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Abstract

Holography is a methodfor three-dimensionalmag-
ing of objects. In this paperwe presentan approad for
the geneation of holograms,exploiting standad graphics
renderingmethodsand hardware. e focuson the visual-
ization of objectscomposef line sggmentswhich allow
for certain simpli cations, and thushologram geneition
speed-up.

Our methods basedon thederivationof a holographic
geometricequivalentof the objectto be imaged. In this
equivalent,the objectis representedas a setof geomet-
ric primitives combinedwith precomputedextures. The
equivalentis built up under prescribedconditions, thus
simulating certain wave characteristics. The hologram
of the objectto be imaged is gainedjust by renderingits
holographic geometricequivalent. Problemsof achieving
the necessaryresolutionof the output hologram are ad-
dressed.
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1 Intr oduction

The visualizationof objectsin their three-dimensional
extentincludingnaturaldepthcuess acommongoalin ap-
plicationslike Virtual Reality Accordingto the suney of
McKennaandZeltzer[14], anumberof displaytechniques
(lenticularscreensslice stackingdevicesandothers)exist
to provide depthcues.

The perceptionof distanceor depthis a comple phe-
nomenon.Mechanism®f the eye aswell asthebrainare
involved. A coupleof cuesor patternsof stimuli provide
us with information aboutthe depthand shapeof objects
in therealworld. They work aswell for objectspresented
to usin animage. Depthcuesincludebinoculardisparity
corvergencemotion parallax,accommodationandpicto-
rial depthcues(overlap,perspectie projection,etc.).

Three-dimensionalisplaysare classi ed into two ma-
jor groups: stereoscopicand auto-steeoscopic Both
presendifferentviews to the eyes,but thelatterdo notre-

quire specialviewing aidsas,for instancea pair of stereo
glassesVR displaysmoreor lessprovide depthcues.

Holographicdisplaysin generalprovide all the depth
cues.They areauto-stereoscopid-or perceving depthor
motionparallaxtheuserdoesnotneedary furtherviewing
aids.Thus,syntheticholographyis averyattractvedisplay
methodto studyfrom the standpoinbf computemgraphics.

This paperis organizedasfollows: rst, the principles
of optical and syntheticholographyarebrie y discussed.
Then several approache®f syntheticholographyare in-
troduced,leadingon to the methodwe concentrateon—
the holographicimagingof objectscomposedf line sey-
ments. Basedon the analysisof the mathematicaback-
ground and existing approacheswe derive a new tech-
nigue which exploits computergraphicsrenderingmeth-
ods. Implementatiordetailsof our HoloRenderesystem
andtheresultsarediscussedfollowedby anoutline of fu-
turework.

2 Holography asa 3D visualization method
2.1 Optical holography

Theprinciplesof holographywerepresentedor the rst
time by DennisGabor([8] in 1948. Holography as de-
scribedin physicstext books,for instanceby Fowles [4],
is a two-stepprocesdor therecoding andreconstruction
of three-dimensionabbjects. The hologramis a special
diffraction screen. It is usedto reconstructin detail the
wave eld emittedby the objectto be imaged. In holo-
gramrecordingthe outputfrom a laseris separatednto
two beamspneof whichilluminatesthe object. The other
beam(calledthe referencebeam)is directedontoa ne-
grainedphotographicim. The Im is exposedsimultane-
ouslyto thereferencédbeamandto the laserlight re ected
from the object(seeFigure1(a)). An interferencepattern
results.It is recordedonthe Im andconstituteghe holo-
gram. The hologramcontainsall the informationneeded
to reproducaghewave eld of theobject.

For reconstructionthe developedhologramis illumi-
natedagainwith the referencebeam(Figure 1(b)). Part
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Figure 1: Recording (a) and reconstruction (b)

of the resultingdiffractedwave eld is a precise,three-
dimensionatopy of theoriginal wave re ected by the ob-
ject. The viewer looking at the hologramseesthe image
of the objectin depth. The perspectie of the view canbe
changedust by moving the head.

2.2 Synthetic holography

Syntheticholographyembodiesthe computersimula-
tion of the overall holographicprocessor partsof it. In
the hologramgeneratiorstep,the computercalculateghe
transmittancef the holographigplate. Theresultingholo-
gramis usuallytransferredo photographiclm for optical
reconstruction Exceptionsarethe reconstructiorof holo-
gramsby meansof numericalsimulation, using systems
like DigiOpt [1] or the direct connectionof the computer
generatinghe hologramto a real time display asimple-
mentedin the MIT holovideo system,discussecdby Lu-
centeandGalyeanin [13].

3 Hologramsof objectscomposedf line seg-
ments

3.1 Hologram computation methods

Synthetic holographyimposeshigh requirementson
computationapowerandstoragecapacitiesThereduction
of effort is thereforea commongoal. Several approaches
to hologramgenerationexist, which addresshe demand
for the reductionof effort moreor less. In direct simula-
tion [9] the objectto beimagedis representedy anumber
of radiatingpoints. Eachof thesepointsis a sourceof a
sphericalwave. Thecomple< amplitudeof thiswaveis de-
terminedfor all locationsat the hologramplate. For the
generatiorof synthetichologramsusingthis method,one
computatiorstepper hologrampixel andluminousobject
point hasto beperformed Eachcomputatiorstepincludes
comple additionsandmultiplications. Consideringa size
of 5000 5000 hologrampixels andan objectconsisting
of 1000points,25 billion stepshave to be performed.

Onesolutionfor decreasinghe computationakffort is
thedeterminatiorof point contributionsin a separatestep.

Lucentedescribea methodin [12], in which thecontritu-
tionsof all possible3D objectpointsareprecomputeénd
storedin a look-uptable. In the actualcomputationstep
thesepoint contritutionsare just readfrom the tableand
accumulatedn the hologram.Basedon this method,also
therapidgeneratiorof holographicstereogramis possible
[13].

The methodsdescribedso far generatdmagesof ob-
jectsconsistingof luminouspoints. In casethe 3D object
consistof line sggmentsit is usefulto decompos¢heob-
ject informationinto lines insteadof points. A line can
represena large numberof points. Composingheobjects
of linesleadsto a considerableeductionin computational
effort. Sinceline drawingsarea powerful methodin com-
putergraphics(as statedby Strothotteet al. in [16]) and
sincethey canbe effectively transferrednto holographic
images,we focuson the computationof hologramstaken
from objectscomposedf line segments.

3.2 Holographic imaging of lines—mathematical
background

Objectsto be imagedin a hologramconsistof lumi-
nousgeometrigorimitivessuchaspoints,linesor surfaces.
Theseprimitivesemit waveswhich resultin the recording
stepin acertainpatternonthehologram.During hologram
reconstructionthe waves are again generatedand focus
in the original primitives, thusreconstructingheseprim-
itives. As stated,for instance py Fréerein [5], a mapping
of primitive andwave typeexists:

apointsourceemitssphericawaves,
in nite linesemitcylindrical waves,and
planewavesareemittedby in nite planes.

For the descriptionof the holographic patterns(see
Fréreetal. in [7]) generatedby cylindrical wavesoriginat-
ing from lines,we introducea Cartesiarcoordinatesystem
(seeFigure?2). The hologramis in the xy planeof the co-
ordinatesystem.The z axisis the optical axis. If theline
is parallelto the x axisandlocatedat a distancez R to
thehologramplane thecomple< amplitudeu x y O in the
hologramplaneis describedy

. p X

uxy0 exp ||Ry2 red o 1)
which consistof the Fresnebpproximatioranda clipping
functionto restrictthe line in uence to a rectangulamarea
on the hologram,thus generatingline seggmentsof nite
lengthin the reconstructiorstep. The effectsoccurringat
the edgesof the hologramportionsaredisrggarded[7]. |
is thewavelength.

Thisrepresentatiors restrictedo line sgmentgarallel
to the x axis. An arbitraryline segmentL is describedas
follows:



1. theanglea of L relative to the x axis,
2. theanglegof L relative to the hologramplane,and
3. thecoordinatesxg Yo 7z of thecenterpointof L.

Figure 2: Line parameter s

Thepoint x y onthehologramplaneis transformedy a
2D rotationto apoint X Y with X xcosa ysina and
Y xsina ycosa. Theanglegisincorporatedy

RX g =z Xtang (2)

The function R X g describeghe distancebetweenthe

line and the hologram points (pixels). The reconstruc-
tion of lines outsidethe optical axis (z axis in Figure 2)

is achiezedby introducinga linear phaseactor
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Theresultingcomple< amplitudeis
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Figure 3 shavs an example of a holographicimage ob-
tainedwith the methoddescribedabove. Threelines per

pendicularto each other constitutea coordinatesystem
(3(a)). In the hologram(3(b)) the rectangularareasrep-
resentinghewave patternsareto be seen.Theclippingis

performedin the x andy directionto prevent spatialfre-

guenciesvhich cannotbetransferredo the hologram.

4 A newapproach
4.1 The holographic geometricequivalent

A straightline emitsa cylindrical wave, providedthere
is a constantphasedistribution alongthe line (see[11],
[7]). Thephaseof individual pointson aline is afree pa-
rameter Its modi cation doesnot alter the perceptionof
the geometryin the optical reconstruction.Linear phase
distributionsresultin conicalwaves. The relationshipbe-
tweentheline sggmentto bereconstructe@ndthe conical
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Figure 3: Image of a coor dinate system, original object
(a) and its hologram (b)

waveis notuniguelydetermined10]. In thereconstruction
stepeachline focuscanbe obtainedby anin nite number
of differentconicalwaves. The coneangleb is the free

parameter A boundaryconditionis thatb hasto be cho-

sensuchthatin therecordingstepthelight emittedby the

luminousline sggmentreacheshehologram.

In particular we canassumaea linear phasedistribution
alonga line sggmentsuchthatthe hologramplaneis par
allel to atangentiaplaneof theemittedconicalwave. The
resultingpatternis shovn in 4(b). The patterncanbe gen-
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Figure 4: Hologram of an inclined line (a), the same line
with a linear phase distrib ution applied (b)

eratedwith the methoddescribedn Section3.2. It repre-
sentsconicsectiongthe coneis cutatthetop), theaspects
of which aredescribedy AumannandSpitzmillerin [2].
How can these patternsbe obtainedusing computer
graphicsmethods?n a rst approachwe explorethe ap-
proximationof thesehologramsby “linear” patterns. A
line parallelto the hologramemitsa cylindrical wave (see
Figure5(a)). As soonastheline is inclined to the holo-
gram,thepatternis moreor lessdistorted.At rst sight,the
distortion seemdo be similar to a perspeciie projection
of thecylindrical pattern,if thelinearphasedistributionis
chosenas explainedabove (seeFigure 4(b)). In orderto
simulatethis behaior, the objectto be imagedin a holo-
gramis transformednto its holographicgeometricequiva-
lent Thisequivalentconsistof asetof texturedrectangles
whichareconstrainedn their orientation. Thetexturerep-
resentghe “referencepattern”(Figure5(a)), generatedy



Figure 5: Cylindrical wave (a), rendering of an inclined
textured rectangle (b)

@) (b)

a cylindrical wave. One textured rectangle(Figure 5(b))
per original line representshe wave emissionof theline.
Therectanglesreorientedandpositionedn thesameway
astheirline counterpartsvhich build up theoriginal object
(seeFigure7, therectanglesrecenteredaroundthe origi-
nal lines). Therectangleorientationaccordingto the orig-
inal line leadsto a distortionof therectangleogethemwith
its texture (seeFigure 5(b)) in the perspectie projection.
Thus, a line inclined to the hologramplaneis simulated.
Therectanglesnimic the clipping of the wave patternac-
complishedoy therectangldunctionshovn in Equationl.
Due to the fact that geometryprocessingand texture
mappingareimplementedn hardwareon computemgraph-
ics workstationsthe hologramgenerationis fast.It canbe
performedn nearlyrealtime for reasonableesolutions.

4.2 Re nement

Theapproachasdemonstratedofar usedineardistor
tionsof a“referencepattern”to imagelinesinclinedto the
hologramplane. However, this is not a valid “simulation”
of conic sections. The distortionalongthe line hasto be
ratherquadratidnsteadof beinglinear.

In are nementof the existing approactthetexture co-
ordinatesin the holographicgeometricequivalentare al-
teredaccordingto the angleg (recall Figure 2) describing
theelemenvrientation.ChenandWilliams [3] de ne mor-
phingasasimultaneoudnterpolationof shapeandtexture.
In this caseaneffectsimilarto morphingis gained forcing
the texturesto display patternstypical for conic sections
(seeFigure 7). The texture coordinatesare alteredalong
the line. The shapeof the underlyingrectanglesemains
undistorted.

Eachelement(rectangle)of the holographicgeometric
equivalentis subdvidedinto a setof stripesthetextureco-
ordinatesof which canbe alteredindependently Further
more,thereferencdexturedisplayinga cylindrical pattern
is now mappedto eachstripeinsteadjust onceto the en-
tire rectangle.In eachdisplaystepthe texture coordinates
for eachstripearealteredaccordingto the positionof the
element,andits orientation The new texture coordinate

s v assignedo a stripe vertex v of the equivalents ele-
mentE is determinedrom the original texture coordinate
s v for aline parallelto thehologramplaneandthesquare
of the distancedist v of the vertex from the hologram
plane. The distancedist v dependson the line position
Lo X0 Yo zo , wherev, 2z, andtheline orientationg
with respecto thehologramplane(seeFigure?).

sv fsv distv? (5)

Thus,aquadratidistortionis achieved.

4.3 Examples

The equivalentof a singleline (linear distortion)is al-
readyto be seenin Figure 5(b). The re ned versionto
displaythe shapeof conic sectionsis shavn in Figure 6.
The patterncorvergesin a quadraticfashion. Figure7 il-

‘Synthetic Holography.

Figure 6: Original line (left) and its holographic geo-
metric equiv alent (right)

lustrateghe transformatiorof threelines perpendiculato
eachotherinto their holographicgeometricequivalent. It

Figure 7: Three lines forming a coordinate system
(left), the equiv alent (right)

consistof threerectanglesvhicharerenderedranslucent.
Thus, overlapwithout introducingfurther disturbancesn
thereconstructiorstepis accomplished A more complex
exampleis shovn in Figure8. Theoriginal objectconsists
of about200line sggments.

5 Implementation
5.1 Software architecture

The HoloRenderersystemis implementedin C++ on
Silicon Graphicsworkstations,thus exploiting hardware



Figure 8: A house (left) and its equiv alent (right)

supportfor rendering. It is capableof generatingholo-
gramsof line objectsusingthe graphicdibrariesOpenGL
and IRIS Performer In orderto study cornventionalline-
basedandpoint-basedpproachegseeSection3.1),corre-
spondingcomputatiormethodshave beenimplementedas
well.

The modulesof the HoloRendere(seeFigure 9) form
aholographigipelinewhichis fed with thegeometrydata
of the objectand producesthe holographicimageat the
end. The viewing moduleloadsthe objectto be imaged,

Application
Viewing- Generator- Output-
Module Module Module
Geometry Con gur ation Hologram

Figure 9: Architecture of the HoloRenderer

displaysit, builds, andrendersthe holographicgeometric
equialent. For corventionalhologramcomputation,im-
plementedn the genertor, it extractsline parametersr
thepoint-basednformation. Thecon gurationdetermines
parametersik e wavelengthandthe hologramdimensions.
The output modulecollectsthe computationresultspro-
ducedby the genemtor and storesthe hologramin a le
(pixel-basedormatsTIFF, BMP, Postscript)RIS RGB).

5.2 Hologram reconstruction

To display the holographicimage, the hologramgen-
eratedwith the systemdescribedabove hasto be recon-
structed. The reconstructiorcan be accomplishedn two
ways: simulation andoptical reconstruction The results
of a simulationare alreadyto be seenin Figure3. The
simulationwasperformedwith the systemDigiOpt, which
was developedby Aagedalet al. [1] at the University of
Karlsruhe.The advantageof a simulatedreconstructions
thattheresultscanbequickly obtained. Ontheotherhand,

only hologramsof reducedresolutioncould be simulated
becaus®f memorylimits.

To visualize holographic images in their three-
dimensionakxtent,they haveto beopticallyreconstructed.
In orderto preparethe hologramsfor optical reconstruc-
tion, we transferthem to photographicmaterial using a
Im recorder In our setupfor the optical reconstruction
of synthetichologramsa laseremitscoherentight needed
for reconstructionThe widenedlaserbeampenetrateshe
hologram,andthe realimageof the objectappearsn the
spacebehindthe hologram.

5.3 Implementation details

The “referencetexture” showving the cylindrical pattern
is computedusing the Fresnelapproximation(see Equa-
tion 1). The texture is generatedn a separatgassand
storedpersistentlyin a le asa pixmap. It is loadedagain
as soon as the holographicgeometricequialentis dis-
played.

The geometryof the original objectcomposedf line
segmentsis storedin the scenegraph which is an IRIS
Performerspeci ¢ tree-like datastructure. In the process
of the generationof the equivalent, an additional scene
graphis built up which consistsof rectangleshaving the
samdengthastheirline counterpartén theread-outscene
graph. The rectanglesare subdvided into stripesas de-
scribedin Section4.2. The precomputedexturesare ap-
plied to the rectangles Additional attributesof the rectan-
gle encompasshe rectanglewidth to control overlapand
spatialfrequenciesn the hologram,andthe alphavalueto
control the translucentappearanceAlpha blendingtech-
nigues,asdescribediy Neideretal. in [15], areprovided
by OpenGLandcanthereforebeusedby theHoloRenderer
system.

The position and orientationof the rectangless cho-
senin accordancewith the lines from which they origi-
nate. First, the rectanglels centeredaroundthe line, and
second the planenormal of the rectangleis mappedun-
derparallelprojectionto a verticalline sggment,i.e. it has
anx-componenbdf zero. Otherwise distortionsdueto the
perspectie projectionintroducecorruptionsof the depth
reconstructiorof the line sgments. Thus, the rectangles
are longitudinally inclined accordingto the line orienta-
tion, but normalto theviewing planein the otherdirection.

The object to be imaged can be interactively trans-
formed,rotatedandpositionedrelative to thecamera.The
equivalentis subjectto the sametransformation. During
rotation,therectangle®f the equivalentaretilted. Thetilt
with respecto theaxisspeci ed by theoriginalline hasto
be compensateth orderto obey the orientationconstraint
mentionedabove. This is accomplishedy usinga special
nodeprovided by IRIS Performer Performer Billboards



areutilized to guaranteghe desiredorientationof the af-
fectedgeometry(therectangles).

As statedabore, the hologramis generatedy render
ing of the equivalent. However, viewport dimensionsare

constrainedo t typical computergraphicsapplications.

Since holographyrequiresmuch higher resolutions,the
viewport constraintprohibitsresultsin a reasonabléolo-
gram resolution. To remedythe situation, the imageis
tiled. Eachtile is renderedn one stepwithin the given
constrainedrziewport dimension. Figure 10 illustratesthe
approach.The camerais centeredor eachtile. Theren-

Figure 10: Rendering of tiles

deringsetup(cameraandviewport) hasto be chosercare-
fully to preventaliasingeffectsat the tile borderswhich
would destrgy the hologram. The problemis the sameas
when settingup a picking region in OpenGL (see[15]).

This solutionis successfullyadaptedto our problem. It

resultsin the necessityof anadditionalmatrix multiplica-
tion pertile rendering After all thetiles arerenderedthey
arecollectedandcombinedinto the nal hologramwhich
thereforecanbe of very high resolution.

6 Results

The veri cation of the hologramsgeneratedvas per

formedby meanf simulationandoptical reconstruction.

The rst exampleis presentedn Figurel11l. In the simu-
latedreconstructiortheline focus“travels” overthe extent
of theline. In this casethe simulationwasperformedfor

(b)

Figure 11: Two simulated reconstructions of aline seg-
ment at a (a) nearer and (b) big ger distance
from the hologram

two distinct depths. If the whole seriesof simulationsof
the line hologramwas shown, the line focuswould travel

almostcontinuouslyover thereconstructionThe different
line foci appearas “sharp” regionsin the reconstruction.
In regionsoutof focustheline doesnotappeamlasa narrov

slit, but ratherwidenedandblurred.

Anotherexampleof the coordinatesystemis showvn in
Figure12. For comparisonthe sameobjectwith a con-
ventionallygeneratedhologramwasalreadyshovn in Fig-
ure 3. In the equivalentshown in the left part of Figure7

@ (b)

Figure 12: A simple coordinate system, reconstruc-
tions at distinct depths

eachline of theoriginal objectis representedsatextured
rectangle.In this example,theserectangledave the same
“starting point”, the origin of the coordinatesystemto be
imaged. The major requirementin this exampleis that
thereconstructedbci of eachline cornvergein this starting
point. Thisrequirements ful lled in theholographiageo-
metric equivalent: the rectangleshave one commonpoint
in theorigin of thevisualizedcoordinatesystem(Figure7).
Furthermoretherectanglesareof the samesize. The tex-
tureswhich are projectedon the rectanglesare identical.
Thus,by meansf perspectie projectionthe texturedrect-
anglesaredistortedconsistentlythatis, the distancede-
tween patternmaxima (black stripesin the texture) are
equalfor equaldepthdn theequivalent. Thereconstruction
(seeFigure12) provesthis assumptionAlso in therecon-
structionof the “coordinatesystemexample”the threere-
constructedines corvergein onepoint, the“origin”. Fig-
urel12(a)illustratesthis featureof theholographiggeomet-
ric equivalentby choosingthe reconstructiordepthsuch
thatthe foci arein this examplecloseto the origin. The
holographiaeconstructiorof ahousecomposedf linesis
shavn in Figure13. Thereconstructionllustrateshow the
front lines appeaiin differentfoci dueto differentrecon-
structiondepths.

Theexamplesshawvn in this articleareall reconstructed
by meansof simulationusingthe DigiOpt system.An op-
tical reconstructiorusingthe experimentaketupdescribed
in Section5.2 was performedaswell. It veri ed thatthe
input objectscomposedf line segmentsare properlyre-
constructedThereconstructionareof considerableepth,
whichis typical of conicalwaves,asstatecby Lesebegin
[10].
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Figure 13: A house , the reconstructions show diff erent
foci of the front lines.

7 Conclusionsand futur e work

The hologramsobtainedwith the presentedmethod,
the renderingof holographicgeometricequialents, re-
constructthe original objects. The reconstructionsre of
good contrast. However, the feasibility of our approach
hasto bedemonstratedn morecomple< input objects(see
Strothotteetal. [16]).

Regardingmore complex objects,the holographicdis-
play of modelsgiven in a spline representatioris desir
able. A splinecanbe approximatedy shortsegmentsof
straightlines. Straightline sggmentscan be immediately
processedy the HoloRenderesystemintroducedin this
article. However, thereconstructiorof shortline sgments
is likely to be degradeddueto clipping. The shorterthe
line sggmentsthe moreartifactsareintroducedto theim-
ageby clipping. Anothersolutionis the distortion of the
wave patternaccordingo the shapeof the splineasshovn
in principleby FréreandBryngdahl[6].

The holographicimaging of splinesand, in addition
thereto,of line stylesenablesus to give a 3D insight to
techniquesappliedto computergeneratedine drawings.
An interestingquestionis how holographidmagesinclud-
ing line hatchingsare perceved by anobsenrer of a holo-
gram. Thus, line drawings and holographidmages'li ve”
in asymbiosis.
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