpretedassamplesof anangular
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light �eld LF(u;v;q; f ). By applying a perspective distor-
tion asdescribedin [ZKG07] theangularcomponentscanbe
transformedinto a two-planeparametrizationLF(u;v;s;t).
Thetransformationfrom thehologramto a light �eld canbe
donefor any hologram,for which theoriginal wavefrontof
thescenecanberestored.

Desired light �eld resolution In the �rst stepwe have to
determinethe desiredresolutionDq andDf and the spac-
ing Du andDv de�ning thelight �eld. Accordingto Sect.8.2
thecentersof thearti�cial aperturesareseton every sample
position (u;v) of the hologram.The sizeof the aperturea
hasto be chosensuchthat the minimal angularresolution

Da = arcsin
�

l
d

�
correspondsto min(Dq;Df ). For every

aperture,a lensfunction andapodizationfunction is multi-
plied with thewave�eld beforegettingthedirectionalcom-
ponentsthroughtheShort-TermFourierTransform(STFT)
describedin Sect.8.1. The resolutionof u is limited by the
numberof sampleson thehologramin thisdimension.

Upper boundary of angular resolution Thebestpossible
resolution,whichcantheoreticallybeachievedfor thetrans-
formation dependson the maximal depthextensionof the
visible part of the sceneDẑvisScene. The depthof �eld Dz
(cf. App. B) has to be congruentwith DẑvisScene allowing
a maximalaperturesizea leadingto the highestresolution
Da for a givenwavelengthl . Differenttechniquesto elab-
orateDẑvisScenearefoundin numerouspapers.We areusing
a techniqueproposedin [ZKG07] for depthreconstruction
from thehologram.

8. Transformation

The angularspectrumA (�) as presentedin [Goo68] is a
Fourier transformF (�) decomposingthe complex valued
wavefront U(u;v) into a collection of planewave compo-
nentspropagatingin differentdirectionsk dependenton the
spatialfrequenciesnu andnv (seeEq.(4)). The vectork is
de�ned ask = k� (a ;b ;g) with k = 2� p=l beingthewave
number, l thewavelengthand(a ;b ;g) beingtheunit vec-
tor pointing into thedirectionof thewave propagation.The
componentsof thevectorarecalleddirectionalcosinesand
arerelatedto thespatialfrequenciesby a = nu � l , b = nv � l
andg =

p
1� a 2 � b2.

A (nu;nv) =

¥Z

� ¥

¥Z

� ¥

U(u;v)e� 2pi(nuu+ nvv)dudv

= F f U(u;v)g (4)

Everyspatialfrequency extendsovertheentireuv-domain
andcan,therefore,not be spatiallylocalized.Nevertheless,
[Goo68] shows that local spatial frequenciesnlu and nlv
canbe obtainedby a spatially limited Fourier transformas
long asthe phasej (u;v) doesnot changetoo rapidly (see
Sect.8.1).

8.1. Local Spatial Frequencies

We employ the Short-Term FourierTransform(STFT) also
known astheSliding-Window Transform,wherethewave-
front U(u;v) to be Fourier transformedis multiplied by a
window functionh(u;v), which is nonzerofor a limited area
aroundthe origin. The resultingspectrumS(�) is calledthe
local frequencyspectrumandis de�ned asfollows:

S(nu;nv;x;y;h) =

¥Z

� ¥

¥Z

� ¥

Û(u;v)e� 2pi(nuu+ nvv)dudv (5)

Û(u;v) = U(u;v)h(u� x;v� y). (6)

Themultiplicationby h(�) suppressesU(�) outsidethewin-
dow andcausesa localization.However, sincethis transfor-
mationis governedby the Heisenberg-Gaborinequality, as
shown in [Fla99] we cannotgeta perfectlocalizationin the
spatialdomainaswell asin thefrequency domain.

Consideringtheanalysisof a wavefront,we cansaythat
thebetterthelocalizationof thedirectionalcomponents,the
less directionscan be speci�ed. Nevertheless,applying a
lens localizesthe frequenciesfor pointsat speci�c depths.
In the following sectionwe usethe principle of STFT, but
improve thequalityof localizationfor certaindepths.

8.2. Apertur e

The window h(�) canbe regardedasan apertureSA which
blocksthe incomingwavefront outsideof it. By evaluating
thewave�eld U(u;v) from apointsourceP onSA andtrans-
forming it usingtheSTFTwe obtainthedirectionalcompo-
nentsof the planarwavesdescribingU(u;v). For a point P
of �nite distance(cf. Fig. 10a) U(u;v) leadsto severalpla-
narwaves,andthereforenolocalizationin thefrequency do-
main.

a)

no lens

b)

with lens

SA

SA

P P

k

C

Figure 10: a) showsthe frequencydistribution over the
wholeaperture causedby a point source. b) showsthe fre-
quencydistributionwhenusinga lens.

By introducinga lenswith focal length f asin Eq.(7), the
incomingwavefrontfrom P canbetransformedinto asingle
planewaveasshown in Fig. 10b. Introducingalensdoesnot
only havethebene�t of creatingasingleplanewave,but also
givesinformationaboutthespatiallocationof thedirectional
wave.Undertheassumptionof P beingperfectlyin focus,P
lies on the line de�ned by the centerof the apertureC and
thedirectionalvectork.

`(u;v) = e� ikr , with r =
q

u2 + v2 + f 2 (7)

A lens hastheoreticallyexactly one focal plane,which
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liesatdistancezfrom thelensandtherefore,only planarsur-
facesparallelto theaperturecouldbetransformedinto rays.
In practicehowever, every capturingsystemhasa certain
resolution,which determinesa Circle of Confusion(CoC)
(cf. App. A). Taking this CoC into accountwe can de�ne
a Depthof Field (DoF) (cf. App. B) in which all the point
sourcesappearin focusandcanbetransformedinto raysgo-
ing throughC. If thewholeobjectis consideredto lie in the
depthof �eld of a lens, the frequency distribution of each
point will not extendover morethanonediscretefrequency
measureandthe wave�eld of the sceneat the aperturecan
be transformedinto a light �eld. To get the highestangu-
lar resolution(cf. App. C) andthereforethebiggestaperture
we have to achieve a tight �t of the DoF aroundthe object
includingdiffraction.

The lensfunction,aperturesize,wavefrontsamplingand
the wavelengthde�ne the resultingCoC andDoF yielding
a light �eld with a speci�c maximal resolutionfor s andt
aswell asa maximalFoV for every position(u;v). Thede-
pendencebetweenthesecharacteristicsareelaboratedin the
following appendicesApp. A, App. B, App. C andApp. D.

9. Results

All hologramrenderingspresentedin this sectionareonly
computedto give an illustration of direct output of holo-
graphiccontenton future generationholographicdisplays.
They do not competewith the light �eld renderingswhich
are by far more ef�cient for conventional2D framebuffer
displays.We show the versatility and the power of M and
M � 1by applying it to several examples,suchas synthetic
light �elds, real light �elds and digitally recordedholo-
grams.Therenderedimagescanbeevaluateddirectly from
theholographicrepresentationor throughlight �eld render-
ing. We implementeda light �eld rendererusing a spatial
methodcapableof simulatingdifferentaperturesizesaswell
as focal length for viewpoints in the uv-plane.A moreef-
�cient implementationhas beenpresentedin [Ng05] and
would have to be usedif real-timeperformancewas a re-
quirement.Evaluationsof a hologramfrom a light �eld and
depth�eld aswell asall therenderingsfrom theholograms
havebeenintegratedinto thepipelinepresentedin [ZKG07].

9.1. Forward Mapping

We computethreesynthetic scenesshown in Fig. 11. The
datasetin Fig. 11a is aPOV-Rayrendered384� 192� 16�
16 light �eld for which our depthmapreconstructionalgo-
rithm requires60minutesonaPentium4 with 3.2GHz.The
result is a depthmap with 163 possibledepthvaluesper
light �eld sample,while handlingvariousdif�culties such
asocclusions,areasof low texture andspecularhighlights
correctly. Fig.11b andFig. 11c depicta light �eld rendered
usingRenderMan13of theprocedurallygeneratedPompeii
scenepresentedin [MWH� 06]. Both scenescontaina very
big depthrange,which is bigger thanthe depthof �eld of
thecamerausedfor theholographicrendering.Regionsbe-
ing slightly out of focus are thereforespreadover multi-

ple frequenciesleadingto somespecklenoise.According
to Sect.5.2 specklediminishesfor biggeraperturesagain.
The renderingsof thehologramarenot primarily shown to
demonstrateholographicrendering,but to show a possible
view, whichcouldbegeneratedonaholographicscreen.The
humaneyewouldtransformthewavefrontinto animageand
thereforedetermineaperturesizeandfocal length.

Most importantly we transform a real light �eld (cf.
Fig. 11d) into a hologramin orderto show thatour method
canbeappliedtocapturehologramsunderwhitelight illumi-
nation.The depthmapreconstructionshows someartifacts
sincewe hadno cameracalibrationandtheimagessuffered
from lensdistortion.However, thedepthmapis still precise
enoughin ordernot to show any ghosting.

9.2. InverseMapping

The transformationfrom the hologramto a light �eld can
bedonefor any hologram,for which theoriginal wavefront
of thescenecanberestored.The third columnof every se-
quenceof Fig. 11 representsa reconstructedlight �eld view
by applying M � 1. Direct comparisonsshow somedistor-
tionsatoff-axis raysfor cameraswith abig FoV.

Furthermore,we transformeda digitally recordedholo-
graminto a light �eld in orderto show theversatilityof our
framework andtransformFig. 12. Our proposedspecklere-
ductioncannotbe appliedto digitally recordedholograms,
sothe�nal renderingsarespeckleprone.

b) c) d)a)

Figure 12: a) andb) are light �elds generatedfroma digi-
tally capturedhologramrenderedbya smallapertureat two
positions.c) showsa big aperture with short focal length
andd) a big aperturewith focal lengthonobject.

Limitations A limitation of this framework consists in
transformingarbitrary light �elds featuring strong re�ec-
tions and transparentobjects,since thoseregions can fail
during depthreconstruction.Furthermore,the lack of visi-
ble raysof a point at theborderof the light �eld might not
provide enoughinformation for a robust depthestimation
in all the views. In our examplesat least20% of the rays
have to be visible to reconstructthe depthof a point. The
resultingholesare�lled throughinterpolationof surround-
ing depthvalues.Inaccuratedepthcouldleadto ghostingfor
novel viewpoints.

For sceneswith a big depthextent specklescan be no-
ticed.Therefore,thebiggerthedepthextentof thescenethe
more hologramshave to be evaluatedfor a perfectimage.
Furthermore,theappliedlensmodelleadsto abberationsfor
non-paraxialraysandcanthereforeleadto speckles.
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Synthetic Light Fields

Real Light Field

Light Field Computed Depth Field Hologram rendering

Light Field Computed Depth Field Hologram rendering

a)

b)

c)

d)

Figure 11: All the image sequencesshowan original view of the light �eld input, its correspondingdepth�eld, the rendered
transformationinto a hologram and two arbitrary views of the hologram with varying aperture and focal length.Thegrey
squaresymbolizesthehologram,while thegreensquareshowsthepositionandaperturesizeof thecamera.

10. Conclusions

In thispaperwepresentedafundamentalmappingfrom light
�elds to hologramsanddemonstratedtheversatilityonmul-
tiple examples.For the forward mappingwe introduceda
novel 3D reconstructiontechniquebasedonfrequency spec-
trum analysiscapableof evaluatingdepthdespiteof occlu-
sions,specularhighlights,andlow textureinformation.The
createddepth�eld providesthebasefor aforwardtransform
into a hologram.Most importantlythis givesthepossibility
to capturefull parallaxhologramsundernatural illumina-
tion, which hasnot beenpossibleso far. This createsa big
potentialfor future work in this �eld. Furthermore,the in-
versemappingoperationallows for digitally capturedholo-
gramsto berenderedin real-timeusingthelight �eld repre-
sentation.

11. Futur eWork

Basedon theelaboratedmappingoperation,hologramscan
becapturedusingalight �eld cameraaspresentedin [Ng05]
andrenderedon a holographicscreenaspresentedby Qine-
tiq in [SCS05]. This techniquecantake advantageof there-
alismanddetailpreservingbene�tsof areallight �eld while
giving thepossibilityof a3D outputonaholographicscreen.
Furthermore,the 3D reconstructiontechniquecanbe used
for ghostingreductionin light �eld renderingwithout hav-
ing to blur any partof thescene.Variouslenseffectscanfur-
therbeusedto createrealisticlookingrenderingsfor general
graphicsprocessing.Finally, digital hologramsnotrequiring
opticalelementsfor acquisition,canberenderedin real-time
aftermappingtheminto light �elds. Therefore,futurework
canbene�t in numerousways from the fundamentalmap-
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pingby takingadvantageof eitherrepresentation,depending
on theneeds.
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Appendix A: Circleof Confusion
The Circle of Confusion

ac

vnzn

vfzf

vz

(CoC)c is de�ned asthesize
of the circle to which an ide-
alizedpointwill divergewhen
thelensis focusedatdifferent
length.Assuminga ray repre-
sentationof light, theCoCcausedfrom defocuscdef ocus is

cdef ocus=
f 2(zf � zn)

N(2znzf � f (zn + zf ))
, (8)

This implies that the CoC at focal distancef is zero.Even with a
perfectlens,a point will not leadto a point in the imagebut to the
Airy disk governedby diffraction whensimulatinglight aswaves.
TheCoClimitedbydiffractioncdi f f isgivenbycdi f f � 2:44l N(1+
m) with mbeingamagni�cationfactorm= f

z� f .

Despitethe physical limitation of the minimal CoC given by
diffraction cdi f f , the CoC canalsobe restrictedby the resolution
of thediscretizingmedia(e.g.�lm grain,pixel sizeof acamera)and
therefore,regardedto be in focus. In our casethe CoC is limited
by the angularresolutionDa given by the aperturesizea andthe
wavelengthl for a hologramandby the pixel sizemax(Ds;Dt) of
theCCDwhencapturinga light �eld.

Appendix B: Depthof Field

The Depthof Field (DoF) Dz = zf � zn asshown in Fig. A is the
distancebetweentheclosestpoint in focusandthefarthestpoint in
focus,wherea point in focusis determinedby the CoC.The DoF
consideringonly geometricalopticsis givenas

Dz=
2zNcf 2(z� f )

f 4 � (Nc(z� f ))2 . (9)

Thereis no simplenumericalexpressionto combinethe effectsof
defocusanddiffractionbesidesusinganempiricalexpression.Fur-
thermore,theperceptionof sharpnessis notsolelydependentof the
�nest resolutionbut alsooncontrast.Theability to transfercontrast
of aninputpatternwith agivenfrequency n by adiffraction-limited
lenswith defocuscanbedescribedby theOpticalTransferFunction
OTF(cdef ocus;N;v) asshown in [Hop55] by

OTF(cdef ocus;N;n) =
(

4
pg

R
p

1� s2

0 sin
� p

1� y2 � s
�

ds if s � 1

0 otherwise
(10)

wheres= l nN(1+ m) andg = pncdef ocus. In [Jan97] and[BW59]
themaximalresolutionaccordingto theRayleighcriterionis given,
as long as two pointscanbe separatedso that a 19% dip appears
betweenthe peaks.Applying this thresholdto the OTF leadsto a
maximal spatial frequency n, which can be resolved by the lens.
Diffractioncanbe ignoredif defocusis suf�ciently big or N suf�-
ciently small leadingto a simpli�ed OTF(c;n) = 2J1(g)

g with J1(�)
beingthe�rst-order Besselfunctionof the�rst kind.Fig.13a)shows
threecurvesfor theOTF correspondingto theplanein focuswithout
defocus,the OTF dependentof defocusanddiffraction at the DoF
limits andtheOTF ignoringdiffraction.
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Figure13: Thegraphin a) showstheOTF at focaldistance
in greenand DoF limits in red,as well as the OTF depen-
dentof defocusonly in blue. In graph b), the curvefor an
OTF=0.19 at focal distanceand at DoF limits is given in
blueandgreen,respectively.

In Fig. 13b) thespatialfrequency n dependingof the f-Number
N with OTF=0.19andconstantDoF is depicted.Thisgivesthepos-
sibility to choosea desiredresolutionrepresentedasa spatialfre-
quency andsettingthedepthof �eld including thecompletescene
in orderto obtainthebiggestpossibleaperture.
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Appendix C: Resolution/ Sampling

Different resolutionsandsamplingshave to be consideredfor the
recordingand the transformationof a hologramand a light �eld.
By resolutionwe meanthe maximalnumberof samplesin a cer-
tain dimension,whereassamplingrefersto thesizeof onesample.
We take into accountthemaximalnumberof pixelsnXmax of a re-
sulting imageandthenumberof resultingcamerapositionsnUmax.
For simplicity the resolutionandsamplingis alwaysgiven for one
dimensionandcanbehandledanalogouslyfor theotherdimension.

Hologramswith resolutionn2
holo andextentaholo canhaveamin-

imal angularsamplingof Da = arcsin
�

l
aholo

�
. Theangularresolu-

tion is de�ned by thenumberof samplesnapt of theaperturesimu-
lating thecamera.Themaximalresolutionnmax= 2aholo

l is achieved
if theFoV (seeSect.D) is 180� . Furthermore,thenumberof useful
camerapositionsfor thetransformationequalsnholo in eachdimen-
sion.

Angular parameterizedLight Fieldsaremosteasilycompared
to holograms.The angularresolutionof the imageis given by the
numberof samplesin q-dimensionwith the maximal resolution
nmax = 180�

Dq with Dq beingthe samplingdistance.The numberof
possiblecamerapositionsequalsthenumberof samplesin u.

For Two-planeparameterizedLight Fields, themaximumres-
olution of a renderedimageis equalto the maximumnumberof
samplesin the s direction.The numberof differentviews depends
on thenumberof samplesin theu dimension.

Comparison By neglectingcompressionwecanseethattheholo-
gramis capableto storemoredifferentviews with high resolution,
thanany of the light �eld representations.This ef�ciency is dueto
the samplingof the wave�eld rather than the samplingof differ-
ent viewpoints,whereinformationlike depthis beingdisregarded.
However, hologramsareproneto specklenoisebecauseof theco-
herentlight. Specklesizecanbede�ned asdsp = l b

a with b being
thedistanceof thepoint sourceto the imagingsystemanda being
theaperturesize.

Appendix D: Fieldof View

The maximal FoV amax of a hologramcan be determinedby the

samplesizeDu asa = arcsin
�

l
2Du

�
. This implies a phasediffer-

encebetweentwo samplesof maximallyp justreachingtheNyquist
frequency. The FoV a of a freely chosenaperturedependson the
numberof samplesn inside the aperture,sinceonesamplecorre-
spondsto anangularsamplingof Da andtheFoV to a = Da � n not
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 = max(q; f ) consideringq andf of all rays.For a two-plane
parametrizationLF(u;v;s;t) theFoV dependson theextentandthe
distancebetweenthe uv-plane and the st-plane.Furthermorethe
view frustumis shearedif only raysgoing throughbothplanesare
considered.
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