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Abstract

Volume visualizationis an importanttool for investigatingandpresentingdata
within numerousfields of application. Medical imagingmodalitiesandnumer-
ical simulationapplications,for example,producehugeamountsof data,which
canbeeffectively viewedandinvestigatedin 3D. Theability to interactively work
with volumetricdataon standarddesktophardware is of utmostimportancefor
telemedicine,collaborative visualization,andespeciallyfor Internet-basedvisu-
alizationapplications.

Thekey to interactivebut software-basedvolumerenderingis anefficient ap-
proachto skippartsof thevolumewhichdonotcontributeto thevisualizationre-
sultsdueto thevisualizationmappingin useandcurrentparametersettings.In this
work, anefficientwayof skippingnon-contributingpartsof thedatais presented.
Skippingis doneat a negligible effort by extractingjust potentiallycontributing
voxelsfrom thevolumeduringa preprocessingstep,andby storingthemin a de-
rivedenumeration-likedatastructure.Within this structure,voxelsareorderedin
a way which is optimizedfor the chosencompositingtechnique,andwhich al-
lows to efficiently skip furthervoxelsasthey becomeirrelevantfor theresultdue
to changesto thevisualizationparameters.Togetherwith a fastshear/warp-based
renderingandflexible shadingbasedon look-uptables,thisapproachcanbeused
to provide interactive renderingof segmentedvolumes,featuringobject-aware
clipping, transferfunctions,shadingmodels,andcompositingmodesdefinedon
a per-object basis,even on standarddesktophardware. In combinationwith a
space-efficientencodingof theenumeratedvoxel data,theapproachis well-suited
for visualizationover low-bandwidthnetworks,like theInternet.
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Kurzfassung

Die Visualisierungvon Volumsdatenist ein wichtiges Werkzeugzur Unter-
suchungund Pr̈asentationvon DateninnerhalbzahlreicherAnwendungsgebiete.
BildgebendeVerfahreninnerhalbder Medizin sowie numerischeSimulationen,
liefern beispielsweiseDatenmengen,die ohne Visualisierungim 3D kaum zu
bewältigenwären. Die Möglichkeit interaktiver Manipulationvon Volumsdaten
auf desktop-PCsist insbesonderein Hinblick auf Anwendungenin derTelemedi-
zin, kollaborativer Visualisierungsowie derVisualisierungüberdasInternetvon
großerBedeutung.

EineVorbedingungfür interaktive,softwarebasierteVolumsdarstellungist ef-
fizientesAusschließenvon nicht relevantenVolumsbereichenvon der Projek-
tion (nicht relevant sind Daten,die keinensichtbarenEinfluß auf dasErgebnis
der Visualisierunghaben). In dieserArbeit wird ein diesbez̈uglichesVerfahren
vorgestellt, das ein Überspringennicht relevanter Voxel währendder Darstel-
lung faktisch ohne zus̈atzlichenAufwand ermöglicht. Dazu werdenwährend
einesVorverarbeitungsschrittspotentiellrelevanteVoxel identifiziertundin einer
abgeleitetenDatenstrukturgespeichert. Durch entsprechendeAnordnungder
Voxel innerhalb dieser Datenstruktur, können durch interaktive Ver̈anderung
von Visualisierungsparameternirrelevant gewordeneVoxel ebenfalls effizient
übergangenwerden. Zusammenmit einerschnellen,shear/warp-basiertenPro-
jektion und einerauf flexibler Kombinationvon Look-up-Tabellenbasierenden
Schattierung,könnendie derart vorbereitetenVolumendateninteraktiv auf PC
Hardwaredargestelltwerden.Da innerhalbderextrahiertenVoxeldateneinzelne
segmentierteObjekteunterschiedenwerdenkönnen,bietetdasVerfahrenweitre-
ichendeFlexibilit ätbeiderVisualisierung:WegschneideneinzelnerObjekte,indi-
viduelleoptischeParameter, TransferfunktionenundBeleuchtungsmodelle,sowie
die objektweiseWahl desCompositing-verfahrens.EineeffizienteKompression
der Voxeldatenermöglicht den EinsatzdesVerfahrenszur Visualisierungüber
Netzwerke mit geringerBandbreite,wie z.B. dasInternet.
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Chapter 1

Intr oduction

Theneedto analyzeandvisualizevolumetricdataarisesin many fieldsof appli-
cation. In medicine,imagingmodalitieslike CT or MR scannersacquirevolu-
metricdatasetswhich areexaminedusing2D and3D visualization[13] asapart
of routinework. In geo-sciences,volumetricdatawhich is obtainedfrom seismic
measurementsis usedto analyzestructureandcompositionof ground[6]. Numer-
ical simulations(like computationalfluid dynamics,for example)producehuge
amountsof datawhich is usuallyalsodefinedin the3D domain[12]. Generally
speaking,phenomenawithin a3D domaincanbediscretizedandrepresentedby a
volumetricdatasetof samples,like,for example,theobjectsandstructureswithin
thephasespaceof 3D dynamicalsystems[4].

Dependingon themaingoalof visualization– rangingfrom dataexploration
to presentation– differentrequirementsareput on interactivity andimagequal-
ity. Interactivity is crucialfor efficient explorationandanalysisof data.Complex
datasetsrequirecareful and frequenttuning of visualizationparametersto ob-
tain meaningfulvisualizationresults.Thespecificationof a propertransferfunc-
tion [3, 23, 27, 29, 34], i.e., the assignmentof optical propertiesto datavalues
within thevolume,is acomplex taskwhich profitsgreatlyfrom immediatevisual
feedbackby interactive rendering. Thus,during the explorative stagesof visu-
alization, interactivity and immediatefeedbackaremore importantthana high
visualquality of theresultingimage.For thepresentationof theresultsobtained
from dataanalysisthe emphasisis reversed. Often the creationof high-quality
visualizationresultsfor laterpresentationcanbeperformedoff-line, withoutuser
interaction.

Still imagesor animationsareoften not sufficient to communicatethe com-
plex findingsof theanalysisprocessto aviewer. Visualizationresultsarein many
caseseasierto understand,if the viewer is able to manipulatethe visualization
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outputto acertaindegree,by changingat leastarestrictedsub-setof visualization
parameters[54]. This may rangefrom simplemanipulationof viewing parame-
terslike camerapositionandzoomfactor, to changesin transferfunctionsor to
clipping of partsof thedata.Again, interactive renderingis crucial for providing
this possibilitiesto aviewerefficiently.

The main obstaclefor interactive volumerenderingis simply the amountof
datato beprocessedfor generatinganimagefrom a volumetricdataset.Typical
volumesizesin medicinerangefrom

�������
voxels for MR datato

�����
	��
�������
voxels for dataacquiredwith recentmulti-detectorCT scanners.For a straight-
forwardapproach,thiswouldmeanshadingandcompositing16-500million vox-
elsfor eachsingleimage– a toughtask,evenfor multi-processorhardware.Sim-
plestraightforwardimplementationsof volumerenderingareonly competitivein
termsof performance,if directly implementedin hardware– like theVolumePro
(vp500)volumerenderingboardfrom RealTimeVisualization[48].

Theusualapproachfor software-basedrenderingis to useauxiliarydatastruc-
turesfor efficiently skippingof partsof thevolume,whichdonotcontributeto the
visualizationresults(totally transparentregions,or innerpartsof opaqueobjects).
Thisapproachhasanadditionaladvantage:while theeffort for thebrute-forceap-
proachgrows linearlywith thenumberof thevoxels,andthusis in general����� ���
for a � � sizedvolume,methodswhich manageto limit therenderingto a “thick”
surface-likeneighborhoodof thedepictedobjects,mayhaveaneffort in theorder
of ����� 	 � (dependingon thetransferfunctionsettings).

A specialtechniquemay be used,if the displayof (iso-)surfaceswithin the
volumetricdatais desired. Insteadof directly renderingthe volumedatausing
anappropriaterenderingmethodandtransferfunction,anintermediatepolygonal
representationof the surfaceis created(for example,using the marchingcubes
algorithm[33]). Therepresentationof thesurfacecanthenberenderedexploiting
polygon-renderinghardware. The main disadvantagesof this approachare the
amountsof time andmemoryrequiredto extractandstorethesurfacepolygons,
andthelargenumberof geometricprimitivesgeneratedby this kind of approach
(typically severalhundredsof thousandsof triangles,for

�������
datasets).Really

interactive renderingof polygonalmodelsof this sizeis currentlynot possibleon
common3D hardware.

If visualizationis carriedout within a networked environment,for example,
for performingremotediagnosis,collaborative investigationof data,or simply to
exploit remotecomputationalresources,thebandwidthrequiredto transmitvol-
umedataand/orvisualizationresultsposesanadditionalproblem.Sendingentire
volumedatasetsover low-bandwidthnetworks like the Internetis in mostcases
not feasible. As an alternative, eithera reducedresolutionvolume is rendered

2



at the client, or the visualizationis entirely carriedout at a server and just the
resultingimagesare transmittedto the client. Both solutionssuffer from prob-
lems. Reducingthe resolutionof the datadestroys information. Performingthe
visualizationremotelyon a server implies,thateventheslightestchangein visu-
alizationor viewing parameters– likechangingthecameraposition– requiresthe
transmissionof new imagesover the (slow) network, thushamperinginteractiv-
ity. For further informationon interactive volumerenderingtechniquesandtheir
applicationin networkedenvironmentspleasereferto chapter2.

Within this work, a novel solutionto interactive renderingof volumetricdata
is presented,which is also well-suitedfor usein networked environmentsdue
to a compactdatarepresentation.Although datadefinedon Cartesiangrids is
requiredfor rendering,datadefinedon othertypesof gridscanbetransformedto
a Cartesianrepresentation(by resampling)for rendering.

Severaldistinguishingfeaturesmake thepresentedmethoda fastandflexible
solutionto interactive,software-basedvolumerenderingfor low-endhardware:� preprocessing: duringa preprocessingstep,voxelswhich potentiallycon-

tributeto avisualizationresultareidentified.� voxel enumeration: possiblycontributing voxels are extractedfrom the
volumeandstoredin a derived datastructure,which is basicallya list of
individualvoxels.� compact representation: theextractedvoxelsarewell-suitedfor efficient
compressionandcanbe transmittedover a network for visualizationat a
remotecomputer.� voxel ordering: theextractedvoxelscanbeorderedin a way which is op-
timized for renderingusingspecificcompositingmodesandvisualization
parametersettings.� fast rendering: A fastshear/warp-basedrendering[28] is usedto project
theextractedvoxels.� object awareness: if segmentationinformationis available,extractedvox-
els canbe assignedto individual objects.Visualizationparameterscanbe
definedon a per-objectbasis,allowing to individually adjustopacityand
colortransferfunctions,shadingmodelsandevencompositingmodes,with-
outmuchimpacton renderingperformance.

The voxel extractionapproachcanbe seenasa hybrid approachbetweendirect
volumerendering,which directly operateson the original volumedata,andap-
proacheslikemarchingcubes,whichderiveapolygonalrepresentationof objects

3



within the volumefor rendering.On onehand,only a secondarydatarepresen-
tation,which representsthevolume,is usedfor rendering– thelist of potentially
contributingvoxels.Ontheotherhand,thevoxel datawithin thisdatastructureis
just aspace-efficient storagerepresentationfor asparselypopulatedvolume.

Thebasicconceptsof theselectionof relevantvoxels,datarepresentationand
renderingareexplainedin chapter3. Chapter4 demonstratesthe applicationof
the conceptsto implementinteractive maximumintensityprojection(MIP) and
the renderingof iso-surfaces.Furthermore,a generalapproachfor mixing MIP,
surface,anddirectvolumerenderingbasedon opacityweightedblendingof vox-
els (DVR) within a singlevisualizationis presented.The implementationof dif-
ferentshadingmodels(Phong,non-photorealisticshading,. . . ) is alsodescribed.
Chapter5 presentsan efficient encodingschemefor compactstorageandtrans-
missionof extractedvoxels.RTVR, aJava library for real-timevolumerendering
is presentedin chapter6. The library exploits thetechniquespresentedhereand
combinesthemwith additionalfeaturesto provideanextendiblebasisfor thecre-
ationof flexible visualizationtools.

Chapter7 presentsthreesamplevisualizationapplicationswhichbenefitfrom
the presentedmethods– a Java-basedmedicalviewing anddiagnosticworksta-
tion, a simplegeneralpurposevolumeviewer, which canalsobe includedasa
volume presentationapplet into web pages,and a simulationand visualization
applicationfor the investigationof 3D non-invertible maps(discretedynamical
systems).

4



Chapter 2

Stateof the Art

Theresearchersof many commentatorshave alreadythrown much
darknesson this subject,and it is probablethat, if they continue,
weshallsoonknow nothingat all aboutit

Mark Twain (1835–1910)

Recentliteraturerelatedto themethodspresentedin this work canbesubdivided
into threemajor topics: volumerenderingin general,volumecompression,and
network-basedvolumevisualization.In additionto thesethreemajortopicswhich
will be treatedin the following sections,literaturerelatedto specificaspectsof
the work, for example,maximumintensity projection,will be discussedin the
correspondingchapters.

2.1 VolumeRendering

In thefollowing, singledatasampleswithin thevolumewhich aregivenat well-
definedpositionsin three-spacewill be referredto asvoxels. Eachvoxel hasa
position( ��������� ) andoneor morescalaror vectorattributes,likedensity, pressure,
andgradient.A scalarattribute will be referredto asdata value. A cell is built
up from asetof neighboringvoxelswhicharelocatedat thecell’s vertices.When
consideringa volumeasbeingbuilt up from cells, attribute valueswithin a cell
areobtainedby interpolationof attribute valuesat the verticesof the cell. For
volumesdefinedon a Cartesiangrid, cellsareregularhexahedra.The following
descriptionswill focuson therenderingof rectilineargrids.

Sincethefirst approachesfor direct renderingof volumetricdatain theearly
1980s,four majorgroupsof techniqueshaveemerged:raycasting[26, 29], splat-
ting [60], shear/warp projection[28], andhardware-assistedrenderingbasedon
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texture mapping[59]. As a specialcase,the renderingof surfacesfrom volume
datacanbe performedby constructinga polygonalrepresentationof thesurface
first andrenderingit usingpolygonrenderinghardware[33].

Raycastingis a straight-forward, image-orderalgorithm. A ray is shotfrom
the eye througheachpixel of the imageinto the volume. Along the ray’s inter-
sectionwith thevolumeseveraloperationscanbeperformedto obtainthecolor
of thepixel. Theoperationmaybea simplesummationof datavaluesalongthe
ray to obtainX-ray like images(figure 2.1a),or the selectionof the maximum
valuealongeachray (maximumintensityprojection,MIP, figure2.1b).Themost
commonlyusedoperationis the integration(or weightedsummationin the case
of sampledvolumes)of color contributionsalongeachray [35] (figure 2.1c,d).
Eachdatasamplewithin thevolumeis assigneda setof opticalproperties(color,
opacity, emissionandreflectioncoefficients, . . .by the useof so called transfer
functions),which determinethecontributionof datasamplesto pixel values.

Raycastingis a rathertime consumingmethodof volumerendering.Perfor-
manceof ray castingalgorithmscanbesignificantlyimproved, if regionswhich
do notcontributeto theimageareskippedfrom rendering.Suchregionsareparts
of thevolume,whichcontainonly entirelytransparentvoxels,or innerpartsof ob-
jectswith ahighopacity. Transparentpartsof avolumeareskipped,for example,
by encodingateachvoxelof thevolumethedistanceto theclosestnon-transparent
voxel [8, 55, 66]. This informationcanbeusedto efficiently skip emptyregions.
Datawithin opaqueregionscanbe easilyomitted,if the ray is tracked from the
eye towardsmoredistantregions.By keepingtrackof theopacityof thedataen-
counteredsofar, theraycanbestoppedassoonasthecumulativeopacityis close
to total – furthersampleswouldnot bevisible (earlyray termination[29]).

In contrastto ray casting,which computesonepixel of the imageat a time,
splattingis anobject-orderalgorithm– thecontributionsof eachvoxel to all pixels
of theimagearecomputedatatime. Theareaaffectedby theprojectionof avoxel
(footprint) is usuallya circle (for parallelprojection)or anellipsoid(perspective
projection). Within theaffectedarea,thevoxel contributesto thecolor of pixels
accordingto aGaussiandistribution(or similar)aroundthecenterof thefootprint.
Empty (transparent)regionsof a volumecanbe easilyskippedduring splatting.
Skippingof opaque,invisible regions(interior partsof opaqueobjects)is more
difficult, asa voxel may not contribute to somepixelsof the footprint, but may
contributeto others.

Both, ray castingandsplattingareconsideredto behigh-qualitymethods,ca-
pableof generatingimagesat arbitraryview parameters,imagesizesandquality.
The renderingtimes of splattingand ray castingare comparable,with a better
performanceof splattingfor volumeswith largeamountsof transparentdata.On
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a) summation b) maximumintensityselection

c) opacityweightedblending d) opacityweightedblending
(without shading) (shaded,surfacesemphasized)

Figure2.1: Someof themostimportantimagecompositingmethodsfor volume
rendering
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base plane

warp

image plane

shear

Figure 2.2: Parallel projectionusing a shear/warp-factorizationof the viewing
transformation

theotherhand,ray castingis perfectlysuitedfor parallelimplementation[47], as
pixel valuesarecomputedindependentlyof eachother.

Approacheswhichutilize shear/warp-basedprojection(like theonepresented
in this work) arethe fastestsoftware-basedmethodsfor volumerendering.The
usuallyquitecostlyprocessof transformingdatafrom thevolumecoordinatesys-
tem into imagecoordinatesfor projectionis split into two shearsalongaxesof
thevolume(plusascalingoperationif perspectiveprojectionis performed),anda
2D warpoperation.Thedatais shearedandprojectedontooneof thefacesof the
volume(baseplane, a planewhich is normalto anaxisof thevolumecoordinate
system).Thecheapshear-basedprojectionis performedfor all voxelsof thevol-
ume,creatingadistortedversionof therenderedimage.Thewarp(whichcanbe,
for example,efficiently doneby texture mappinghardware)transformsthe base
planeimageinto thefinal image(seefigure2.2).

As thedecompositionof theprojectioninto two separatestepsrequiresto per-
form resamplingtwice – first as voxels are projectedonto the baseplane,and
secondduring the warp step, imagesproducedusing this techniqueare more
blurredascomparedto the resultsof ray castingor splatting. Usually, no scal-
ing is performedduringtheprojectionto thebaseplane.Eachvoxel is projected
ontoanareaof approximatelyonepixel. Thus,zoominginto thevolumeis per-
formedby zoominginto thebaseplaneimageduring thewarpstep,which leads
to strongerblurring asthezoomfactoris increased.Usualapproachesto acceler-
atingshear/warp-basedvolumerenderinguserun-lengthencodingfor sequences
of voxelswith similar opticalproperties,for examplefor transparentregions.All
pixelscoveredby theprojectionof a run canbetreatedequally, thusaccelerating
therendering.

Thetexturemappingcapabilitiesof recentpolygon-renderinghardwarecanbe
exploitedto performrenderingof volumetricdatasets.Two differentapproaches
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canbedistinguishedhere. Their applicability dependson the capabilitiesof the
usedrenderinghardware. If the applicationof 3D texturesto polygonsis sup-
ported,a set of polygonsperpendicularto the viewing direction canbe placed
within thevolumeandtexturedusingcolorandopacityinformationfrom thevol-
ume[59]. By blendingthetexturedpolygonsin aback-to-frontorder, thevolume
is rendered.Thequality of the imagedependson thenumberof slicesrendered,
andis in generallower thantheoutputof software-basedrendering.If no3D tex-
turesupportis available,singleslicesof thevolumecanbemappedas2D textures
on polygons. Threeperpendicularsetsof polygonsandtexturesarerequiredto
avoid viewing thepolygonsedge-on[50]. Thesetof polygonswhich is mostper-
pendicularto the viewing directionis rendered.For small volumes(up to

�������
)

hardware-basedapproachescanachieve frameratesof up to 30Hzevenon con-
sumer3D hardware. Hardware-basedapproachesusually provide just a subset
of the capabilitiesof software-basedrenderers,for example,the usermay have
to choosebetweencolor renderingandshadingof thevolume,but cannot apply
bothsimultaneously.

A more detailedcomparisonof the four classesof volume renderingtech-
niquesdiscussedabovehasbeenpublishedby Meißnerandothers[36].

2.2 VolumeCompression

Compressionalgorithmsfor volumetricdatacanbeclassifiedaccordingto various
criteria. Compressionmay be lossy, or lossless,the methodmay usea general
compressionalgorithmor an approachwhich exploits specificcharacteristicsof
volumes.Compressionmaybebasedonhierarchicalapproaches,andsuitablefor
progressiverenderingevenif only apartof thedatais available.Sometechniques
allow directrenderingof compresseddata,othersrequireadecompressionfirst.

Theefficiency of compression,of course,dependsonthecharacteristicsof the
data.In thefollowing, compressionratesaregivenasexampleswhicharetypical
for datasetsfrom medicine. Losslesscompressionprovidessignificantly lower
compressionrates(around2:1) thanlossycompression,which usuallyallows to
choosethedesiredcompressionratio,i.e.,qualitydegradation.Acceptablerender-
ing quality canbeobtainedfor lossycompressionby factorsof 5–50:1. Despite
of the superiorcompressionratesof lossycompression,many applications,like
the diagnosisof medicaldata,prohibit changesto the volumetricdataandthus
requirelosslessmethods.

Compressingvolumedataby theuseof generalpurposetools,like zip [18],
just exploits coherencein oneof the threedimensionsof the data. Fowler and
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Yagel[17] presenteda techniquewhich usespredictionbasedon thedatavalues
of neighborsof a voxel in all threedimensionsandwhich storesjust a Huffman-
encodedpredictionerror. Although coherenceis exploited bettercomparedto
zip , thecompressionratiosarejust insignificantlybetter.

Ning andHesselink[46] presenteda lossycompressionmethodbasedonvec-
tor quantization.They groupneighboringvoxelsinto so-calledbricks. Attributes
of voxels within a brick (datavalue, gradient,. . . ) are the elementsof a vec-
tor, which is then quantizedby mappingto the closestrepresentative within a
codebook.The compressionratesdependon the sizeof the codebook,andare
typically around5:1, if acceptablequality shouldbepreserved.Renderingcanbe
performedwithout decompression,by projectingprecomputedtemplatesof the
codebookentries.

An approachwhich is similar to themethodsusedby JPEGcompression[57]
hasbeenpresentedby Chiuehand others[7]. The volume is subdivided into
brickswhicharethentransformedinto frequency domainusingadiscreteFourier
transform(JPEGusesthediscretecosinetransformin contrast).Thecoefficients
in frequency domainarequantizedandtheresultsareentropy encoded.For com-
pressionfactorscloseto 30therenderingresultsexhibit anacceptableimagequal-
ity. Renderingcanbeperformedwithoutprior transformationinto spatialdomain.
Within thebricks, frequency domainrendering[30] is performed.If summation
rendering(X-ray likeattenuation)is performedin-betweenthebricks,adifference
to renderingof theuncompressedvolumeis hardlynoticeable.Othercompositing
techniquesbetweenthebricksleadto visibleartefacts.

Lippert andothers[32] presenteda volumecompressiontechniquebasedon
waveletdecomposition,which is well-suitedfor progressive renderingandtrans-
missionover networks. Coefficientsof the wavelet representationarequantized
and storedin a way, which allows to reconstructand rendera preview of the
volumeeven if only a part of the datais available. In general,hierarchical(for
example,wavelet-based)approachesarethe mostflexible form of volumecom-
pression.On onehand,sufficiently accuratecoefficient informationcanbestored
to allow losslessreconstructionof a volume. Thecompressionratesachieved in
this casearecomparableto otherlosslesstechniques.On theotherhand,aproper
arrangementof thecoefficient informationin thecompresseddatafile or stream,
allows to approximatelyrendera volumeusingjust a small fractionof thewhole
data.
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2.3 NetworkedVolumeVisualization

After theappearanceof thefirst easyto usewebbrowsers,theimportanceof net-
worksin generalandespeciallytheInternetfor providing visualizationto remote
usershasbeensoonrealized. Consideringthe visualizationpipeline [21] (fig-
ure2.3)asa generalmodelfor visualization,threemajorapproachesfor network
inclusioncanbedistinguished[25, 61]:

� 2D visualization publishing

In this case,all computationsareperformedat a visualizationserver. Vi-
sualizationparametersaresetby the userwithin an HTML pageor in an
appletandsentto theserver, which recomputesthevisualizationandsends
the resultingimageto the client for display. The implicationsof this so-
lution are, that even the smallestchangein the parameters,which might
affect only a few stagesof the visualizationpipeline,like a changeof the
viewpoint, for example,requirescomputationalresourcesat theserver and
leadsto a retransmissionof a wholevisualizationimageover thenetwork.
Due to this fact, this approachis in most casesnot suitedfor interactive
dataexploration,exceptfor caseswhenspecialrenderinghardwareof the
server shouldbe exploited [65] andsufficiently fast network connections
areavailable.� 3D visualization publishing

As for the previous approach,the largestpart of the visualizationis per-
formedon a server [31, 56,61]. Insteadof sendingimagesto theclient,an
intermediaterepresentationof the visualizationis createdandtransmitted
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(usuallya polygonalrepresentationof objectswithin the visualizeddata).
As renderingof the modelis performedat the client, a moreefficient and
interactive responseto changesof viewing parameterscan be achieved.
In caseof volumevisualizationthis approachcanbe appliedto visualize
iso-surfacesgeneratedusing the marchingcubesalgorithmor somesimi-
lar approach.Renderinggeometryat the client bearstwo main problems:
First, thememoryandcomputationalresourcesavailableat theclientposea
limit to thecomplexity of thevisualizationandstronglyinfluencetheabil-
ity to work interactively. Additionally, interactionswhich leadto changes
at stagesdeeperwithin thevisualizationpipeline,whichareexecutedat the
server, imposedelaysandrequiresufficient computationalresourcesat the
server.� Visualization softwarepublishing

Theentiresoftwareneededto createanddisplaythevisualizationis trans-
mitted to the client in advanceand runs, e.g., as a Java appletwithin a
web browser. Publishingvisualizationsoftware greatly reducesthe de-
mandsput on the server and has the potential for more interactive data
explorationby tighteningthe loop betweenthe userandthe visualization
system[37, 62, 63, 64]. This approachalso allows to createeasy-to-use
visualizationsoftwarewhich is able to reachlarge usercommunitiesand
run on variousplatformswithout theneedfor local installation. Themain
drawbacksof thissolutionwith respectto volumevisualizationarethehuge
amountsof “raw” volumedatawhich have to betransmittedandprocessed
at theclient.

The2D and3D visualizationpublishingschemesarealsocalledthin client solu-
tions,while visualizationsoftwarepublishingis alsoknownasafatclientsolution,
reflectingthedemandsput on theuser’sworkstation[25].

Oneof the problemscommonto all threeapproachesabove is the difficulty
to provide theuserthepossibilityto interactively explorethedatawithout requir-
ing high-performanceclientsandnetworks. As interactivity is a main factor to
the efficiency of dataexploration [16], wayshave to be found to facilitate it in
Internet-basedvisualizationtools.

As volumevisualizationis consideredto be a memoryandcomputationally
intensive task, fat client approacheshave not beenconsideredfor the first ap-
proachesto volume visualizationover large scalenetworks [1]. An additional
problem is the heterogeneousnatureof clients, thus making a deployment of
portableclient softwaredifficult. After theappearanceof Javaandit’ s integration
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into Webbrowsers,it wassoonshown thatthenew technologycouldbeusefulto
provide fat client solutionsevenfor volumevisualization[37].

If the visualizationis restrictedto (iso-)surfaces– which canbe represented
usinga polygonalmodel, the surfaceextractioncanbe performedat the server.
Rendering,andthusalsotheresponseto changesin viewing parametersareper-
formedat the client. Only after changesof parameterswhich influencethe ge-
ometryof thesurface,thenew polygonalmodelhasto beretransmittedfrom the
server. Again, the major problemof this approachis the sizeof the polygonal
modelwhich hasto be transmittedandrendered– typically several hundredsof
thousandsof triangles. To overcomethis problem,Engelandothers[15] place
thedataseton a server anduseprogressive transmissionandprogressive refine-
mentto allow interactive surfaceextractionandviewing. They alsopresentedan
approachfor providing direct volumerendering(DVR) at low-endclients [14].
First a small,subsampledversionof thedatasetis transmittedto theclient. Dur-
ing interactionswhich influencethe renderedimage,the local copy of the data
is renderedusingtexture-mappingcapabilitiesof consumer3D hardware. After
finishingtheinteraction,a high-qualityrenderingof thefull-resolutiondatasetis
computedon a server andtransmittedto the client. Although theseapproaches
work well for a limited numberof userswho sharethesameserver, they cannot
beappliedif aninteractivevisualizationis publishedto a largegroupof viewers,
for example,over theInternet.

An approachwhich is moresuitedfor “public” distribution of visualization
resultshasbeenpresentedby Höhneandothers[54]. A multi-dimensionalarray
of imagesis renderedandstoredusingan extendedQuicktimeVR format. The
viewer canbrowse throughdifferentviews of the data,imitating an interactive
rotation,dissection,or segmentation,for example. Additional object label data
allows selectionof objectsandcanbeusedfor retrieval of additionalinformation
on theselectedobject.While this approachprovideshigh-qualityimageson low-
endhardware,theuserinteractionis restrictedby the“hidden” browsingmecha-
nism(in betweenpre-computedviews). Furthermore,thesizeof evensmall-scale
movies alreadybecomesa limiting factor for viewing over low-bandwidthnet-
works.

The approachesfor volumerenderingandtransmissionwhich arepresented
in this work can be usedto implementa scenariowhich is locatedin between
the two methodsdiscussedabove. The amountof datawhich actuallyhasto be
transmittedto the client for visualizationis very low (aboutthe sizeof several
images),especiallyin comparisonto theQuicktimeVR approach.Usingthepre-
sentedrenderingalgorithms,the viewer is not restrictedto pre-computedviews
andhasfull controlovervisualizationparameters.Theonly restrictionfor render-
ing is thatjust thosepartsof thevolumewhichhavebeenclassifiedasrelevantand
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pre-selectedfor presentationandtransmissioncanbe rendered.Whenusedin a
distributedclient-server scenario,thesoftware-onlyrenderingapproachprovides
muchmoreflexibility in termsof renderingparametersthanvolumepreviewing
usingtexturemappinghardware,still at comparableor evenlower costsin terms
of bandwidthrequirements.
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Chapter 3

BasicConcepts

. . . in which it is shown thatTiggersdon’t climb trees
A. A. Milne (1882–1956),“The Houseat PoohCorner”

Theapproachto volumerenderingwhich is presentedin this work aimson pro-
viding interactive frameratesevenon low-endhardware. To achieve this goal,a
setof optimizationsandefficient techniquesarecombinedfor datapreprocessing
andrendering.Thealgorithmsarebasedon an interpretationof thevolumeasa
setof voxelsdefinedonaCartesiangrid. Key featuresof theconceptare

� preprocessing: duringa preprocessingstep,voxelswhich potentiallycon-
tributeto a visualizationresultareidentified.All othersareexcludedfrom
furtherprocessing.� efficient data representation: possiblycontributing voxels are extracted
from the volumeandstoredin a deriveddatastructure,which basicallyis
a list of individual voxels. Theextractedvoxelscanbeorderedin a way to
optimizethedatalayoutfor renderingwith respectto specificcompositing
modesandvisualization-parametersettings.� fast rendering: a fast shear/warp-basedrenderingis usedto project the
extractedvoxels.

Datasetsasdealtwith in thecontext of this work areconsideredto becomposed
of objects,i.e.,semanticallydistinctsub-setsof thedata.Therefore,eachvoxel of
thevolumeis consideredto belongto anobject,i.e.,a spatialstructurewithin the
data. The representationof extractedvoxelsallows a very flexible handlingand
assignmentof visualizationandrenderingparameters,on a per-objectbasis.This
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featurecanbeexploited to subdivide thevolumein a way which correspondsto
theinternalstructureof thecontainedobjects.Eachobjectcanberenderedusing
thecolor, opacity, shading,andcompositingmethodwhich is best-suitedto obtain
the desiredvisualizationgoal. The flexibility of visualization-parametertuning
andespeciallytheability to mix differentshadingmodelsandcompositingmodes
within a singlevisualizationis not achievablewith many othervolumerendering
approaches.Especiallyin combinationwith the interactivity of rendering,this
posesauniquefeatureof our approach.

3.1 Preprocessing

Givenasetof visualizationparameterssuchascompositingtechniquein use,etc.,
thegoalof thepreprocessingstepis to classifyvoxelsof thevolumeinto voxels
which possiblycontribute to an imageandvoxelswhich do not contribute to an
image.Theclassificationcriteriadependon thechosenopacitytransferfunction,
thedesiredcompositingmethod,andthedegreeof freedomwhich shouldbepro-
vided for further manipulationof the transferfunction. Generallyspeaking,the
morevoxelsareclassifiedasirrelevant,thefewer datahasto beprocessedduring
projection,andthefastertherenderinggets.

If an iso-surfaceshouldbe rendered(characterizedby a sharptransitionbe-
tweentransparentandopaquevoxels at the iso-value),only voxels closeto the
surfaceof the iso-valuetransitionarerelevant. Voxelswith lower valuesareen-
tirely transparent,voxelswith highervalueswhich arelocatedinsidethesurface
donotcontribute,asthey areoccludedby opaquevoxelsatthesurface.Of course,
this relevanceconditionis boundto a specificiso-value– specifyinga new iso-
valueto view anothersurfacemakesreclassificationof thevoxelsnecessary.

A higherflexibility with respectto transferfunctiontuningis obtainedby ex-
tractingall voxelsof anobject.Volumetricdatasetsoftencontainobjectsof inter-
estwhich aresurroundedby irrelevantdata,for example,bodypartssurrounded
by air in medicaldatasets(figure3.1a),or attractorssurroundedby “empty” re-
gionsof phasespacein thecaseof dynamicalsystemdata(figure3.1b).

Theviewing directioncanalsobeincludedinto theclassificationfunction.By
subdividing therangeof all possibleviewing directionsinto severalclusters,and
performingclassificationfor eachclusterseparately, severalsetsof relevantvoxels
are obtained. Eachset is usually significantly smaller than the set of relevant
voxelswithoutconsideringviewing directions.
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a)CT scanof ahumanhand b) sectionthroughchaoticattractor

Figure3.1: Sectionsthroughvolumetricdatasets.A significantamountof voxels
doesnotbelongto any objectof interest.

As the criteria arehighly dependenton the actualtarget visualizationscenario,
they will bepresentedin moredetail togetherwith thedescriptionof the render-
ing methodsin chapter4. Thetime requiredfor classificationis asvariableasare
thecriteria.Simpleconditions,like theidentificationof voxelswhich belongto a
surface,requiretypically lessthana secondfor anentiredataset. Complex con-
ditions, like appliedfor maximumintensityprojection,maytake severalminutes
of preprocessing.

3.2 Data Representation

After thepreprocessingstep,thevoxelswhichareclassifiedasrelevantmakeupa
moreor lesssparsevolume,which usuallyconsistsof intermixedclustersof rele-
vantandirrelevantvoxelsof varioussizeeach.As irrelevantvoxelsaretreatedas
“empty” or transparentduringrendering,oneof thealreadyestablishedschemes
for spaceleapingcouldbeusedto acceleraterendering.However, theefficiency
of thoseapproachesis basedon the assumptionof a large granularityof empty
and“full” regions,anda low degreeof intermixingbetweenthem.This assump-
tion doesnothold for someof therelevancecriteria.Additionally, commonspace
leapingschemesstill requiresomeextra effort for actuallyavoiding emptyspace
duringrendering.
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Figure3.2: Datastructurefor efficient volumerendering.During preprocessing,
potentiallyrelevantvoxelsareextractedfrom thevolumeandstoredinto a list (an
array).For eachvoxel, theposition,anda setof attributesarestored.Thevoxels
areorderedby oneof theattributes,calledthe“key” attribute. This might be,for
example,datavalue,or oneof thecoordinates.Groupsof voxelswith anidentical
key valuearejoint into so-calledRenderListEntry s.All RenderListEn-
try saresortedby thekey valueto form aso-calledRenderList .

Insteadof relyingonestablishedschemes,anovel approachis proposedfor space
leaping.All voxelswhich have beenclassifiedasrelevantareextractedfrom the
volumeandstoredin a secondarydatastructure.The structureis simply a list,
or array, containingattribute information for the extractedvoxels. Eachentry
correspondsto one extractedvoxel, and holds the voxel’s position, datavalue,
gradientinformationand/orotherattributes.If differentobjectsaredistinguished
within thevolume,separatelistsarecreatedfor thevoxelsof eachobject.

For rendering,only informationcontainedwithin thelist is used.Somecom-
positingmethodsrequireaspecificorderingof thevoxels.For DVR, for example,
a consistentfront-to-backor back-to-frontorderis required.For this reason,and
to allow further optimizationstailored to specificrenderingmodi, the extracted
voxelsareorderedin a render-modespecificway (Seechapter4). For example,
for maximumintensity projection, the voxels shouldbe orderedby decreasing
datavalue.Thisallows to skipwith just asingletestall voxelswhicharemapped
to black(dueto achangeof thetransferfunction)andthusdonotcontributeto an
image.

As thevoxelsaresortedby oneof theattributes(for example,datavalue,or
oneof thecoordinates),voxelswithin thelist canbegroupedintoblocks(so-called
RenderListEntry s),with thesamevalueof a “key” attribute(figure3.2). To
save memory, the key attribute hasto be storedjust oncefor all voxels of the
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group. All RenderListEntry s,sortedby thevalueof thekey attribute,form
a so-calledRenderList .

In contrastto theoriginal representationof a volume,theextractedvoxel data
structurerequiresto explicitely storepositioninformationfor eachvoxel. As usu-
ally a significantportion of the volume’s voxels is classifiedas irrelevant, the
overall storagefor the extractedvoxels is lessor comparableto the storagere-
quirementsof theoriginalvolumerepresentation.

The possibility to reducethevolumeto a small setof relevantvoxelsmakes
this representationwell-suitedfor efficient network transmission. An efficient
compressionschemefor thispurposeis presentedin chapter5.

3.3 FastRendering

By storingjust relevantvoxels in theRenderList structure,neighborhoodin-
formation,which is implicitly presentin aconventionalvolumerepresentation,is
not available. It is not trivial to obtainspatialneighborsof a voxel from the list
to performinterpolation.This means,thatvoxelshave to betreatedindividually,
performingsplatting(or somethingsimilar) for projection.

The fastestsoftware-basedrenderingmethodis shear/warp projection. Vox-
elsfrom theRenderList canbeefficiently projectedontothebaseplaneusing
look-up tablesfor determiningprojectedpositions. To maximizeperformance,
nearest-neighborinterpolationis usedduringprojectionof voxels. Eachvoxel is
projectedontothecenterof exactlyonepixel of thebaseplane.Thevoxel affects
only the valueof the pixel it hasbeenprojectedto. The calculationof the con-
tribution dependson thecompositingmodeused. If opticalpropertiesof voxels
are storedat the correspondingRenderListEntry s (figure 3.2), it is easily
possibleto assigndifferentparametersto eachgroupof voxels. In practice,all
RenderListEntry swhich storevoxelsof thesameobjectwill have identical
parameters,likecolorandopacitytransferfunctions.

Projectionis performed,bymergingtheRenderList sof all distinctobjects,
andsequentiallyprocessingall RenderListEntry sof thejoint RenderList
which representsthe volume. Within eachRenderListEntry all voxels are
alsoprojectedsequentially. Thestrictly sequentialorderof voxelprojectionwhich
doesnotdependontheviewing directionleadsto anexcellentcache-efficiency of
thisapproach.In contrast,traversalof theusual,spatiallyorderedvolumes,suffers
from severeperformancedegradationdueto frequentcachemisses,whenviewing
the volume from certaindirections. Although therearemethodsto reducethis
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Figure3.3: Mixing differentlighting models:Phongshadingfor the bone,non-
photorealisticcontourenhancementfor theskin

effect [51] by reorderingthevolumeinto bricks,they do not reachtheeffectivity
of thepresented,purelysequentialapproach.

If renderingparametersarechanged,someof theextractedvoxelsmaybecome
irrelevant for the visualization. An effective way to skip themduring rendering
withoutmucheffort, is to reordervoxelsbelongingto eachRenderListEntry
in a way, that irrelevantvoxelsaremovedto theendof thegroup.This allows to
rendertheblock of relevantvoxelsat thebeginningof thegroup,andto skip the
remaining,irrelevantonesefficiently. Clipping or removal of partsof thevolume
canbedonein a similar way. If voxelswhich areclippedaway aremovedto the
endof the list of eachRenderListEntry s voxels,they canbeskippedin the
samewayasirrelevantvoxels. for details,pleasereferto chapter6.

For fastevaluationof lighting models,a look-uptablebasedapproachcanbe
used[19]. For this purpose,the gradientvector is quantizedto 12–16bit, and
storedasanattributewith thevoxels. Thecompactrepresentationof thegradient
vectoris usedasanindex into a look-uptablewhich storesprecomputedshading
information. Thecontentof the look-up tablehasto be recomputedwhenever a
factorwhich influenceslighting is modified,for example,a light sourceis moved,
or thevolumeis rotated.Dueto thesmall sizeof thetable(4096–65536entries,
dependingon thegradientquantization),variousshadingmodelscanbe applied
on a per-object basisat interactive frame rates. Phongshading[49] and non-
photorealisticshadingmodels[10, 11] canbeeasilymixedwithin a singleimage
(figure3.3).
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To ensureconstantquality of shear/warp-basedrendering, voxels should be
isotropic, i.e., equallysizedin all dimensions. If the original volumedoesnot
fulfill thiscondition,as,for example,thesamplingdistancein � directionis larger
thanin � and � – resamplingcanbeperformedduringvoxel extractionto obtain
isotropicvoxelsin theRenderList . Theresamplingcanbeperformedon-the-
fly, and doesnot requirethe creationof a whole resampled,and thus possibly
muchlargercopy of theoriginal volume.

3.4 Two-Level VolumeRendering

Goodvisualizationstronglydependson whatdatais to bevisualized,whatstruc-
turethisdataconsistsof, aswell asonthevisualizationgoalsof theuser. Depend-
ing ontheseprerequisitesseveralusefulapproachesexist,andindividualdecisions
(whatrenderingmethodto choose)haveto bemadefor specificapplications.Dif-
ferentpartsof a volume(objects)might requiredifferent renderingmethodsto
bestdepicttheir structure.If segmentationinformationis available,thepresented
approachcanbeusedto provide this functionalityat interactive framerates.

Thebasicideaof two-level volumerendering[22] is to investigatea viewing
ray into thedatasetfor every pixel, anddetectwhatobjectsareintersected.For
everyobjectintersected,ameaningfulandrepresentativecontributionis computed
usinganobject-specificcompositingmethod(for example,MIP or DVR). These
objectrepresentativesarefinally composedinto a pixel valueby combiningthem
usingaglobalcompositingmethod(usuallyDVR compositing).

Theprinciplesof two-level volumerenderingcanbeeasilyexplainedusinga
ray castingbasedapproach:a 3D segmentationmaskspecifieswhich regionsof
thedatasetbelongto which objects.Thesubdivision of thedatasetinto objects
alsosegmentsviewing raysinto setsof distinctsegments(figure3.4).

During ray traversal,two simultaneoustracksof renderingareprocessed.For
every segmentof the ray, local renderingis performedusing the object’s com-
positingstrategy, to computean objectrepresentative associatedto the segment
(renderingat objectlevel). On thescenelevel a globaltrackof renderingis com-
putedwhichcombinestheobjectrepresentativesto final imagevalues.Whenever
theray leavesanobjectandentersa new one,the local valueof theold objectis
mergedinto theglobalrenderingtrackusingtheglobalcompositingmethod.

For anexampleseefigure3.5. In this case,DVR renderinggivesgoodresults
for ray segmentswithin vesselsand bones. MIP renderingworks bestfor ray
segmentsin soft tissueregions.This is mainly dueto thefact thatMIP generates
ratherequaltransparency regardlessof theobjectthickness.
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Figure3.4: objectsegmentationimplicitly yields viewing raysto be partitioned
into segments(oneperobjectintersection).

Usually, usingDVR-compositingonthegloballevel seemsto beappropriate.The
only exception,whereMIP seemsto bemoreusefulinstead,is if all objectsin the
datasetarerenderedby theuseof MIP themselves,also. In contrastto standard
MIP, this “MIP of MIP” approachallows to easilydistinguishbetweendifferent
objectswithin the scene,as different transferfunctionsand thus colors can be
assignedto differentobjects.

For implementing the two-level renderingapproachbasedon the Ren-
derList structure,two setsof buffers areusedfor the baseplaneimage. An
objectbuffer is usedfor performingrenderingwithin an object,while a global
buffer is usedto performinter-objectrendering.In additionto intermediatepixel
values,eachpixel of theobjectbuffer additionallystoresa uniqueID for thecur-
rently front-mostobject. If a voxel is projectedonto the intermediateimage,it’ s
ID is comparedwith thestoredID in theobjectbuffer. If bothIDs match,thevalue
in theobjectbuffer is updatedusinganoperationwhich correspondsto the local
renderingmodeof theobject(maximumselectionor blendingof thevoxel value
with the buffer content). If the ID of the voxel differs from the ID of the pixel
in the buffer, the viewing ray thoughthis pixel musthave entereda new object.
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Figure3.5: joining MIP andDVR – a simpleexample(bonesandvessels:DVR;
skin: MIP).

The contentof the objectbuffer pixel hasto be combinedwith the correspond-
ing globalbuffer pixel usinganoperationwhich dependson theglobalrendering
strategy (MIP or DVR). Afterwardstheobjectbuffer pixel is initializedaccording
to thevoxel of thenew objectandthenew local renderingmode.

After all voxels have beenprojected,the contribution of the front-mostseg-
ment at eachpixel hasto be includedby performingan additionalscanof the
buffers and merging the segmentvaluesleft in the local buffer into the global
buffer. Seehttp://bandviz. cg .t uwien .a c. at /b asi nv iz /t wo-l eve l/

for sampleimagesandanimationsproducedusingthis technique.
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Chapter 4

Interacti veRendering

This chapterpresentstheapplicationof theideaspresentedin chapter3 to obtain
interactive MIP, DVR, andsurfacedisplayfrom volumetricdata. As the strate-
giesfor the detectionof relevantvoxels for variousrenderingmethodsarequite
different,eachtechniquewill bediscussedin detailwithin anown section.

4.1 Real-Time Maximum Intensity Projection

The ability to depict blood vesselsis of enormousimportancefor many medi-
cal imaging applications. CT and MR scannersare usedto obtain volumetric
datasets,which thenallow theextractionof vascularstructures.Especiallydata
setsoriginatingfrom MR, which aremost frequentlyusedfor this purpose,ex-
hibit somepropertieswhich make the applicationof standardvolumevisualiza-
tion techniqueslike ray casting[26] or iso-surfaceextraction[33] difficult. MR
datasetsusuallycontaina significantamountof noise. Inhomogeneitiesin the
sampleddatamake it difficult to extractsurfacesof objectsby specifyingasingle
iso-value.

MIP exploits thefact,thatwithin angiographydatasetsthedatavaluesof vas-
cularstructuresarehigherthanthevaluesof thesurroundingtissue.By depicting
themaximumdatavalueseenthrougheachpixel, thestructureof thevesselscon-
tainedin thedatais captured.A straight-forwardmethodfor calculatingMIP is
to performray castingandsearchfor themaximumsamplevaluealongeachray
insteadof theusualcompositingprocessdonein volumerendering.In contrastto
direct volumerendering,no early ray terminationis possibleandthewholevol-
umehasto beprocessed.Dependingon thequality requirementsof theresulting
image,differentstrategiesfor findingthemaximumvaluealongaraycanbeused.
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� Analytical solution: for eachdatacell which is intersectedby the ray the
maximumvalueencounteredby theray is calculatedanalytically. Trilinear
blendingof thecell verticesis usuallyassumedfor datavalueswithin acell,
thusthemaximumof a third degreepolynomialhasto becalculated.This
is themostaccuratebut alsocomputationallymostexpensivemethod[51].� Sampling and interpolation: asusuallydonefor ray casting,datavalues
aresampledalonga ray usingtrilinear interpolation. The costof this ap-
proachdependson how many interpolationscanbe avoided that will not
affect theraymaximum[51, 67].� Nearest neighbor interpolation: valuesof datapointsclosestto the ray
areusedasmaximumestimations.In combinationwith discreteray traver-
sal this is the fastestmethod. As no interpolationis performed,the voxel
structureis visible in theresultingimageasaliasing[5].

Recentalgorithmsfor MIP employ a setof approachesfor speedingup the ren-
dering:� Ray traversal and interpolation optimization: Sakasandothers[51] in-

terpolateonly if themaximumvalueof theexaminedcell is largerthanthe
ray-maximumcalculatedso far. For additionalspeed-upthey useinteger
arithmeticfor ray traversalanda cache-coherentvolumestoragescheme.
Zuiderveld andothers[67] apply a similar techniqueto avoid trilinear in-
terpolations. In addition, cells containingonly backgroundnoiseare not
interpolated.For furtherspeed-upalow-resolutionimagecontaininglower-
boundestimationsfor themaximumof clustersof raysis generatedbefore
theprojection.Cellswith maximumvaluesbelow thisboundcanbeskipped
whenthefinal imageis generated.Finally adistance-volumeis usedto skip
emptyspacesefficiently.� Usinggraphicshardware: Heidrichandothers[24] useconventionalpoly-
gonrenderinghardwareto simulateMIP. Several iso-surfacesfor different
thresholdvaluesareextractedfrom thedataset. Beforerendering,thege-
ometry is transformedin a way, that the depthof a polygoncorresponds
to thedatavalueof its iso-surface.MIP is approximatedby displayingthe
z-buffer asa rangeof grayvalues.RecentlytheVolumeProboard[48] be-
cameavailableasa purelyhardware-basedsolutionfor MIP. The boardis
ableto producemedium-qualityMIP usingshear/warp-basedprojectionat
interactive framerates.� Splatting and shear/warp: Several approaches[5, 9] exploit the advan-
tagesof shear/warp renderingto speedup MIP. Cai andothers[5] usean
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a) MIP b) depthshadedMIP

c) LMIP – high threshold d) LMIP – low threshold

Figure4.1: a: MIP of atestdatasetcontainingsoftboundedcylinders;b: although
depthshadingprovidessomedepthimpression,thecylindersseemto intersect;c,
d: While LMIP providesmoreinformationon thespatialstructure,theresultsare
sensitive to thethreshold.

intermediate“worksheet”for compositinginterpolatedintensitycontribu-
tions for projectionof a singlesliceof thevolume. Theworksheetis then
combinedwith the shearimageto obtain the maxima. Several splatting
modeswith differentspeed/quality-tradeoffs are available, run-lengthen-
codingandsortingof the encodedsegmentsby valueareusedto achieve
furtherspeed-up.

As a MIP imagecontainsno shadinginformation,depthandocclusioninforma-
tion is lost (seefigure 4.1a). Structureswith higherdatavalueslying behinda
lower valuedobjectappearto be in front of it. The mostcommonway to ease
the interpretationof suchimagesis to animatethe viewpoint while viewing (in-
teractiveframe-ratesareessentialhere).Anotherapproachis to modulatethedata
valuesby theirdepthto achieveakind of depthshading[24] (seefigure4.1b).As
thedatavaluesaremodifiedbeforefinding themaximum,MIP anddepth-shaded
MIP (DMIP) of thesamedatamaydisplaydifferentobjects.

26



Depthshadingprovidessomehints on the spatialrelationof objects. However
it’ s performanceis ratherpoorespeciallyfor tightly groupedstructures.In such
casesClosestVesselProjection[51] or LMIP [52] canbe used.Similar to MIP,
for LMIP thevolumeis traversedalonga ray, but thefirst local maximumwhich
is above a user-definedthresholdis depicted. If no value above the threshold
is found along a ray, the global maximumalong the ray is usedfor the pixel.
With a high thresholdvaluethis methodproducesthesameresultasMIP, with a
carefullyselectedone,lessintensestructuresin front of moreintensebackground
aredepicted,producinganeffect similar to shading(seefigures4.1c,d). As this
methodis verysensitive to thesettingof thethreshold,theability to interactively
tunethis parameteris extremelyimportant.

In the following a novel approachto generateMIP imagesreally fast is pre-
sented[42, 43]. In Section4.1.1severalalgorithmsfor preprocessingthevolume
datato eliminatevoxels,which will not contribute to a MIP, arediscussed.Fur-
thermore,a volume storageschemewhich is basedon RenderLists is pre-
sentedwhich is optimizedfor skippingnon-contributingvoxelsduringrendering.
In section4.1.4extensionsof thealgorithmfor generatingdepth-shadedMIP and
LMIP usingtheoptimizeddatastructurearediscussed.

4.1.1 Voxel Elimination

Most approachesto optimizethe performanceof MIP renderingaim at exclud-
ing voxelsfrom thetraversalandrenderingprocess,whichcontainless-important
information like low-valuedbackgroundnoise. In fact, in addition to this low-
importancedata,thereis usuallya remarkableamountof regular-valuedvoxels
whichnevercontributeto aMIP image.A voxel  doesnevercontributeto aMIP
andcanbe discardedif all possibleraysthroughthe voxel hit anothervoxel !
with "#�$! ��% "#�& � eitherbeforeor afterpassingthrough  , where "#�$ � is the
datavalueat voxel  . This factcanbeexploitedwhenoriginal voxel-valuesare
usedfor renderingusingnearestneighborinterpolation,as it is donewithin the
presentedapproach.

In the following, two algorithmsfor identifying non-contributing voxels are
presented.The first approachperformsclassificationbasedon the local neigh-
borhoodof a voxel, identifying voxelsinvisible from any viewing direction.The
secondalgorithmgroupspossibleviewing directionsinto severalclustersandpro-
ducesasetof potentiallycontributingvoxelsfor eachcluster. Theview-pointde-
pendenteliminationachievesmuchbettereliminationratesat thecostof storing
severalsetsof voxelsfor rendering.
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Figure4.2: Detectionof voxels  which do not contribute to any MIP. For sim-
plicity the differentcasesareshown in 2D. a)  irrelevant for raysthrough !ML
as "#�&!NL �O% "#�& � b)  irrelevant for raysthrough !ML . c)  irrelevant for rays
through !ML asray maximaaredeterminedby voxels PRQ . d)  irrelevantfor rays
through !NL , asraymaximaaredeterminedby PTS .
Neighborhood-basedElimination

A simpleapproachfor the identificationof “hidden” voxels is to examinedirect
neighbors!NL of a voxel  . If  doesnot influencethe maximumof any ray
passingthrough andany of it’ sneighbors!NL , it canberemoved.Obviously, this
is thecaseif all raysthrough  passthrougha neighbor!NL with "#�$!ML �U% "#�$ �
eitherbeforeof afterpassingthrough .Thisconditioncanbetestedby examining
thevaluesof all 26 directneighbors! of  :

� If for all V : "��&!NL �W% "��& � , all raysthrough !ML and  will have at leastthe
value "#�$!ML � andarenot influencedby  (seefigure4.2a).� If for someV : "#�$!ML �YX "#�$ � , but all raysthrough!NL and  passthroughan-
otherneighbor![Z of  with "��&![Z �\% "#�& � , theray-valueswill at leastbe"#�$!]Z � . Thus  hasalsono influenceonraysthrough !ML (seefigure4.2b).
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Figure4.3: Trackingtheinfluenceof distantpartsof thevolumeon raysthrough!NL ,  and !]Z . As all of thempasseitherthroughP_^ , P 	 or P � and "��`P 	 �ba "#�$ � , doesnot influencerays through P 	 , !]Z ,  and !ML . As "#�`Pc^ �NX "#�$ � and"��`P � �YX "#�$ � , furthertrackingof rayspassingthrough P_^ or P � is required.

Voxel elimination which is basedon thesetwo testscan be performedrapidly
(seetable4.1) andjust requiresaccessto direct neighborsof eachvoxel. If the
above testsfail for a groupof raysthrough !ML ,  , and !]Z , with "#�$!ML �dX "#�$ �
and "#�&![Z �NX "��& � , the influenceof a larger neighborhoodof  on the value
of theserayscanbe checked. Eachray passesthrougha sequenceof voxels PTe
with PTfhgi , PTfkjl^Ugi!NL and PTfnm�^Ugi![Z asthevolumeis traversed.If eachof
thoserayspassesthroughsomevoxel PRQ with o XqpTr �

and "#�sPRQ �ta "#�$ � , hasno influenceon the valuesof the rays through !NL and !]Z (figure 4.2c).
Similarly, if all raysthrough !ML and ![Z passthroughvoxels PRS with � aup#v �
and "#�sPRS �ba "��& � ,  hasno influenceon thevaluesof thoserays(figure4.2d).

The checkof the influenceof moredistantvolumeareascanbe realizedby
recursively propagatingbundlesof raysstartingat directneighborsof  (seeta-
ble 4.1). If a voxel P is hit by a bundleof raysand "#�sP �w% "#�& � thetrackingof
thebundleis terminated,as  hasno influenceon therays. If "#�sP �xX "#�$ � the
bundleis split andtrackedin asubsetof theneighborsof P (figure4.3).

To improveefficiency andavoid unnecessaryrecursivechecks,valuesof vox-
elsscheduledfor removal arereplacedby theminimumof their obscuringvalues
(which is alwayslargeror equalto their original value).To compensatefor noise
in the dataandto increasethe numberof rejectedvoxels a userspecifiedtoler-
ancevalue y canbeincludedin thecomparisonprocess,which artificially lowers
thevalueof eachcheckedvoxel  by y . For voxel reductionratesusingdifferent
eliminationeffortsandtolerancevaluesy pleasereferto table4.1.Althoughrecur-
sive eliminationrequiressignificantlymoretime, it maybethemethodof choice
if datais preparedonahigh-endmachinefor viewing with low-endhardwareover
a network.
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data size Fast Full Fast Full direction
set yxg 0% yzg 0% y{g 1% yxg 1% dependent
angio 256

	|�
64 25% 47% 29% 53% 73%

5s 270s 5s 270s 72s
mr01 256

	|�
74 33% 46% 45% 55% 72%

6s 208s 6s 208s 76s
mr03 256

	 �
124 29% 58% 29% 58% 70%

10s 562s 10s 562s 120s

Table4.1: Volumereduction:Fastoptimization(“Fast”) considersdirect neigh-
bors,full optimization(“Full”) performsrecursionup to a distanceof 10 voxels.
Directiondependentoptimizationproduces24view-dependentsetsof voxels.The
resultsshow thepercentageof voxels removedandthe time requiredfor prepro-
cessingonaPII/450PC.

Shadow SweepElimination

Although theabove approachis ableto remove approximatelyhalf of a dataset,
many voxelshaveto remainin thevolumeevenif they only contributeto aMIP for
anarrow rangeof viewingdirections.If enoughmemoryis availablefor redundant
storageof thedata,moreefficientpreprocessingcanbeperformedby subdividing
all possibleviewing directionsinto disjoint view-setsin a way which minimizes
dependenciesamongvoxels (figure 4.4). The highestefficiency of removal in
3D can be achieved if 24 suchview-setsare used. For eachview-set a set of
potentiallyvisible voxelsis computedusinga two-passprocedure:

� Shadowed voxel sweep: Mark all voxels  in shadow of (local) maxima
asnon-contributing. This is thecasewhen "#�$ � is lower thanthesmallest
ray maximumof raysthrough  collectedbeforereaching . This canbe
easilyperformedby sweepingthroughthevolumeandprocessingvoxelsin
the orderin which they arehit by anadvancingfront of rays. During this
processa front is propagatedwhich containsthesmallestmaximumvalues
for raysenteringeachvoxel directly aheadof the front. Consideringthe
examplein figure4.5a,all viewing-raysof thegivenview-setthroughvoxel have first to passeitherthrough  }^ or  	 . The lowestpossiblevaluesof
raysat  ~^ and  	 respectively are oOV&�R^cg�"��& }^ � and oOV&� 	 g�"#�$ 	 � , asboth }^ and  	 areontheborderof thevolume.Thusthelowestpossiblevalueof
a ray arriving at  is �|�
����g�oOV&�h��oOV$�R^���oOV&� 	 � . As "#�$ �Wa �|�
��� ,  may
influencesomeof thearriving rays,andcannot beremoved. Thevalueof
theraysafterpassing equalso]���T�&�|�����_��"#�$ ��� andinfluencesthevalues
of raysarriving at thesuccessivevoxels  � and  �� .
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Figure4.6: Optimizedvoxel storagefor MIP: relevantvoxelsaresortedaccording
to datavalue. Their position in spaceis storedin an array(asthe only individ-
ual attribute). The voxels are groupedinto RenderListEntry s which hold
voxelswith identicaldatavalues.Thedatavalueis storedonly onceateachRen-
derListEntry

� Leading voxel sweep: During the secondpassall low-valuedvoxels in
front of voxels containingunremoved (local) maximaare removed. The
removal is performedin thesamewayasstep1 with thedifferencethatthe
scanis performedoppositeto thedirectionof theviewing rays(figure4.5b).
Note, that voxels removedduring the shadowing sweephave no influence
on raymaximaduringthesecondsweep.

Direction dependentpreprocessingallows to remove aboutthreequartersof all
voxelsfor eachview-set(seetable4.1). During rendering,voxelsof theview-set
which containsthecurrentviewing directionareselectedandrendered.

4.1.2 Voxel Storage

Voxels which have beenclassifiedasrelevant during the preprocessingstepare
extractedfrom the volume,by storing just their positionsinto an array. Within
the array, voxels aresortedaccordingto datavalue. After sorting,voxels with
the samedatavalueoccupy subsequentpositionsin the array, andcanbe easily
groupedinto RenderListEntry s.Thedatavaluehasto bestoredjustoncefor
everygroup(seefigure4.6)at theRenderListEntry . Therequiredsortingof
all voxels accordingto their datavaluecanbe performedin linear time, as the
limited rangeof possibledatavaluesallows to usehistogram-basedsorting. The
coordinatesof eachvoxel within thevolumecanbepacked into a 32 bit integer,
allowing theencodingof volumesof upto

�����|�������
�|�������|�
�
voxels.A straight-

forward conversionof a 16 bit/valuevolumeto a 32 bit positionrepresentation
would meanto doublethe memorycost. Omitting the voxels which have been
marked by the preprocessingstepasirrelevant leadsto a factorof 0.8 to 1.5 in
storagesize comparedto the original datafor direction independentdata. For
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direction-dependentdata,approximatelyonequarterof the original datahasto
be storedfor all 24 view-sets.The overall memorycostfor directiondependent
preprocessingis thus12 timeshigherthanthecostof theoriginal volume.

By sortingvoxelsby valueseveralimportantadvantagesfor MIP aregained:

� Thevoxelscanbesplattedin theorderof ascendingdatavaluesasthearray
is traversed. Thereforecomparingthe valueof the actualvoxel with the
screencontentis notnecessaryatall. Thevalueof theactualvoxel is always
largeror equalto thecontentof thescreen,thusit’ sprojectioncanbewritten
into theimage.Omitting thecomparisonduringprojectionresultsin about
10%betterperformance.� A generaladvantageof thevoxel list approachis that thearrayis traversed
in thesameway independentof the viewing direction. Optimal cacheco-
herencyis alwaysachieved. Thesamecodeaccessingdatain a linearway
is up to eighttimesfasterthanin thecaseof extremelymisalignedaccess.� As blood vesselsare representedby high datavalues,lower datavalues
usuallycontainlessimportantinformation. If an interactive displayof the
full dataset is not possibleon the given hardware, lower intensityvalues
canbe simply skipped(seefigure 4.7) to achieve interactivity during user
interactions.Thealgorithmcanbeadjustedto displayMIP at an arbitrary
framerate. Thenumberof voxelswhichcanbedisplayedataspecificframe
ratecanbeeasilyderivedautomaticallyfrom a performancemeasurement
of thenumberof voxelswhich canberenderedpersecond.� Insteadof directly mappingdatavaluesto a linearrampof grayvaluesfor
viewing ( "�QRL�S�� ��QTLnS , "�Q����{����Q���� ), medicaldatasetsareusuallyviewed
usinga “window” to improve contrastandto focuson certaindetails.The
window is definedby a centervalue   anda width ¡ which mapsall data
valuesbelow   r ¡{¢ � to black,all datavaluesabove   v ¡U¢ � to white,and
thedatain betweento a grayramp. As realisticwindow functionsasused
by doctorsmapsignificantportionsof thedatato black,thecorresponding
partsof the sortedvoxel arraycanbe skippedduring renderingat almost
zerocost.This resultsin anadditionalspeed-upof up to 500%comparedto
renderingwithoutwindowing underreal-worldconditions.
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(a) (b)

Figure4.7: a) MIP of a headdataset(MR), 2.6M voxels. b) Interactive preview
of thesamedataat10fpsonaP233MMXwith approximately25%of thevolume
datadisplayed.Only slightdifferencesarenoticeable

4.1.3 Projection

As no scalingis performedduring (shear/warp)projectionto thebaseplaneand
nearest-neighborinterpolationis used,voxels areprojectedonto integer coordi-
nateswithin thebaseplane. Assumingthat � is themainviewing axis,andthus
the baseplaneis the �£� -plane, the projectedposition (index within the image
buffer) of avoxel �¤��������� � is

¥ ¦§ � � �
¨©
g offsetª«�
¬ v �x­Y¡wV$"|®°¯�±¤�°²&³µ´¶f«��S�³ v �

offsetis theoffsetof thevoxel with �Og � ���·g �
within avolumesliceatdepth� ,¡wV`"�®°¯�±¤�°²&³¸´¹f«�ºS»³ is thewidth of thebaseplaneimagein pixels. Theresultingvalue

canbedirectlyusedasanindex to accesstheaffectedpixel of thebaseplane.

4.1.4 Extensions– LMIP and Depth-ShadedMIP

Thealgorithmfor MIP of value-sortedvoxelscanbeeasilyextendedto generate
depth-shadedimages(figure 4.8a). Threedepth-templatesaregeneratedto cal-
culatethedepthof eachvoxel’s projectionfrom it’ s coordinatesby look-up. The
intensityvalueof eachvoxel is modulatedby it’ s depthandwritten into thebase
planeimageonly if thevalueof thepixel at this positionis smallerthanthemod-
ulatedvalue.As thedepictedmaximumvaluesdo notdirectly correspondto data
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(a) (b)

Figure4.8: a) MIP of anangiographywith depthshading.b) LMIP of a stenosis
of theaorta

values,applying this methodto preprocessedvolumedatamay produceresults
slightly differing from projectingnon-preprocesseddata.

Thesecondextensionof thealgorithmis capableof generatingLMIP images
providing thepossibility to interactively adjustthethresholdparameter. For gen-
eratinga MIP image,theorderof examiningsamplesalonga ray is not relevant.
Straight-forwardLMIP requiresthesamplesto beprocessedfront to backalong
the viewing ray in order to find the first local maximum. Using templatesfor
voxel-depthcalculationandtwo z-buffersperpixel allowsto extracttheclosestlo-
calmaximumfrom samplesarriving in arbitraryorder. Thez[pix] buffer stores
thedepthof thecurrentlyvisiblevoxel, while zb[pix] storesa “back-clipping”
distancefor eachpixel which is usedto skip voxelsbelongingto maximabehind
thecurrentlyclosestone. As thevoxelsareprocessedin orderof ascendingdata
value,all voxelsbelow theLMIP-thresholdcanbefirst projectedusingthesim-
ple and fastMIP algorithmwithout z-calculation. Among all voxels above the
thresholdwhich areprocessedlater, closestlocal maximahave to be found. At
thebeginning,z[] is initialized to containthemaximumpossibledistance.With
z and v containingthe depthand value of a projectedvoxel, the closestlocal
maximumalonga ray is foundby

if (z<z[pix])
screen[pix]=v; zb[pix]=z[pix]; z[pix]=z;

else if (z<zb[pix])
screen[pix]=v; z[pix]=z;
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Figure4.9: Local Maximum IntensityProjectionfor non-sequentialsamplesa)
new voxel in front of z[] b) new voxel betweenz[] andzb[]

The first conditiondetectsvoxels closerthanthe currentlydisplayedvoxel. As
they have at leastthesameintensityasthecurrentlydisplayedone,they areen-
teredinto thescreen andz[] buffers,thebackclippingplaneis movedforward
to thepreviousz[] position(figure4.9a).Thesecondconditiontakescareof new
voxelswhich areplacedbetweenthecurrentlydisplayedvoxel andthebackclip-
ping distanceandareat leastof thesameintensityasthecurrentone.In this case
thescreen andz[] aresetto thenew voxel. Voxelsbehindthebackclipping
distanceareignored(figure4.9b). As thevalueat zb[] is alwaysolder thanthe
valueatz[] it is alsosmallerdueto theascendingprocessingorderof thevoxels.
Thus,any voxel whicharriveslaterduringprocessingandis locatedbehindzb[]
canbeignored, asit doesdefinitelynotbelongto theclosestmaximum.

4.1.5 MIP Results

The MIP algorithmsdiscussedabove have beenimplementedas a Java applet
(http://www.cg.tuwien.ac.at/research/vis/vismed/RT-MIP/). The renderingtimes
in table4.2havebeenmeasuredonaPII/450PCusingSun’sJavavirtual machine
of JDK 1.1.6for Windows with a just-in-timecompiler. Thefirst valuegivesthe
timefor renderingdatawhichwaspreprocessedindependentof theviewpoint,the
secondvalueis thetime for renderingdirection-dependentpreprocesseddata.As
timings for LMIP dependon the chosenthreshold,measurementsfor the worst
caseare given. A C++ versionof the MIP renderingalgorithm hasshown an
approximately30%betterperformancethantheJavaversion.

Figure4.10is providedfor a visualcomparisonof thediscussedvariationsof
MIP. It showsa 256x256x100angiographydatasetof a handrenderedwith MIP,
DMIP, andLMIP usingthepresentedvoxel extractionapproach.
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Figure4.10: MIP variationsof the vesselsin a hand: MIP, Depth-shadedMIP,
LMIP.
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dataset MIP MIP windowed depth-shaded LMIP
mr angio256¼�½ 64 169ms 27ms 209ms ¾ 305ms

94ms 21ms 118ms 180ms
mr01256¼ ½ 74 163ms 42ms 224ms ¾ 288ms

106ms 32ms 146ms 198ms
mr03256¼|½ 124 254ms 13ms 338ms ¾ 455ms

219ms 11ms 267ms 370ms

Table 4.2: Frame rendering times (with direction-independent/direction-
dependentpreprocessing.

4.1.6 Discussion

Thepresentednew renderingalgorithmfor maximum-intensityprojection(MIP)
runsat real-timeframerates. In combinationwith thepreprocessingstepwhich
removespartsof thevolumewhichdonotcontributeto aMIP imageandthesort-
ing of the remainingvoxels by valuewithin the RenderList storagescheme,
overheadfor traversingemptyregionsis eliminated.Comparedto otheroptimized
MIP algorithms,up to an orderof magnitudeis gainedin speed,comparedto a
brute-forceray castingapproacheventwo ordersof magnitude.A preview mode
for interactionson low-endhardwareis providedbasically“for free” by skipping
voxelswith low datavalues.Two extensionsof the algorithmallow to generate
depth-shadedMIP andLMIP at comparablespeed.

4.2 Interacti veHigh-Quality MIP

For exactdepictionof evensmallfeaturesusingMIP, thereis needfor algorithms
which producehigh-qualityMIP in real-time[41]. In contrastto interactive MIP
techniques,which performjust zero-order(nearest-neighbor)interpolation,more
accurateevaluationof ray maximais requiredfor thegenerationof high-quality
MIP (trilinear interpolation,or higherordermethods). At thecostof significantly
longercomputationtimes,this allows to createmuchmoredetailedimagesand
accurateanimations(figure4.11).

Two major limitations to the performanceof current software-basedhigh-
quality MIP canbe identified. First, althoughregionsof the volumewhich do
not containmeaningfuldatacanbeidentifiedin advanceandskippedduringren-
deringby theuseof distancevolumesor similar structures[67], theoverheadas-
sociatedwith evaluatingtheadditionalinformationandsteppingover thesecells
significantlylimits the possiblespeed-upof volumetraversal. Secondly, despite
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(a) (b)

Figure4.11: MIP with a) shear/warpprojectionwith nearest-neighborinterpola-
tion b) raycastingandtrilinear interpolation.

of space-leapingapproaches,thenumberof interpolationswhichareactuallyper-
formed is still far from the optimum. As the volumeis traversedin a spatially
orderedmanneralongviewing rays, local maximaareusuallyencounteredand
evaluatedbeforetheglobal ray maximumis reached.Moreover, lots of unneces-
saryevaluationsareperformedon therising slopesof datavalueswhich precede
a maximum.

Basedon theprinciplesfrom chapter3, a new algorithmfor thegenerationof
high-qualityMIP (parallelprojection)is presented,which is approximatelyoneto
two ordersof magnitudefasterthanothersoftware-basedapproacheswith com-
parablequality. In contrastto thepreviously describedvoxel-basedMIP, theap-
proachworks on cells, which allows to achieve a high quality of the imageby
performingtrilinear interpolationduringprojection.Theprojectionis doneusing
a ray castingapproach.In Section4.2.1the preprocessingschemeis presented,
which can (but not necessarilyhasto) be appliedto identify and exclude non-
contributing cells from the volume. To maximizethe amountof cells which do
not contribute to any MIP, 12 setsof cells are generated,correspondingto 12
clustersof viewing directions. Usually, morethantwo thirds of all cells canbe
eliminatedfrom the data,no longercausingany overheadto identify themlater
andskipoverthem.This is achievedby resortingthecellsaccordingto theirmax-
imumvalue(Section4.2.2).As thespatialorderof processingcellsis notrelevant
for maximumevaluation,cellscontaininghighdatavaluesareevaluatedfirst. This
reducesthenumberof evaluationsrequiredfor MIP significantly. To avoid even
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moreof therelatively expensivetrilinear interpolations,a fastmethodfor estimat-
ing themaximumvaluealongaray-cellintersectionis used(section4.2.3).Using
thesetechniques,the numberof trilinear interpolationsrequiredper imagepixel
is greatlyreduced,achieving interactivehigh-qualityMIP.

4.2.1 Preprocessingof Volume Data

The methodsdescribedin the following sectionsarebasedon an interpretation
of thedatasetasa regulargrid of cells,eachonedefinedby eight datasamples
of thevolumelocatedat thecell’s vertices.Within cells trilinear interpolationis
assumed.For imagegenerationcontinuousraysaretracedthroughthepixelsof
theimage,allowing arbitraryimagesizesaswell asoversampling.

For trilinear interpolationwithin cells thecell maximumis alwayslocatedat
oneof thevertices.Besidesskippingpre-identifiedemptyregionsof thevolume
usingdistancevolumes,anothersimpleway to increaseefficiency is to perform
maximumevaluationsonly within cellswith a cell maximum ¿YÀ�Á�Â greaterthan
thecurrentray maximum. This techniqueavoids theevaluationof cells reached
by raysafterprocessinga (local) maximum. If, in addition,a goodlower-bound
estimationof the ray maximumcanbe obtainedbeforerendering,alsocells en-
counteredbeforethe maximumcanbe skipped,if their maximumis lower than
thelower-boundestimation[67].

Although thesemethodsreducethe numberof requiredevaluationssignifi-
cantly, thelower-boundestimationhasto beperformedfor eachnew viewing di-
rectionandmuchtime is spentduringrenderingon identifying andthenskipping
cellsandemptyregions.

To increasetime savings during rendering,cells which do not contribute to
any MIP shouldbeidentifiedandremovedduringapreprocessingstep.

Cell Removal

A cell ¿ doesnot contribute to MIP from any viewing direction(andtherefore
shouldnot to beconsideredfor rendering),if all rayspassingthroughit collecta
highervaluebypassingthroughothercells Ã eitherbeforeor after ¿ is processed.
Thefirst approachis to investigatedirectneighborsÃ�Ä of acell ¿ only. ¿ doesnot
contributeto any ray throughit if Å�Æ�ÇkÈ�¿YÀ�Á�Â·ÉÊÃ�Ä�ÀRÄ�Ë�Ì . As we assumecontinuous
raysto be tracedthroughthe volume,only face-connectedneighborsof ¿ have
to beconsidered(A ray entering ¿ throughan edgeor vertex at least“touches”
someface-connectedneighbors).
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Applying sucha unified relevancedetectionfor cell elimination,which consid-
ersthe whole domainof viewing directions,is very ineffective andleadsto low
cell removal rates.Significantlybetterresultscanbeachieved if severaldistinct
clustersof similar viewing directionsaredistinguished.For rendering,thesetof
cellscorrespondingto theclusterwhich containsthecurrentviewing-directionis
selectedandusedfor MIP. To minimizethenumberof neighborswhichhaveto be
checked for elimination,a decompositionof all viewing directionsinto 24 clus-
tersis performedfirst (in thesameway asfor thevoxel-basedMIP). Eachcluster
of viewing directionscorrespondsto a quarter-faceof thedirectionalcubeasde-
pictedin figure 4.12b. Consideringjust viewing directionsout of onecluster, a
cell’s relevanceto MIP dependson just threeneighbors(figure4.12c)insteadof
six asin thecaseof viewpoint-independentpreprocessing(figure4.12a).

As thedirectionof ray traversalis not relevant for MIP anda MIP generated
from a certainviewing directionproducesexactly thesameimageasa MIP from
the oppositedirection,setsof possiblycontributing cells have only to be calcu-
latedfor 12 of the24 clustersof viewing directions.Furthermore,ascanbeseen
in figures4.12bandc, threeclustersof viewing directionsaroundeachcornerof
the directionalcuberesult in the samesetof direct neighborson which a cell’s
relevancedepends(for exampleclusters1, 11 and20). Unfortunately, the clus-
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tersdiffer in theway in which theestimationsfor raysenteringthroughcell faces
combineto theestimationsfor exiting faces.As theremoval algorithmusesface
estimationsfor determiningnon-contributing cells, the clusterscannot be com-
binedwithoutsacrificingremoval efficiency.

To achieve effective cell elimination,not only the influenceof direct neigh-
bors,but alsothe influenceof moredistantcells on rayshasto be investigated.
This canbedoneby applyinga simpletwo-passschemefor eachclusterof view-
ing directions.For reasonsof simplicity, theprocedurewill beexplainedin 2D.
Theextensionto 3D is straight-forward.

For cell removal in 2D, the viewing domain is decompositedinto 8 clus-
ters,eachonecovering a rangeof viewing directionsspanning45 degrees(fig-
ure4.13a).Rayswithin cluster1 canentercell ¿ only throughedgeÍÏÎºÍ�Ð or Í�Ð¹Í�Ñ .
Consideringjust the valuesat the cell’s vertices,cell ¿ hasno influenceon the
maximumof raysthrough ÍÏÎºÍ�Ð , if ÒOÆ$ÓÔÈ�Í|Î¶Õ�Í�Ð¹Ì�ÖuÒ]×�ØTÈ�Í ¼ Õ�Í�Ñ¹Ì – in this case,the
maximumcontribution of the cell to any ray enteringthrough Í|Î�Í�Ð and leaving
through Í|Î�Í ¼ or Í ¼ Í
Ñ is locatedon theedgeÍÏÎsÍ�Ð . As this edgeis sharedwith cellÃ which is traversedby theraysearlier, ¿ doesnot contributeto therays.Simi-
larly, thecell hasno influenceon raysthroughÍ�Ð¹Í�Ñ if ÒOÆ$ÓhÈ�Í
Ñ�Õ�Í�Ð¶ÌbÖÙÒ]×�ØTÈ�Í|Î�Õ�Í ¼ Ì
dueto thecontributionof cell Ú – theconditionfor Í�Ð¹Í�Ñ hasto considertheinflu-
enceof ÍÏÎ , asa largedatavalueat ÍÏÎ may influencethedatagradientwithin the
cell in a way that raysthrough Í�Ð¹Í
Ñ obtaina larger valuewithin the cell thanatÍ�Ð¹Í�Ñ or Í ¼ Í�Ñ .

By preprocessingthe volume in a spatiallyconsecutive order, the influence
of cells on ray maximacan be propagatedwith an advancing front approach.
In the example in figure 4.13b, cells Ã and Ú are processedbeforecell ¿ is
reached.For both of them, lower-boundestimationsof the maximumfor rays
which leave the cells have beencalculated(for this cluster, rays leave cells ei-
ther throughface Í ¼ Í
Ñ or throughface Í|Î�Í ¼ ). This means,that at the time ¿
is processed,lower-boundestimationsÒÛÎsÜ Ð for rays enteringthrough Í|ÎºÍ�Ð and
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ÒOÑ�Ü Ð for raysenteringthrough Í
Ñ�Í�Ð areavailable,which alreadyincludethe in-
fluenceof more distant(preceding)cells and the influenceof the edgesthem-
selves( ÒOÆ$ÓhÈ�ÍÏÎ�Õ�Í�Ð¶Ì and ÒOÆ$ÓÔÈ�Í�Ñ�Õ�Í�Ð¹Ì ). Thus, the revised test for the irrelevance
of cell ¿ is ÒÛÎsÜ ÐÝÖÞÒ]×�ØTÈ�Í ¼ Õ�Í�Ñ¶Ì and ÒOÑ�Ü ÐÝÖßÒ]×�ØTÈ�ÍÏÎ¶Õ�Í ¼ Ì . If both conditions
aretrue, ¿ is removedandnever ever consideredfor MIP anymore. After clas-
sifying thecell, the lower-boundestimationsfor the maximaof raysleaving the
cell have to be computed.As for the investigatedclusterof viewing directions
only rayswhich have enteredthe cell through Í|Î�Í�Ð can leave through Í|Î�Í ¼ , the
estimationfor rays through ÍÏÎºÍ ¼ is ÒÛÎsÜ ¼áà Ò]×�ØTÈ�ÒOÆ&ÓhÈ�Í|Î�Õ�Í ¼ Ì¶Õ�ÒÛÎsÜ Ð¶Ì . As rays
enteringthroughboth, Í|Î�Í�Ð and Í
Ñ�Í�Ð canleave through Í ¼ Í�Ñ , the estimationforÍ ¼ Í�Ñ à Ò]×|ØTÈ�ÒOÆ$ÓÔÈ�Í ¼ Õ�Í
Ñ¹Ì¹Õ�ÒOÆ$ÓÔÈ�ÒÛÎsÜ Ð�Õ�ÒOÑ�Ü Ð�Ì°Ì .

While thefirst sweepallows to identify andremove low-valuedcells located
behindhigher-valuedpartsof thevolume,asecondsweepin theoppositedirection
is requiredto propagatetheinfluenceof high-valuedcellsto cellsreachedearlier
by theraysof thiscluster. Thesecondsweepis identicalwith thefirst sweepwith
theexceptionof the invertedorientationof the raysandthusan invertedvolume
scanorder. Cellswhichhavebeenremovedduringthefirst sweepdonot influence
ray valuesduring the secondsweep.Consideringalsocells removed during the
first sweepwould resultin mutualeliminationof cellsandwould leadto holesin
thevolume.

The two-passmethodpresentedabove canbe extendedto 3D in a straight-
forward way. For a decompositionof the viewing domaininto 24 (12) clusters,
raysmayenterandleave cells throughthreefacesfor eachcluster. Lower-bound
estimationshave to bepropagatedfor facesinsteadof edges.

To evenfurtherincreasetheefficiency of removal andto compensatefor noise
which is usuallypresentin MR datasets,the removal processcanbe modified
to remove alsocells which violate the exact criteria by a factorwhich doesnot
exceeda userspecifiedthreshold(removal tolerance). After the preprocessing
with a 1% tolerance,on averageonly about30% of all cells remainaspossibly
contributing for asingleview-set.For detailedresultspleasereferto section4.2.4
andtable4.5.

4.2.2 Cell Storage

In thefollowing, thevertex coordinatesÈ¤Ø�Õ�â�Õ�ã|Ì à È�ÒOÆ&ÓhÈ�ØlÄ�Ì¶Õ�ÒOÆ&ÓhÈ�â�Ä�Ì¶Õ�ÒOÆ$ÓhÈ�ã»Ä�Ì°Ì ,
with È¤ØlÄsÕ�â
Ä&Õ�ã»Ä¤Ì beingtheeightverticesof acell, will beusedasreferencecoordi-
natesof acell.

Cells which have beenidentified during preprocessingas relevant cells are
extractedfrom the volumeandstoredinto a similar RenderList structureas
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describedin section4.1.2.Cellsaresortedaccordingto descendingcell-maximum
( ¿YÀTÁºÂ ) valueswithin the cell array. For every cell its referencecoordinatesare
storedinto thecorresponding32 bit entry in thearray. ¿YÀ�Á�Â is storedasthekey
attributeat RenderListEntry s.

Usingthisalternativestoragescheme,it is trivial to startMIP with high-valued
cells. Speed-upfactorsof 10–20comparedto otheroptimizedhigh-qualityMIP
approaches[5, 51, 67] aregainedby just thispartof theapproach,in combination
with the usualoptimizationslike evaluatingonly cells with ¿YÀ�Á�Âåä currentray
maximum,andnoiseskipping(seetable4.3,row 3 for detailedresults).

Althoughsortingall cellsby ¿YÀRÄ�Ë would mosteffectively reducethenumber
of interpolationsrequired,sorting them by ¿YÀTÁºÂ hasseveral advantages.The
encodingof ¿YÀ�Á�Â in theRenderListEntry allows to accessit in anefficient
way for testinga cell’s relevanceduringprojection.Within a groupof cellswith
the same ¿YÀTÁ�Â sub-sortingis doneaccordingto descending¿YÀRÄ�Ë . Due to the
small rangeof differentvalues,sortingby ¿YÀ�Á�Â and ¿YÀTÄ�Ë canbedoneusingfast
histogram-basedsorting(complexity æ�È&çÛÌ ). During projection,cells with high¿YÀ�Á�Â and ¿YÀRÄ�Ë areprocessedfirst.

The chosencell orderis alsowell-suitedfor efficiently skippingcells which
have beenmappedto black dueto windowing. If cells aresortedby ¿YÀTÁºÂ and
renderingis startedwith highestvaluesof ¿YÀ�Á�Â , renderingcanbe stoppedafter
reachingthefirst cell with ¿YÀ�Á�Â mappedto black.For realisticwindow definitions
(asusedby medicaldoctors)this cansignificantlyspeedup therendering(up to
severaltimesfaster).

In additionto the fastcomputationof MIP dueto re-sorting,anotherbig ad-
vantageis gained:progressiverefinementis achievedautomatically, ascellswhich
aremostrelevantto MIP areprojectedfirst. Projectioncanbestoppedany time–
the resultwill alwaysbe optimal for thegiven time-constraints.Also, computa-
tion of cheappreviews is simple. Sinceinteractionis crucial for usingMIP, this
advantageis alsovery importantfor practicaluse.

In the following a roughcomparisonbetweenthe traditionalway of volume
storageand the RenderList -basedrepresentationof cells is given: Storing
the positioninsteadof datavaluesdoublesthe amountof memoryrequired. As
roughly 30% of all cells remainafter the preprocessingstep(cell removal), the
amountof memoryrequiredis about0.6 * original volumesize (per clusterof
viewing directions). For 12 clustersthis resultsin an approximatelysevenfold
increasein memorysizecomparedwith the original dataset. Consideringdata
setsfrom medicalapplicationsand regular hardware resources,the storagere-
quirementsarehigh,but acceptable.If, nevertheless,thememoryresourcesarea
limiting factor, thedatasetcanalsobetransformedinto asinglecell arraywithout
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Figure4.14: Cell projectiontemplates.As the projectionsof cell ¿ andcell Ã
(positionof Í|Î ) havedifferentsub-pixel offsets,theshapeof pixel-setsaffectedby
thecellsdiffers.Thus ¿ and Ã requiredifferenttemplatesfor projection.

prior view-dependentpreprocessing.This,of course,slightly increasesrendering
time(seetable4.7),but still gainsresultssignificantlyfasterthanconventionalap-
proachesof comparableimagequality, while requiringjusttwiceasmuchmemory
astheoriginal dataset.

4.2.3 Rendering

To achieve high renderingperformance,precalculatedtemplatesareusedto de-
termineall pixels of the imagewhich arecoveredby a cell’s projection. A fast
parallelprojectionis usedto calculatethepositionof acell’sprojectionin theim-
age.Finally, theorderof traversalof thecell arrayanda fastheuristicestimation
of the upper-boundfor the maximumvaluealonga cell-ray intersectionreduce
thenumberof morecostlyandaccuratetrilinear maximumevaluationsrequired.

TemplateCalculation

The main purposeof the templateis to allow fast identificationof the pixelsaf-
fectedby theprojectionof a cell. At eachof thesepixels,thecell’s influenceon
the maximumof the ray throughthis pixel andthusto the pixel valuehasto be
evaluated.A sufficiently accuratecalculationof this contribution requiresseveral
stepsof trilinear interpolationalongthe ray within thecell. To save time during
cell projection,it is quiteusefulto pre-calculateentryandexit coordinatesof the
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ray for eachpixel of the template. Interpolationweights( è , Í , éëêíì«îïÕ�ð»ñ for
trilinear interpolation)of theentryandexit pointsarestoredfor this purpose.

As only parallelprojectionis used,theshapeandsizeof theprojectedimages
of all cells is identicalin a continuousimagespace.Dueto arbitraryscalingand
rotationof the volumefor viewing andthe discretenatureof a pixelizedimage,
imagesof cellsdiffer by anindividual sub-pixel displacementwith respectto the
pixelsof the image(seefigure4.14),which alsoleadsto differing setsof pixels
coveredby a cell’s image. To accountfor this shift with sufficient accuracy, the
projectionhasto beperformedwith sub-pixel accuracy, allowing to placea cell’s
imagein betweenimage-pixel positions. The placementon a 4x4 grid within a
pixel producessatisfyingresults.

The placementof cell imageson sub-pixel positionsleadsto slightly differ-
ent shapesof the templatesfor different Ø / â -displacementsandalsorequiresthe
calculationof individual ray entry/exit-positionsfor eachof the templates.The
resulting(4x4)arrayof templatescanbedirectlyaccessedduringrenderingusing
thesub-pixel displacementsof acell’sprojection.

To optimizetherenderingperformanceeachelement(=pixel) of thetemplate
storesasetof values:ò theoffsetof this element’spixel from thepixel containingtheprojectionof

thecell’sorigin (cell vertex Í|Î ). As theimageof Í|Î canbelocatedanywhere
within thecell’s imagedependingontheviewing direction,thepixel offsets
mayalsobecomenegative.ò the interpolationweights( è ,Í ,é ) for ray entryandexit coordinatesat this
element.ò thenumberof interpolationstepsrequiredalongtheray/cell intersectionò A ( ó|è , ó|Í , ó|é ) vectordefiningastepalongtheray.

Before rendering,the templateis optimizedto speed-upaccess. To avoid the
necessityof skippingnon-coveredpixelswithin a template,just a list of covered
templateentriesis storedinsteadof a 2D array. Thus,eachtemplateis just an
array of imageoffset and ray-informationelementsfor locationscoveredby a
cell’s projection.

Projection

As theparallelprojectionof apointcanbeperformedby independentlyprojecting
it’ s Ø , â , and ã coordinates,theprojectedpositionsØlÄ�ÀTô and â�Ä�ÀRô canbeprecal-
culatedfor the projectionof all possibleØ , â , and ã cell coordinateswithin the

46



volume.This resultsin six arrays– onefor eachØlÄ�ÀRô , â�Ä�ÀRô positionof eachØ , â ,
and ã coordinate.

For performancereasons,integer valuesareusedto representpositions. As
the summationof 3 integer valuesto obtainthe ØlÄ�ÀRô or â�Ä�ÀRô positionof a cell’s
projectionintroducesanerrorof up to 1.5pixelsin ØlÄ�ÀRô and â
ÄnÀTô , thearrayshave
to containsub-pixel coordinatesto keeptheerrorbelow onepixel.

In combinationwith precalculatedtemplates,theprojectionof acell becomes
simpleandefficient. Cmax is obtainedin a way describedin thefollowing para-
graph,img width is the width of the imagein pixels. .pixel is the x or y
coordinateof animagepixel, .subpix is asub-pixel offset.

(xp,yp)=projection(cell.v1);
imgpos=xp.pixel+yp.pixel*img_wi dth;
template=subtemplate[xp.subpix, yp.subpix];
for all elements in template
{

if(image[imgpos+template_elem ent.i mgof fset] <Cmax)
evaluate cell contribution at this pixel

}

Evaluation of the Maximum

Comparedto theotherstagesof a MIP computation,theevaluationof maximum
valueswithin cells(trilinear interpolation)is by far themostexpensivepart. The
reductionof thenumberandeffort of evaluationswhich arerequiredto generate
an imageis crucial for the performance.Performancecanbe improved on the
one handby using a lessexpensive (but usually also lessaccurate)evaluation
methodto approximatethe maximum. On the otherhand,moreevaluationscan
beomittedif a goodguessfor the ray-maximumcanbefoundearly. Thesorted
cell-arrayallows to accessandrendermostpromisingcellsfirst. If therendering
is startedwith theprojectionof cellswhich have thehighestcell maximum(and
minimum),theprobabilityof having to evaluatesuccessivecellsprojectedon the
samepixels is significantlyreduced.As canbe seenin table4.6, only about2–
4% of the cells of the original dataset requirethe useof trilinear interpolation
to evaluatetheir possiblecontribution to a MIP. Theevaluationof the remaining
cells is stoppedeitherafter checking¿YÀTÁºÂ or afterperformingtheslightly more
expensivemaximumestimationdescribedbelow.

Valuesof pixels which arecoveredby the currentcell andwhich are lower
than the cell maximumpotentially have to be replacedby a higher value. An
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analyticalsolutionfor themaximumalongtheray throughthepixel is extremely
expensive,andevena few trilinear interpolationstepsalongtherayarealsoquite
costly. A cheapestimationof anupperboundfor theraymaximumwhich is more
restrictive thanthe cell maximum ¿YÀ�Á�Â cangreatlyreducethe numberof more
costlyandexactevaluationsof themaximum.Thefollowing observationscanbe
usedto presentsucha heuristic:

ò If the maximumis locatedon the entry or exit point of the ray: applying
two bilinear interpolationson theentryandexit facesof the cell givesthe
exactvalueof themaximum,i.e., Ò]×�ØTÈ�õ�Ó�ö�÷�â�Õ�õ»Ø£Æ�ö°Ì .ò If for this ray themaximumis locatedwithin thecell, theremustbesome
positive deviation from a linearevolution betweentheentryandexit point
of the ray. If a cheapapproximative guessfor this nonlinearity within
the cell can be found, the upper-bound of the ray can be estimatedasÒOÆ$ÓÔÈ&¿YÀTÁºÂ�Õ�Ò]×�ØTÈ&õ�Ó#ö�÷
â#Õ�õ»Ø£Æ�ö°ÌRøùóÏõ�Í�Æ$×�ö�Æ`ú�ÓûÌ .

A fast approximative estimation of this deviation is ó�õ�ÍÏÆ$×|ö�Æ$ú�Ó àü ×�ØTÈ&îýÕ ü ×|ØTÈ�Í�ÄwøëÍ»þ�Ì�ÿ�������Ì with Í�Ä , Í»þ being data values at the vertices
located at the ends of the four space-diagonalsof the cell and � being the
trilinearly interpolatedvalue at the centerof the cell (cheapevaluation, as a
specialcase).Althoughthisestimationis notastrictupperboundin all cases(just
in about99% of the cases),no visible impacton imagesof real-world datasets
hasbeenfound. On average,this estimationfor the ray-maximumwithin a cell
is 30%lower comparedwith ¿YÀ�Á�Â asanestimation.Whenusingthis estimation
about 60% less (of significantly more expensive) trilinear evaluationshave to
be performed(table4.6). As only 25–30%of the trilinear evaluationsactually
lead to a changeof a pixel value, a more tight upperboundestimationcould
gain even moreperformance.If the estimatedupperboundfor the ray is above
thevalueof theexaminedpixel, severalstepsof trilinear interpolationwithin the
cell areperformedutilizing informationstoredin the templatesto obtaintheray
maximum.

Projectinghigh-valuedcells first and using an additionalestimationof the
ray/cell-maximumis very efficient, as the value of eachnon-backgroundpixel
of theimageis setonly 1.3 to 4 timesascomparedto 10–25timesfor MIP using
conventionalray-castingwith optimizations.

For the following pseudo-codesummaryof the projectionof the cell array,
gray[] storesthe mappingfrom data-valuesto gray levels as definedby the
windowing function.
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levelsof proposed preprocessing memory speed-upcomparedto
approach time factor brute + ¿YÀTÁºÂ +ignore

force ä Ò]×�Ø noise
RenderList 6s 2.0 1.3–1.4
+ ¿YÀTÁ�Â�äáÒ]×�Ø 6s 2.0 6.1–7.4 3.9–5.3 3.1–4
+ ignorenoise 6s 2.0 20–40 14–25 11–20
+ cell elimination 93.6s 3.6–12 28–43 18–27 14–22

Table4.3: Comparisonof ray-castingbasedMIP (trilinear interpolation,columns
4 and5 with optimizations)with theproposedapproach(RenderList of cells
andoptimizations).

method interpolations cells pixelsset
brute-force 100% 100% 24
+ ¿YÀTÁºÂ�ä Ò]×�Ø 26% 29% 24
+ ignorenoise 7.7% 7.8% 13
cell array 1.3% 2.5% 1.65

Table4.4: Comparisonof interpolationefficiency: brute-force(row 1) interpolates
at every stepalongray (col. 1), within every cell (col. 2). Eachpixel changes24
times(col. 3). Row 2: interpolationonly if ¿YÀTÁºÂMäqÒ]×�Ø . Row 3: alsoignore
low-valuedcells.Row 4 shows theresultsfor theproposedapproach.

cells=get_cell_set(viewmatrix); // out of 12 preproc.
calculate_template(viewmatrix);
calculate_projection_arrays(vie wmatr ix);
for Cmax=highest to 0

if(gray[Cmax]>0)
for cell=cells.first_cell_with_C max

to cells.last_cell_with_Cmax
project(cell);

4.2.4 Results

The MIP algorithm presentedin this paper has been implemented as a
Java applet. The applet and further high-resolutionresults are available at
(http://www.cg.tuwien.ac.at/research/vis/vismed/CMIP/). A C implementationis
expectedto exhibit a 30–40%betterperformance.

Table4.3 depictsthespeed-upachievedby theRenderList -basedmethod
comparedto brute-forceray castingwith trilinear interpolation(integer arith-
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dataset size toler. sweep1 sweep2 total
hand ������¼�½ ð�î�î 1% 81% 3% 84%
hand ������¼�½ ð�î�î 2% 93% 2% 95%
kidney ����� ¼ ½	��
 1% 56% 5.5% 61%

Table4.5: Cell eliminationresults

metic)andto optimizedray-casting(no interpolationin cellswith ¿YÀTÁºÂtÉÊÒ]×�Ø ,
skip backgroundnoisewhich is windowed to black). The secondrow (sorted
cells, evaluationonly if ¿YÀ�Á�ÂåäëÒ]×�Ø ) clearly shows the advantageof project-
ing high-valuedcellsfirst (factor3–7). Evenmoreperformanceis gainedby the
ability to skip low-valuedcells without any overhead(row 3). This resultsin a
speed-upfactorof 11–40. Finally, by eliminatingcellsduring thepreprocessing
step,factorsof upto 43comparedto brute-forcerenderingandupto 22compared
to optimizedray-castingcanbeachieved.

Renderingtimes as comparedin table 4.3 may dependon the optimization
of the implementation.To obtaina lessimplementation-dependentmeasurefor
theefficiency of theapproach,thenumberof interpolationsperformed,cell-, and
image-accessstatisticsof thealgorithmarecomparedto ray castingin table4.4.
Comparedto even optimizedray casting,the cell-arrayrequiresfive times less
interpolations.Also, updatesof ray-maximaandthusof pixel valuesoccursignif-
icantly lessfrequentlyduringtherenderingprocess.Dueto thedifferencein the
numberof interpolationsperformed,it canbe concluded,that a speed-upfactor
of approximatelyfive is relatedto theavoidanceof cell evaluations.Theremain-
ing portion of thespeed-upis basedon efficient volumetraversal(strictly linear
accessto thecell array)andcell skipping.

Table4.5shows cell removal statisticsfor thepreprocessingof thehanddata
setdepictedin figures4.15and4.16andthekidney datasetof figure4.17a.As
thesecondsweepeliminatesjust few additionalcells,it canbeoptionallyomitted
to shortenthe preprocessing.Increasingthe tolerancefor preprocessingmainly
affectslow-gradientareaswhich usuallydo notcontainvesseldata(figure4.16).

Table4.6 presentsstatisticalinformationon the numberof cells involved in
the imagecreation,thenumberof upper-boundestimationsfor ray-cell intersec-
tions andthepercentageof intersectionswhich requirea moreaccuratetrilinear
interpolationto evaluatethemaximumwithin a cell. Rows 1 and2 representthe
handdatasetfor two differentimagesizes,Row 3 showsdatafor thekidney data
set.

Finally, table 4.7 presentsrenderingtimes for MIP using the cell array ap-
proach.TherenderingtimeshavebeenmeasuredonaPIII/750PC.
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Figure4.15: Quality comparisonof MIP which wasproducedusinga) ray cast-
ing with trilinear interpolation,b) raycastingwith nearestneighborinterpolation,
c) shear/warp projectionwith nearest-neighborinterpolation,d) RenderList
and trilinear interpolation. The differenceimagesdepict amplified differences
with respectto raycastingwith trilinear interpolation.
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difference
tolerance0% tolerance1% tolerance2%

Figure4.16:Resultsfor RenderList -basedMIP with differenttolerancevalues
for preprocessing(handdataset).As thetoleranceis increased,deviationsappear
mainly within areascontaininglow-valuednoise.

data imagesize cellsaccessed approximations evaluations pixel set
hand ����� ¼ 2.5% 1518k 26% 1.65
hand �ïð
� ¼ 4.1% 2439k 27% 1.5
kidney ������¼ 3.2% 1077k 29% 1.46

Table 4.6: Efficiency of maximum-valueevaluation: Column “cells accessed”
givesthepercentageof cellsinvolvedin theevaluationprocess.“approximations”
is the total numberof approximationoperations,“evaluations”is the percentage
of approximatedray intersectionswhich requiredmoreexact evaluation. “pixel
set” is thenumberof writesto anon-backgroundpixel.
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dataset size imgsize withoutpreprocessing with preprocessing
hand ����� ¼ ½ ð�î�î 256¼ 295ms 215ms

512¼ 615ms 450ms
kidney ����� ¼ ½���
 256¼ 180ms 150ms

512¼ 350ms 315ms
head ����� ¼ ½ ð
��� 256¼ 180ms 170ms

512¼ 380ms 365ms

Table4.7: Renderingtimesfor differentdatasetsandimagesizes.All datasets
havebeenpreprocessedwith a1%tolerancethreshold.Thetimingsdependonthe
usedwindow definition.Someof theresultingimagescanbeseenin figures4.15d
and4.17a,b. Userhardware:PIII/750PC.

Figure4.17:a) kidney datasetb) headdataset
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4.2.5 Discussion

Theproposedmethodprovidesinteractive frame-rateson high-endPCsandstill
severalframespersecondonstandarddesktophardware,andis well-suitedto de-
pict small detailswithin the datawhich may bemissedor deformedusingother
fast,but lessaccuratemethods.Comparedto high-qualityMIP basedonraycast-
ing, themethodavoidstrilinear interpolationsin asignificantlymoreefficientway
and achieves 20 times betterperformance,while providing betterquality than
other(shear/warpor hardware-based)approaches.

4.3 Display of Iso-Surfaces

A standardmethodto do surfacerenderingis first-hit ray castingfor depicting
surfacesimplicitly containedin volumetricdatasets(ray terminateswhenopaque
surfaceis hit). Although(first hit) ray-castingis a versatilemethodwhich is able
to providehigh-qualityimages,it is notsuitedfor interactiveinvestigationof real-
life datasetson consumerhardware. Although variousapproachesto improve
efficiency of ray-castingexist, high-endmulti-processorhardwareis requiredto
achieve interactive frame-rates[58]. Purelyhardware-basedsolutionswhich ex-
ploit either3D-texturesor dedicatedvolumerenderinghardware[48] cannot be
takeninto considerationfor aportablecross-platformapplication.Dueto thefact,
thatfastpolygon-renderinghardwareis availableonmany platforms,explicit sur-
faceextraction methodslike marchingcubes[33] becomemore and more the
methodof choicefor commercialapplications.Dependingon thecapabilitiesof
the renderinghardwarethe speedandthe quality of the imagesdiffer from sys-
tem to systemandcomparableperformancecannot be guaranteedfor different
platforms.Also for storingevenoptimizedtriangle-basedsurfacerepresentations
hugeamountsof memoryare required. Mainly the high memoryconsumption
makesa polygonalmodellesssuitedfor surfacerenderingwithin a portablesoft-
ware.

Thedemandsfor a versatileandhighly portablesurfacerenderingalgorithm
canbesummedup asfollowing:

ò softwareonly approach:ensureshighestportability andprovidesa compa-
rablerenderingspeedoncomparableplatforms.ò low memoryrequirements:low memoryrequirementsfor thesurfacerepre-
sentationallow (in combinationwith software-basedrendering)to operate
thesoftwareunderlow-resourceconditions(likeonnotebooks).
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ò high renderingspeed:morethen10 framesper secondson a standardPC
for interactivenavigationò stackedsurfaces:to providecontext aroundobjectsof interestthealgorithm
shouldbecapableof displayingseveralsemi-transparentsurfaces.

4.3.1 Preprocessing

To achieve real-timeperformanceon affordablehardware,theadvantagesof ex-
plicit surfaceextractionandrepresentationareunifiedwith theadvantagesof fast
renderingusingshear/warpprojection.A voxelizedsurfacerepresentationis cre-
atedduringthepreprocessingstep,andstoredin aRenderList for laterrender-
ing.

Thecreationof anexplicit surfacerepresentationprior to renderingeliminates
theneedfor surfacedetectionduringrenderingasrequiredby first-hit raycasting.
To obtainarepresentationfor theiso-surface,thevolumeis scannedfor transitions
betweenvoxelswith a valuebelow andabove thethreshold,i.e., theiso-value.If
a voxel hasa datavaluegreateror equalto the thresholdand if it hasat least
one26-connectedneighborbelow the threshold,it belongsto the surfaceandis
consideredto be relevant. The relevant voxels are extractedform the volume
andstoredinto a RenderList / RenderListEntry structure. The voxels
which have beenextractedduring the scancorrespondto a 6-connectedsurface
within the volumeat the specifiedthresholdvalue. The 6-connectednessof the
surfacevoxelsis requiredto ensurethatno holesappearduringshear/warp-based
renderingdueto displacementof voxelsbetweensuccessiveslices.

For eachsurfacevoxel, it’ s positionandthe gradientvectorarestoredasat-
tributes.To obtaina memory-efficient representation,thegradientvectoris con-
vertedto polarcoordinatesinsteadof theusual È�Ø�Õ�â#Õ�ã|Ì representationandstored
using14bits (7 bitsperangularcoordinate,asa tradeoff betweenshadingquality
andcomputationaleffort for precomputingshading).Thestorageschemeallows
to code16384distinct normalvectorswhich is sufficient for smoothshadingof
real-life data.

4.3.2 Rendering

For rendering,the surfacevoxels arereplicatedinto threeRenderList struc-
tures,onefor eachprincipal viewing direction. Within eachone,the voxels are
sortedaccordingto thecoordinatewhich correspondsto theaxismostparallelto
theviewing direction(For simplicity referredto as ã coordinate.Theprocedure
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Figure4.18:Surfacerenderingdepictingtwo surfaces:opaquebonesandvessels
andsemi-transparentskin.

for theotherviewing-axesis analogous).As thesortingproducesgroupsof voxels
with equal ã coordinatessuchthatthey arestoredat consecutivepositionswithin
the array, the ã coordinatedoesnot have to be storedfor eachvoxel. Instead,
voxelswith thesameã coordinatearegroupedinto RenderListEntry swhich
storethe ã coordinateoncefor all containedvoxels.

For rendering,theRenderListEntry s of all surfaces(asseveralsurfaces
could be viewed simultaneously, seefigure 4.18) aremergedandsortedby theã coordinateinto a single list. To be able to distinguishobjectsduring ren-
dering, additionalpropertieslike the opacity of the surfaceare storedin each
RenderListEntry .

During projection,theRenderListEntry s areprocessedin back-to-front
orderandtheirvoxelsareprojectedontothebaseplane.For performancereasons,
eachvoxel is projectedonto exactly onepixel of the intermediateimageplane,
without interpolation. As the scalingcomponentof the viewing matrix is not
consideredduring this stepof the projection,neighboringvoxels within a slice
of the volume are projectedonto neighboringpixels of the intermediateimage
plane.During projection,compositingis performed,blendingtheold pixel value
with thevalueof thecurrentvoxel accordingto theopacitystoredat thecurrently
processedRenderListEntry .

Clipping planes (see figure 4.19a) which operateon the RenderList
voxel storage scheme can be implemented in a very efficient way. A
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Figure4.19:Interactiveclippingplanesallowinga) insightinto objectsb) display-
ing densitydatawithin anobject

RenderListEntry storesvoxels with the samedepthwith respectto the in-
termediateimageplane. The order in which the voxels are projectedonto the
planeis not relevant,aseachof themis projectedonto a uniquepixel of the in-
termediateimageplane.Thus,if a clipping planeis applied,thevoxelswithin a
RenderListEntry canberesortedin away, thatvoxels,whichareclippedand
becomeinvisible,aremovedto theendof thearraysectionwhich belongsto this
RenderListEntry . By settingapointerto thelastvoxel whichis notremoved
at theRenderListEntry , theclippedvoxelscanbeefficiently skippedduring
rendering. The resortingof the voxels into clipped/non-clippedvoxels requires
just a singlescanof thearraywith swappingof pairsof voxels. This approachis
ableto handleclipping atarbitraryplanesor evennon-planarobjects.

Commonvisualizationscenariosrequirenot only the clipping and removal
of partsof thedata,but alsoto displayoriginal datavaluesat theclipping plane
within the context of the 3D object (seefigure 4.19b). The display of original
dataon planarsectionsthroughthe scenecanbe easily integratedinto the pre-
sentedsurface-renderingapproach.Usually, only voxels with valuesabove the
thresholdwhich definesthesurfacehave to be displayed,providing information
on datawithin the object. Whena new positionfor a clipping planeis defined,
voxelswhichcontaintheplaneandhaveavalueabovethethresholdareextracted
from the volumeandstoredin a similar way assurfacevoxels. Insteadof stor-
ing gradientvectors,the datavalue at the voxel is storedas an attribute. The
extractedvoxels are againsortedaccordingto their ã coordinateand grouped
into RenderListEntry s,which aremergedwith theremainingobjectsof the
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fig. volumesize voxels shear warp frame extract
4.18 ������¼W½������ 232k 18ms 15ms 50ms 2.0s
4.19a ������¼W½ ð
��� 376k 30ms 15ms 61ms 2.2s
4.19b ����� ¼ ½ ð���� 253k 20ms 15ms 53ms 1.8s
4.19a ��ð
�
¼W½	�ýð�� 1.8M 90ms 100ms 220ms 15s

Table4.8: Renderingtimesfor iso-surfacerendering(rows 2 and4 show the re-
sultsfor thesamedataset,with andwithoutdownsampling)

scene.During rendering,a flag at eachRenderListEntry is evaluatedto de-
cidewhethertheattributestoredat it’ svoxelsis agradientandshouldbeusedfor
shadingor if it is a datavaluewhich shouldbeimmediatelywritten into thebase
plane.

4.3.3 Results

Thetime neededfor renderingandsurfaceextractionhave beenmeasuredon an
PII/400PCusingtheJavavirtual machine1.1.8fromSunwith aSymantecjust-in-
time compiler(for rows 1–3of table4.8). Thecorrespondingdatasetshavebeen
resampledto fit into a ����� Ñ cube. The sizeof the imagesis �ïð
� ¼ pixels. While
the time requiredfor the shearstepdependsonly on the numberof projected
voxels, the time requiredfor warpingthe intermediateimageplaneinto thefinal
imageandalsothetimerequiredby Javato transfertheimageto thescreenbuffer
(includedin the overall frametime in column6) dependsmainly on the sizeof
theimage.As interpolationis only performedduringthewarpstep,largeimages
( ð�î���� ¼ for example)generatedout of ����� Ñ datasetsare blurred due to strong
scalingduring interpolation. Row 4 of table 4.8 shows the time for rendering
a dataset at original resolution( �ïð
�
¼·½ ð���� ) on an AMD Athlon 600 PC. As
equalvoxel sizeis requiredin all dimensions,thedatasetis treatedasa �ïð
�
¼z½�ýð�� volumeduringsurfaceextraction.Usingdataat theoriginal resolutiongives
satisfactoryresultsfor ð�î���� ¼ images.Thetimerequiredto recomputetheshading
tableis negligible.

In table4.8 the column“voxels” givesthe numberof voxels extractedfrom
thevolumeto representthesurface(s).Thetime requiredfor extractionincludes
thecomputationof gradientvectorsusingthecentraldifferencemethod.

Thememoryrequirementsfor storingasurfacearemoderate.For eachprinci-
pal viewing directioneachvoxel storesthetwo othercoordinates( ����� bits) and
thegradientvector(14 bits). For all threeprincipaldirectionsthis sumsup to 90
bits per voxel. This canbe comparedto the requirementsof a polygonalmodel
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of a surfacewhich usestrianglestrips: Making a fair assumption,that after an
optimizationof the surfacerepresentationthereareapproximatelyjust asmany
verticesin themodelasvoxelsin thepresentedsurfacerepresentation,themodel
requiresat least24 bytes(192 bits) for eachvertex (3*float coordinates,3*float
normalto allow handlingby graphicshardware). Additional memoryis required
for referencingtheverticeswithin thestrips(indexedtrianglestrips).Evenwith-
out consideringthememoryrequiredto storethis connectivity informationfor a
geometricmodel,RenderList srequiresignificantlylessmemory.

4.3.4 Discussion

The RenderList -basedalgorithm for surfacedisplay hasbeendesignedfor
providing real-timeframeratesfor viewing medicaldatawithin a Java-baseddi-
agnosticapplication. By using purely software-basedrendering,the algorithm
achievessimilar performanceon differenthardwareplatforms.By exploiting the
advantagesof explicit surfaceextractionandshear/warp projection,high frame
ratesareachievedat low memorycost.Theonly non-interactivestepof thevisu-
alizationprocessis theextractionof surfacevoxelsduringthepreprocessingstep
(1-2 secondsfor a typical ����� Ñ dataset). Surfaceextractionhasto be repeated
eachtimeanew iso-valueis specified.

Comparedwith a polygonalrepresentationof theboundarysurfaces,this ap-
proachpreservesthefull accuracy of thedatasetatmuchlowermemorycost,and
allows interactiverenderingon low-endhardware.

4.4 Extendedshadingmodels

As alreadymentionedbefore,variousshadingmodelscanbe appliedat interac-
tive frame ratesto renderthe RenderList -basedvolume representation,if a
quantizedrepresentationof thegradientis storedasanattributewith everyvoxel.
Gradientswhich areusuallygivenusing3 float (=96 bit), or at leastbytecoordi-
nates(=24bit), arefirst quantizedto 12–16bit to obtainacompactrepresentation.
As the numberof distinct gradientdirectionsis ratherlow after quantization,a
gooddistributionof thequantizeddirectionsover theunit sphereis necessary.

If parallelprojectionis performed,andonly directionallight sources(located
at infinity) areused,theevaluationof commonlighting modelslike Phongshad-
ing doesnot dependon thepositionof thevoxel, but only on thegradientvector,
viewing direction,andlight direction.For shadingmodelswherethisassumptions
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Figure4.20:Shadinglook-uptablecreation(a)andapplication(b)

hold, thequantizedgradientscanbeusedasindicesto accessanarrayof precom-
putedshadingvaluesduring rendering(figure 4.20). The table hasonly to be
recomputed,if oneof theinfluencingfactors(light or viewing direction)changes.
A gradientdictionarytableis usedto storenon-quantizedrepresentationsof each
possiblequantizedgradient(requiredfor thecomputationof tablecontent).To up-
datethetable,thespecificlighting equationis evaluatedfor eachgradientvector
in thegradientdictionaryandtheresultis storedinto thecorrespondingentryof
thelook-uptable.Thevaluestoredin thelook-uptableis theshadedvoxel color.
A moreflexible approach,basedon storinganintensityvalueinstead,which can
beusedto modulatethecolorof voxelsis describedin chapter6.

Thelimited numberof evaluationsrequiredto updatethelook-uptable,allows
to apply even complex shadingmodelswithout impacton the interactivity. The
simplestmodelusedis thePhongshadingmodel,with theintensity ��� depending
on gradientdirection,viewing directionandlight sourceposition

����È��\Õ! hÕ#"cÌ à �»Áhø$�&%!' È���Ì)(�"Nø*��+�È�,-(� dÌ Ë
with '�È.�dÌ à / ó}Ç 0 beingthegradientat voxel � , L beingthedirectionalvector
of thelight and  theviewing direction. , is themainreflectiondirection

, à ��È.'�È.�dÌ1(
"cÌ2'�È.�dÌ1�*"
�»Á , �&% , and �&+ arethe coefficientsfor ambientlight, diffuse,andspecularreflec-
tion, respectively, Ó controlsthesharpnessof the specularhighlight. Due to the
quantizationof the gradientvectordirections,Ó shouldbe ratherlow to prevent
visible artefactsof a very narrow highlight – valuesof 4–8provide goodresults
(figure4.21a,b).
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The look-up table basedshadingalso allows to implement various non-
photorealisticshadingmethods,for example,contourenhancement[11, 10]. The
modelassignshigh intensity(andopacity)valuesto voxels with gradientsmost
perpendicularto theviewing direction.Lower valuesareassignedto voxelswith
gradientvectorsfacingtowardsor away from theviewer:

�43¶È��\Õ! dÌ à 5 È�Ç6' È���Ì�Ç Ì7(�Èºð8� Ç '�È.�dÌ7(� [Ç Ì Ë
5 È&Ì modulatesthe intensitydependingon gradientmagnitudeto provide higher
valuesfor voxels in regionsof high gradientmagnitude,which areusuallyparts
of a surface. The exponent Ó controlsthe sharpnessof the contour, andshould
(dueto thequantizationof thegradients)not exceed8. Theresultof this shading
techniquecanbeseenin figures4.21eandf.

As the applicationof the pure contourenhancementmethodprovides only
a sketch-like representationof the objects,without much informationon shape
details,both approaches,Phongandcontourenhancement,canbe combinedto
obtainacolor ¿ whichdependsonbothmodels:

¿ à ¿93:�&3�ø
¿;������Èºð<�=�43ºÌ
¿93 is thecolor to beusedfor the displayof contours,¿;� is thecolor to be used
for Phongshading. �43 and ��� are intensitiesobtainedfrom the above lighting
equations. The overall color is a weightedsum of the contourand the Phong
color. Voxelslocatedatobjectcontoursarerenderedusingthecontourcoloronly,
voxelsfacingto theviewer arerenderedwith Phongshadingonly. If thecontour
color is setto black,this resultsin adarkeningof objectcontours,whichallowsto
distinguishinternaledgesof anobjectmoreeasily(figure4.21c,in comparisonto
purePhongshadingin figure4.21a).Choosingwhite ascontourcolor, brightens
thecontours,whichisespeciallyusefulif theobjectis renderedsemi-transparently
(figure4.21d,in comparisonto purePhongshadingin figure4.21b).

4.4.1 Optimized Preprocessingfor Contour Rendering

In the following, two approachesfor volumepreprocessingandvoxel extraction
arediscussed,whichareoptimizedfor contourrendering.

MIP of Contours

If contoursshouldberendered,voxel intensitiesarenotconstantdatavaluesfrom
the volumeascommonlyusedfor MIP projection. Intensities�&3 result from a
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a)Phongshading b) Phong,semi-transparent

c) Phong,darkenedcontours d) Phong,lightenedcontours

e)contourenhancement f) contoursonly

Figure4.21:Dif ferentlighting modelsappliedto ascanof humanvertebrae
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Figure 4.22: Voxel orderingfor MIP (2D). Voxels are groupedby (quantized)
gradientdirectioninto RenderListEntry s. Within a group,voxelsaresorted
by gradientmagnitude.Only groupswith Èºð>� Ç6' È���Ì?(@ OÇ Ì Ë äBA arerendered,
within agrouprenderingis stoppedafterthefirst voxelwith �&3Y¾$A is encountered.

function which dependson the viewing directionandgradientmagnitude.This
propertymakesa globalpre-sortingof voxelsby intensityimpossible.However,
properorderingof thevoxelscanbeusedto groupandefficiently skip groupsof
voxelsmappedto blackeitherby windowing of thegradientmagnitude(modify-
ing 5 È$Ì ) or by theinfluenceof thecurrentviewing direction.

For maximumintensityprojection,the orderof projectingvoxels is not rel-
evant as Ò]×�ØTÈ�×£ÕDC�Ì à Ò]×�ØTÈ�C�Õ�×�Ì . Thus, voxels do not have to be orderedand
projectedin spatialorder. Instead,voxels with the sameor a similar gradient
directionaregrouped. This exploits the fact, that voxels which arenot part of
a contourfor the currentviewing direction,aremappedto low-intensityvalues.
Entiregroupsof voxelswith asimilargradientdirectioncanbeskipped,if thein-
tensity Èºð7� Ç6' È���ÌE(� ]Ç Ì Ë of arepresentativeof thisgroupis below somethresholdA (seefigure4.22).Thequantizationof gradientvectorsfor renderingleadsto the
requiredclusteringof voxels into groupswith the samegradientrepresentation.
For typicaldatasets,over75%of all voxelscanbeskippedby exploiting just this
scheme.Furthermore,within a groupof voxelswith thesamegradientrepresen-
tation (a RenderListEntry ), voxelscanbesortedby gradientmagnitude.If
projectionof voxels within a groupstartswith voxels with the highestgradient
magnitude,processingof theRenderListEntry canbestoppedassoonasthe
first voxel with an intensity �&3 below A hasbeenprojected.This arrangementof
voxels allows to skip non-contributing partsof the datawith utmostefficiency.
The disadvantageof this optimizationis the restrictionof the compositingpro-
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Figure4.23:Voxel orderingfor back-to-frontrendering:Voxelswithin eachslice
(=RenderListEntry ) are sortedby gradientmagnitude. Voxels which are
mappedto 0 by 5 È¹Ç '�È.�dÌ�Ç Ì canbeskippedefficiently.

cessto maximumintensityselection.Dueto thearbitraryspatialorderingof the
voxels,blendingof voxel contributionsis not feasiblewith this scheme.

Back-to-front Compositing of Contours

To maintainfull flexibility in thechoiceof compositingoperations,like localMIP
or alpha-blending,a spatiallyconsistentorderingof the projectedvoxels hasto
be maintained.Voxels with a gradientmagnitudebelow a specificthresholddo
not provide a usefulcontribution to animagerenderedusingthecontourshading
model.Only about25%of all voxelshaveasufficiently highgradientmagnitude,
andarethusincludedinto theRenderList structure,thuskeepingthememory
requirementsat a reasonablelevel (For back-to-frontrenderingusingshear/warp,
threecopiesof thedataarerequired,theMIP approachdescribedbeforerequires
just onecopy, asspatialorderingis not relevant).

Within a RenderListEntry , voxelsaresortedaccordingto gradientmag-
nitude. During rendering,only voxels which are not mappedto black due
to their gradientmagnitude(seefigure 4.23) have to be considered. Voxels
mappedto black due to the currentlyused 5 È¹Ç '�È.�dÌ�Ç Ì are locatedat the endof
a RenderList ’s voxelsandcanbeefficiently skipped.Comparedto theMIP-
only orderingof voxels describedearlier, significantly more voxels have to be
rendered.Voxel skippingis only basedon thegradientmagnitudeof a voxel, but
not on theview-dependentpropertyof beingpartof acontour.
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volumesize voxelsrendered time
head/MIP ������¼W½������ 102k 85ms

head/backto front 366k 150ms
screws/MIP ����� ¼ ½�����ð 337k 130ms

screws/backto front 942k 270ms

Table4.9: Renderingtimesfor contourrendering

4.4.2 Resultsand Discussion

Themostimportantfactorfor thequalityof contourimagesis theaccuracy of gra-
dientvectors.Quantizinggradientsto a few bits for interactive rendering,limits
the sizeof exponentÓ . High valuesof Ó result in very sharpandthin contours.
Thequantizationerrorof gradientscloseto thecontouris thereforeamplifiedand
resultsin too bright or too darkvoxel contributions. For a quantizationto 12 bit,
an exponentof approximately4 providesa sufficiently narrow contourwithout
producingdisturbingartefacts(figure4.24).

Dueto moreefficient skippingof blackvoxelsanda simplercompositingop-
erationfor projectinga voxel, renderingusingMIP is faster(seetable4.9) than
whenblendingof voxel contributionsis used.AlthoughMIP allows to depictthe
mostsignificantfeaturesof a volume(seefigure 4.24e,f), the lack of occlusion
anddepthinformationin MIP imagesmaybeadisadvantage.Thehighinteractiv-
ity of non-photorealisticrenderingusingMIP compensatesfor this disadvantage
by addingtimeasanadditionaldegreeof freedomfor thevisualization(i.e., inter-
activeview-pointchanges).

Moreflexibility is gainedby usingDVR (backto front compositing).Theren-
deringtimesareacceptable(table4.9),althoughslower thanfor MIP. Depending
on thechoicefor voxel opacity, differenteffectscanbeachieved. By settingthe
opacityequalto �43 (figure 4.24a)an effect similar to MIP is achieved, with the
difference,thatocclusionandspatialorderingof thevoxelsis takeninto account.
Contoursin areaswith a higher gradientmagnitudeare depictedbrighter than
in areaswith lower gradientmagnitude. If opacity is derived from 5 È¹Ç '�È.�dÌ�Ç Ì
only, the resulting imagedisplaysa blendedset of surfaceswith lighted con-
tours(figure4.24b).Thisapproachcanalsobeusedwith goodresultsto enhance
contours[11] in additionto Phongshadingfor surfacerendering(figure 4.24c).
For segmenteddatawhich allows to distinguishbetweendifferentobjects,non-
photorealisticmethodscanbeeasilycombinedwith otherrenderingmethods,for
examplewith conventionalsurfacerendering(figure4.24d).

Therenderingtimesin table4.9have beenmeasuredusinga Java implemen-
tationof thealgorithmsona PII/400MHzPCwith SunJDK 1.3for Windows.
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a) opacity=�43 b) opacity=5 È¹Ç '�È.�dÌ�Ç Ì

c) weightedsumof Phongand �&3 d) contourscombinedwith aniso-surface

e)MIP of �43 f) MIP of �43 with color transferfunction

Figure4.24: Interactivenon-photorealisticrenderingresults
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4.5 Summary

The previous sectionspresentedthe application of the proposedtechniques,
i.e., the identification of relevant voxels and their extraction and storagein
RenderList s,to variousrenderingtechniques.Dependingon thedesiredcom-
positingtechnique,lighting model,andtransferfunctionsetup,differentoptimiza-
tions andvoxel orderingschemescanbe appliedto optimizeperformance.The
bit resolutionusedto storevoxel coordinates(8-11bit percoordinate)andquan-
tized gradientvectors(12-16bit) for shadingalsovariesbetweenthe described
techniques,to optimizeperformancefor agivenapplication.

In chapter6 a unified implementationwill be presentedwhich combinesthe
presentedtechniqueswithin a singleframework, usingsimilar bit resolutionand
voxel orderingfor all techniquesto allow fastandflexible parametermodification
andrenderingmodechanges.Althoughtheunifiedimplementationis achievedat
the costof slightly lower renderingperformancethanhighly optimizedspecial-
purposeimplementations,therenderingspeedis still interactiveevenon standard
desktophardware.
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Chapter 5

Space-EfficientObject
Representationfor Network
Transmission

Onemajor challengeof visualizationin generalis to dealwith large amountsof
data. Especiallyin volumevisualization,sizesof commondatasetsrangebe-
tweenseveralhundredsof Kilobytes,at theminimum,upto Gigabytesof uncom-
presseddata. In medicalvisualization,for example,volumetricdatasetsof size����� Ñ ½xð�� bit, i.e., 32MBytes in total, are quite usual. If standardcompression
like gzip [18], for example,is applied,datasetsusuallyshrink to about30–60
percentof theoriginal size– which is still in therangeof MBytes.

Processinghugedatasetsitself poseshigh-performancerequirementson the
visualizationsoftware,but alsostorageandtransmissionof volumetricdatasets
easily producebandwidthproblems,especiallyif multiple data setsare to be
treated.Frommedicalapplications,for example,weknow thatarchiving 3D data
sets,which accompany diagnosisdata,significantlystressesstoragedevicescur-
rently availablein commonclinical setups.

Visualizationover the Internetis even more critical, concerningthe sizeof
volumetric datasets,and concerningstorageproblems. Web applicationslike
remotediagnosissuffer from low transmissionrates,even over local networks
(LANs).

The applicability of the more flexible fat-client solution to volume visual-
ization strongly dependson the effectivity of the compressiontechniquesused
for transmissionof the dataset. Losslesscompressiontechniques– for general
data[18] aswell asespeciallyfor volumetricdata[17] – usuallyachieve rather
low compressionratios(around2), which is not sufficient to significantlywiden
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thebandwidthbottleneck.Using lossycompression[7, 32, 46], reductionratios
in therangeof 5:1 to 50:1canbeachievedwhile maintainingacceptablequality
of the visualizationresults. On the other hand,medicalapplications,typically
prohibit changesto the accuracy of the data,as inducedby lossy compression
methods.Hierarchicalmethods,like wavelet compression[32] combineadvan-
tagesof lossyandlosslesscompression.By transmittingandconsideringjust a
small fraction of the coefficients (around5%) imagesof acceptablequality can
begenerated.On theotherhanddatavaluesof theoriginal volumecanberecon-
structedif all coefficientsareconsidered.A usefulpropertyof waveletcompres-
sionandmany lossycompressiontechniquesis theability to rendercompressed
datadirectly, withoutprior expansionanddecompression.

Polygonal representationsof structureswithin the volume (e.g., of iso-
surfaces)canbeusedto realizesolutionswhichareacompromisebetweenapure
thin- andfat-clientapproach.The volumeis kept at the server, just the polygo-
nal surfacemodelis transmittedandrenderedat the client. Changesof viewing
parametersrequirelocal renderingonly, just changesaffecting the shapeof the
modelrequirea recomputationat theserverandtransmissionof surfacedataover
thenetwork. To reducethebandwidthrequiredto transmitthemodelandto im-
prove the interactivity of renderingat low-endclients,progressive refinementas
well asfocus-and-context techniquescanbe used[15], tradingquality of repre-
sentation(in lessrelevantregionsof thevolume)for speed.

Purethin-clientsolutionson theotherhand,allow to performvisualizationon
low-endclientsmakingat thesametime shareduseof specialpurposehardware
at theserver (multipleCPUsand/orVolumeProboard[48], for example).

Oneapproachto determinethe effectivenessof compressiontechniquesfor
volumetricdatasetsandtheirsuitabilityfor Internet-basedvisualizationis to com-
parethesizeof compressedvolumesversusthesizeof imagesof thesamedata.
Thiscomparisonis usefulasit directlycorrespondsto thetrade-off betweenthin-
andfat-clientsolutions.If sizesof compressedvolumedatasetsarein thesame
rangeassizesof imagesthereof,andgiven the client to provide sufficient com-
putationalperformanceto carry out most of the visualizationstepsitself, then
fat-client solutionsbecomefeasibleeven via the Internet. The proposedtech-
nique [40] achievescompressionratessuchthat, given a ����� Ñ dataset as well
as �ïð
� ¼ images(24bits per pixel) in compressedGIF-format,about2–5 images
alreadyarebiggerin sizethanthecompressedvolumedataset.
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Figure5.1: Boundaryextraction,compression,andvisualizationpipeline

5.1 The BasicIdea

Theeffectivity of thepresentedapproachis basedon theobservationthat for the
vastmajority of applications,especiallyin medicalvisualization,volumetricdata
is renderedby displayingeitheriso-surfaces[33] or surface-likestructuresdefined
by areasof high gradientmagnitude[29]. In bothcases,the resultof thevisual-
izationis determinedby contributionsof just a small fractionof all datasamples.
By just codingthosevoxels of an object,which actuallycontribute to its visual
appearance,i.e., thevoxelsstoredwithin theRenderList , thesizeof thedata
setis greatlyreduced.Thereby, asmall-scaleboundaryrepresentationof volumet-
ric objectsis generated(figure5.1,Sect.5.2).Compressionof theRenderList
representation,which exploits spatialcoherenceamongneighboringvoxels,pro-
ducesa very compactobject representation(Sect.5.3) which is well-suitedfor
network transmission(Sect.5.4).Theinformationcontainedwithin this represen-
tationof objectsallows interactive renderingat a client without any dependency
onhardware-support,andwith moreflexibility regardingvisualizationparameters
thanpolygonalsurfacerepresentations(ademonstrationappletis availablefrom
http://bandviz.cg.tuwien.ac.at/ basin viz/ compr essi on/ ).

The first stepto obtainan efficient representationof boundedobjectswithin
a volumetric dataset is the identificationand extraction of voxels which con-
tributeto theobject’s visual representation,i.e., theboundaryof theobject. This
is performedduringapreprocessingstepusingoneof thetechniquesdescribedin
chapter4. Bestcompressionresultsareobtainedif objectsurfaces(iso-surfaces
in general)arecreatedandstoredinto RenderList s. Usuallyjust 5–10%of all
voxelsbelongto theboundaryrepresentation.
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Within theRenderList , voxelsaregroupedinto slicessharingthesameã co-
ordinate(seefigure5.1).Within aslice,theboundaryvoxelsform contoursof the
object– a setof connectedsequencesof voxels. Exploiting spatialcoherenceof
thecontour, thepositionsof voxelswithin thesliceareefficiently encodedinto a
compresseddatastream.Voxel gradientsarecompressedin thesameorderasthe
correspondingpositions,usingaspecialcompressionscheme.Additionalstreams
of voxel attributes(= datachannels),likedatavalue,gradientmagnitude,etc.,can
beoptionally encodedin a similar way. Theoutputof thecompressionstepis a
boundaryrepresentationof volumetricobjects,typically compressedby a factor
of 10–100comparedto theoriginal volume.

By transmittingthe datachannelsin a specificorder, for example,position
datafirst, gradientslast, a preview of the objectswith full spatialaccuracy can
be displayed(figure 5.4) after transmittingjust a few Kilobytes of data(using
estimatedgradientsfor shading).

The decompressedboundaryrepresentationcan be directly converted to a
RenderList andrendered.Comparedwith a polygonalrepresentationof the
boundarysurfaces,this approachpreserves the full accuracy of the dataset at
muchlower memorycost,allows interactive renderingon low-endhardwareand
providesmoreflexibility with respectto renderingparameters.Transparency, non-
photorealisticshading,andthefusionwith truly volumetricobjectsareeasilypos-
siblewithout performancedegradation(seefigure5.2for examples).

5.2 Extraction of Boundary Voxels

For boundaryvoxel specification,eithertheiso-surfacemetaphor, or apredefined
andexplicit segmentationmaskisused.In thefirst case,thetechniquedescribedin
chapter4.3 is used.The6-connectednessof theresultingsetsof boundaryvoxels
is usefulfor exploiting coherenceduringcompressionof thecontours.Boundaries
of objectswhich are definedusinga segmentationmask,can be extractedin a
similar wayandalsoresultin 6-connectedsetsof voxels.

Althoughbestcompressionefficiency is achievedfor surface-like voxel sets,
truly volumetricobjectscanbeextractedandcompressedin thesameway. This
is especiallyusefulfor thevisualizationof spatiallycomplex structures,like ves-
selsin medicalangiographydatasetsor complex chaoticattractorsin thefield of
dynamicalsystems[4].

71



(a) (b)

Figure5.2: a) By adjustingthevisualizationmappingsat theclient, theskin sur-
facehasbeenrenderedusinga non-photorealistictechniqueon top of thePhong
shadedskull. b) A datachannelcontainingdistanceinformationhasbeenused
to modulateopacity of the basinsurfaceto emphasizeareasof almost-contact
betweenthesurfaceandtheattractorcontainedwithin.

For theextractedvoxels,attributeslikevoxel position,datavalue,gradientdirec-
tion andmagnitude,andapplicationspecificattributesarestored.Whenonly the
displayof shadedsurfacesis desired,storingvoxel positionandgradientdirection
is sufficient.

5.3 Data Compression

Individual objectswithin the volumearecompressedseparately. Voxelsof each
objectaregroupedinto slicesof voxelswith thesameã coordinatewhicharepro-
cessedsequentially(seefigure5.1). To ensureeffectivity, differentdatachannels
(attributes)have to becompressedusingspecializedcompressionmethods.

5.3.1 Compressionof Position Data

Boundaryvoxels within a single ã -slice form object contourswhich consistof
face-connectedvoxels(seefigure5.3). Exploiting spatialcoherenceandconnec-
tivity, voxelscanbe groupedinto “sequences” which spatiallyfollow the object
contour. Duringcompression,thesliceis scannedfor non-encodedvoxels.When-
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Figure5.3: Encodingof voxel positions: slice scannedfrom top left to bottom
right a) long sequencesandsequencecontinuationsb) re-encodingof voxelsand
non-default steppingdirectionto reducenumberof sequencestartsandthusposi-
tion specifications

everoneis found,anew sequenceis startedandthepositionof thevoxel È���Â�Õ#�ml»Ì
is stored.Thesequenceis continued,by selectingandappendingoneof theneigh-
bor voxelsat it’ s end. As thecontourvoxelsareface-connected,potentialcandi-
datesfor continuationarelocatedat È.�RÂ ø ó�Ø�Õ#�7l»Ì or È���Â|Õ#�7lbøÙó|â�Ì with ó�Ø�Õ�ó|â
beingrespectively -1 or 1. Encodingthe selectionof oneof the four neighbors
asa successorwould require2bits. If the choiceis restrictedto two neighbors
by usingconstantvaluesof ó|Ø and ó|â for a wholesequence,eachvoxel contin-
uing a sequencecanbe specifiedby a singlebit, which defineswhethera step
by ó�Ø or ó|â is used.Althoughthis restrictionreducestheflexibility andthusthe
averagelengthof sequences,thecostpervoxel within a sequenceis cut by half,
outweightingthedisadvantageof shortersequences.

In caseswhereadirectneighborof thetrailing voxel of asequenceis present,
but can not be reachedusing the current(fixed) ó�Ø and ó|â values,a sequence
restartcan be performed,continuingthe sequenceat this neighborwith a new
valuefor ó�Ø or ó|â . To realizethis,eachsequenceis followedby acommandcode
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which specifieswhetherthe sequenceends,or restartswith a differentstepping
direction.Thepresenceof arestartcodeimplicitly definesthepositionof thestart
voxel of the new sequence.As the previous sequencehadto be terminated,no
successorsof it’ s last voxel arepresentin it’ s ó�Ø and ó|â direction. Oneof the
remainingtwo neighborsis thesecondbut lastvoxel of theinterruptedsequence,
so the otheronenecessarilyis the startingvoxel of the new sequence.The new
valuesof ó�Ø and ó|â arederivedfrom ó|Ø and ó|â of theold sequence.Depending
on whetherthelaststepof thesequencewas ó|Ø or ó|â either ó�Ø or ó|â is inverted.
Althoughbeingmorerestrictive thanwith anexplicit specificationof ó|Ø and ó|â ,
this strategy still allows encodingof cyclic structureswith a singlepositionspec-
ification andrestartcommandswithin achainof sequences.

For eachcombinationof ó|Ø and ó|â values,oneof thepossiblesteppingdirec-
tionsis preferred,whenever bothwayscanbetaken. Thepreferenceis chosenin
away, thataclockwiseprocessingof closedobjectswill stayascloseto theouter
borderaspossible.For example,for ó�Ø à ð and ó|â à ð like in thefirst sequence
of figure5.3a,stepsby ó�Ø arepreferred.

After thecreationof longsequences,usuallygroupsof shortsequencesor even
non-connectedvoxels remain. Startinga new sequencefor eachof thesevoxels
is expensive. Usually most of thesevoxels canbe encodedat a lower cost by
joining theminto sequencesre-usingvoxelsalreadyencodedearlierin theprocess
(figure5.3b).In general,asequencehasto becontinued,reusingalreadyencoded
voxels,if this allows to reachnon-encodedvoxelsat a costwhich is lower thana
“sequenceend”andthestartof a new sequence.

As thescanfor non-encodedvoxelswithin a slice is performedin ascendingØ and â direction,using ó�Ø à ð and ó|â à ð asa default steppingdirectionfor
newly startedsequencesis usuallya goodsolution– voxelswith smaller Ø and â
coordinatescomparedto thecurrentonearealreadyencodedin thiscase.In some
caseshowever, keepingó|Ø à ð and ó|â à ð asdefault directionstendsto generate
a lot of shortsequences“sequencetrashing”(figure5.3b). Insteadit is betterto
first search“backwards” from theidentifiednon-encodedvoxel (using ó�Ø à �xð ,óÏâ à ð ) andto start the new sequenceusing ó|Ø à ð and ó|â à �xð at the last
voxel found (for reasonsof simplicity no backward scanwasperformedfor the
sequencesof figure5.3a).At eachsequencestartonebit is usedto store,whether
thedefault steppingdirection Èºð�Õ�ð�Ì , or thedirectionof thebackwardscanÈºð�Õ&��ð�Ì
is used.

For furthercompression,thesequencedatais separatedinto four streams.The
position streamstoresstartingpositionsand steppingdirections. Positionsare
storedusingHuffmanencodeddifferencesbetweensuccessive coordinatevalues
(Typically 12bits perstartingcode).The lengthstreamstoresinformationabout
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sequencelengths(Huffmanencoded,5bits persequence).Thestepstreamstores
theinformationfor building up sequences(onebit pervoxel). As ó�Ø and ó|â steps
tend to clusterdue to the presenceof a preferredsteppingdirection, this infor-
mationis run-lengthencoded,usingagainHuffmanencodingfor therun-lengths.
Thecontrol streamis usedfor thesequencecontrolinformation(end/restart,1bit
persequence).As many restartsat thebeginningof encodingaslicearefollowed
by shortsequencescollectingisolatedvoxelstowardstheendof encoding,which
leadsto clusteringof restartandendcommands,run-lengthencodingcombined
with Huffmanencodingis alsousedhere.Combiningall thosestreams,anaverage
of 2bits is requiredto encodethepositionof asinglevoxel.

Within all otherdatachannels,voxelsareencodedin thesameorderastheir
positiondata. This orderingallows to exploit spatialcoherencewithin voxel se-
quencesalso for attribute encoding. For subsequentoccurrencesof re-encoded
voxels,of course,noattributeinformationis stored.

5.3.2 Compressionof Gradient Dir ection Data

As a first step,gradientvectorsarenormalized,transformedto polarcoordinates
andquantizedto 2x6bits. Thesamerepresentationis usedby therenderingalgo-
rithm for interactiveshading.By exploiting spatialcoherencewithin theencoded
streamof voxelsthegradientinformationis reducedto 3–8bit pervoxel, depend-
ing on thesmoothnessof theboundary. Both polarcoordinatesareencodedinto
separatestreams,storing differencesbetweencoordinatesof successive voxels.
As most of the differencedataconsistsof sequencesof valuesin the rangeofìn�xð�Õ�ð»ñ whichareoccasionallyinterruptedby largervaluesor clustersthereof,the
encoderswitchesbetweentwo differentcodingschemes.Thefirst schemeis used
to encodesequencesof differencesin therangeof ìn�xð�Õ�ð�ñ using1bit for 0 (most
common),2 and3bits for -1 and1, anda 3bit codeto switchto theotherencod-
ing scheme.LargerdifferencesareencodedusingHuffmancodingwith anextra
symbolto switchto theencodingschemefor small values.A switch to thecode
for smallvaluesis only performedto encodesufficiently long sequencesof small
values(keepscostof switchinglow).

The useof predictiontechniquesfor estimatinggradientsand the encoding
of thepredictionerror insteadof encodinggradientdifferencesseemsto promise
good resultsat first glance. Nevertheless,testsperformedusing linear regres-
sion[45] with a diameterof influenceof 3 and5 for gradientestimation,indicate
thatcompressionratesobtainedusingthistechniqueareworsethanwith theabove
approach.Oneexplanationof this observationmight bethat thegivendifference
dataactuallyexhibitsvery little spatialcoherencein thedatastream.

75



(a) (b)

Figure5.4: Estimatedgradients(a)areusedfor shadinguntil theoriginalgradient
datahasarrived(b)

5.3.3 Compressionof Other Data Channels

Additional data channels,like gradientmagnitude,data value, etc., are com-
pressedin thesameorderasthepositionsof thevoxelsto exploit spatialcoherence
also.Huffmanencodingof differencesof successivevaluesandadditionalzlib
compression(for furtherreductionof uniformareas)is used.

5.4 Data Transmissionand Decompression

Thecompresseddatasetconsistsof two parts:a header, which containscontrol-
informationabouttheobjectsandtheirpositionwithin thedata,informationabout
additionaldatachannelsandhow to usethemfor rendering.The body contains
voxel positionsandotherdatachannelsfor all objects.Thedatawithin thebody
is arrangedin a way which allows to obtaina view on thedataasearlyaspossi-
ble during loading. Objectsanddatachannelswhich aremoresignificantfor the
presetvisualizationmappingsarestoredandtransferredearlier thanlesssignif-
icant data(like actualgradientinformation). Datachannelsaresubdivided into
blocksof a few Kilobytes each. As soonasan entireblock hasarrived, it can
bedecompressedanddisplayedwhile thefollowing datais arriving. This allows
voxel datato berapidlyupdated,withouthaving to wait for thearrival of theentire
channel.Finally, asgradientinformationusuallyaccountsfor mostof thedatato
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dataset volume obj. bit/ bit/ bit/ file (w/o ratio to
size voxels pos gradient voxel gradients) gzip ped

volume
head-bone ����� ¼ 378k 2.0 7.0 9.0 430k 1:22½�ð
��� (95k) (1:97)
head-skin ����� ¼ 231k 2.1 5.8 7.9 229k 1:40½�ð
��� (60k) (1:154)
hand-bone ������¼ 191k 2.5 7.8 10.3 246k 1:45½?����� (60k) (1:186)
hand-skin ����� ¼ 170k 2.0 4.0 6.0 126k 1:89½?����� (41k) (1:273)

engine ������¼ 298k 1.7 5.1 6.8 253k 1:13½�ð�ð�î (64k) (1:51)
teapot ����� Ñ 152k 1.7 3.4 5.1 80k 1:4

(28k) (1:11)
attractor ����� Ñ 769k 1.8 4.9o 6.7 639k –o:o

(170k)
basin ����� Ñ 292k 2.2 0.6o 2.8 104k –o:o

(80k)

Table5.1: Compressionsurvey. o Scalarvaluechannelinsteadof gradients. o:o
Theattractorandbasindatasetshavebeenextractedfrom avolumewith avector
of several scalarvaluesat eachvoxel directly within the simulationapplication.
No explicit volumetricrepresentationis availableoutsidetheapplication.

be transmitted(Seetable5.1), for boundaryobjectsa locally computedgradient
approximation(linearregression[45] with a filter sizeof 5 while interpretingthe
dataasa binaryobject)canbedisplayedbeforetheoriginal gradientdataarrives
(seefigure5.4). For inherentlybinaryobjects,like basinsof attractionwithin the
phasespaceof a dynamicalsystem[4] the locally computedgradientscan en-
tirely replacethe transmissionof gradients,significantlydecreasingthe amount
of transmitteddata.

5.5 Results

Table5.1presentsthecompressionratesobtainedby applyingthetechniqueto a
collectionof datasetsfrom differentapplicationfields. Theheadandhanddata
setsareCT scanscontainingobjectstypical for medicalapplications.Boneand
skin surfacesextractedfrom thedataareusuallymadeup from 1–4%of all vox-
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els.Usingourcompressionschemetheboundarydatais compressedby afactorof
20–90comparedto theoriginalvolumewhencompressedwith gzip . If gradient
informationis notstoredbut approximatedat theclient thecompressionfactorin-
creasesto 100–270.Thecostof compressingvoxel positionswithin suchdatasets
is relatively independentof thesurfaceshape(approximately2–2.5bit/voxel). The
costfor storinggradientsdependson thesmoothnessandcurvatureof thesurface
andvariesbetween4 and8bit/voxel. For objectswith artificial, “well-behaved”
surfaceslike theCT scanof anengineblock or thevoxelizedteapot,bettercom-
pressionis achievedfor bothvoxel positionandgradientdata.Theattractorand
basin-of-attractiondata,obtainedfrom the simulationof a dynamicalsystem,is
alsoeffectively compressed– especiallyasthebasinboundaryis derivedfrom a
binaryclassificationof spaceandnogradientinformationhasto bestored– it can
be reconstructedfrom the surfaceshapeat the client. Compressionfor eachof
theexamplesmentionedabovetakesapproximatelyonesecondonaPIII/733PC.
Decompressiontimings for locally storeddataaresimilar on the samePC. An
appletwhich implementsthe describedtechniquesandall compresseddatasets
discussedanddepictedhereareavailableat
(http://bandviz.cg.tuwien.ac.at/b asin viz/c ompressio n/ ).

5.6 Discussion

Many applicationsof volumevisualizationrequirethe displayof objectbound-
aries. Using thepresentedcompactvolumerepresentation,volumevisualization
becomesfeasibleevenovertheInternet,while still providing full spatialaccuracy
of thedata.Representingjust theboundaryvoxelsof objectsdramaticallyreduces
the amountof datato be transmittedor stored. By exploiting known properties
of the boundaryvoxels (like spatialcoherenceand inter-voxel connectivity) the
datais furthercompressed.Theresultingdatarepresentationis smallerby a fac-
tor of 20-250thanthe volumecompressedwith gzip . The locationof voxels
within thevolumeis compressedvery efficiently to about2 bit/voxel. Thecom-
pressionratesfor gradientdataarelower, in therangeof 3-8bit/voxel,asgradient
datais derivative informationcomparedto theoriginal data,andthuscontaining
lessspatialcoherence.Usinga propergradientreconstructionscheme,gradients
canbeestimatedfrom voxel positionsonly, allowing to displayobjectsjust after
thewell-compressedpositiondatahasarrived,insteadof waiting for theoriginal
gradientinformation.
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Chapter 6

RTVR – a Flexible Java Library for
Interacti veVolume Rendering

Dataexplorationandinteractivepresentationwith low demandsoncomputational
and/ornetworking resourceshavebeenthedriving factorsfor thedevelopmentof
theRTVR (RealTime VolumeRendering)library [39]. It unifiesthe techniques
describedin the previous chaptersinto a flexible framework which canbe used
to provide volumevisualizationon PC-hardware andcanbe easilyextendedto
includenew approachesandtechniques.In thischaptersomeof thedistinguishing
designissuesof RTVR aredescribedwhichareresponsiblefor its highefficiency
with respectto real-timevolumerenderingandflexibility .

In contrastto establishedvolume visualizationtoolkits like VolVis [2] or
VTK [53], which cover a very broadrangeof datarepresentationsandapplica-
tions,RTVR is focusedon providing interactive visualizationfor rectilinearvol-
umeson desktophardwareby relying on preprocessing,voxel extraction,andthe
RenderList asa flexible internaldatastructurewhich is well-suitedfor fast
rendering[42, 43, 44]. Thedatastructureitself andalsothefastshear-warpren-
deringwhich is usedby RTVR arenot suitedto performhigh-qualityrendering.
On the otherhand,z-buffer outputfrom the methodcould be usedto accelerate
high-qualityrenderingwhich is basedonray-casting.

The memory-efficient way of handlingvolumetric datamakes RTVR well-
suited for remoterenderingof volumetric data even over low-bandwidthnet-
works[40], eitherfor interactivepresentationof datawhichhasbeengeneratedof-
fline, or within asplit client/serverapproachfor onlinevisualization.Theamount
of datawhich actually is transmittedto the client for visualizationis very low
(aboutthe size of several images,seechapter5). The useris not restrictedto
pre-computedviews andhasfull controlover visualizationparameters.Theonly
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restrictionfor renderingis that just thosepartsof the volumewhich have been
pre-selectedfor presentationandtransmissioncanberendered.

Whenusedin adistributedclient/serverscenario,thesoftware-onlyrendering
approachof RTVR providesmuchmoreflexibility in termsof renderingparame-
tersthanvolumepreviewing usingtexturemappinghardware,still at comparable
or evenlowercostsin termsof bandwidthrequirements.

In the following, visualizationcapabilitiesand the internal structureof the
RTVR library arepresented.Section6.1 givesa shortoverview over therender-
ing featuresandvisualizationtechniqueswhich areimplementedby RTVR. Sec-
tion 6.2presentsRTVR’s internaldatastructure,its handlingof userinteractions,
andtherenderingalgorithmsused.Timingsfor typical applicationscenariosare
givenin section6.3.

6.1 Featuresof RTVR

Onecharacteristicfeatureof RTVR is its way of handlingandrenderingof vol-
umedata,which is highly optimizedto provide interactive feedbackduring the
manipulationof viewing, rendering,anddatamappingparameters.A high ren-
deringperformanceis achievedby efficiently excludingnon-relevantpartsof the
datafrom the renderingprocess.In commonapplications,like the visualization
of medicaldatafrom CT or MR scanners,usually only a small portion of the
dataactuallybelongsto theobjectof interest.Furthermore,meaningfulsettings
for renderingparametersmayrendertheinnerpartsof objectsopaque– a factex-
ploitedby earlyrayterminationtechniquesandalsoby thepreprocessingincluded
in RTVR.

RTVR interpretsthe input volumeasbeingcomposedof objects,like bones,
vessels,and other tissuemaking up, for example,a dataset of a humanhand
(figure6.1). Thenecessarysegmentationinformationis eitherobtainedtogether
with thevolumedataitself from anexternaldatasource,or is interactively com-
putedusingsimplethreshold-basedsegmentation.For rendering,datamapping
andrenderingparameterscanbeindividually assignedobjectby object. Besides
the usualmanipulationof objectpropertieslike opacityandcolor transferfunc-
tion, alsotheshadingmodelwhich is usedfor renderingcanbedefinedindivid-
ually for eachobject. This allows, for example,to combineobjectswhich are
renderedby usinga standardshadingmodellikePhongshadingwith objectsthat
arerenderedby theuseof non-photorealisticshading[10, 11]. In additionto the
shadingmodel, the way in which voxels areblendedto the imageplanecanbe
definedin anobject-awareway. Most volumerenderingpackagesonly allow to
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Figure6.1: Visualizationof a humanhandcreatedwith RTVR: surfacerender-
ing of vessels,combinedwith direct volumerenderingof bones,anda surface
renderingof the skin. The skin is clippedinto two parts,onepart shadedusing
Phongshading,theotherpart usinga non-photorealisticrenderingmodelwhich
emphasizescontours.

rendera wholedatasetusingeithertheusualopacity-blendedcompositing[26],
or surfacerendering[29, 44], or maximumintensityprojection(MIP) [42]. In
RTVR, compositingmodescanbe selectedon a per-objectbasisandcombined
with anotherinter-objectcompositingmode(two-level volumerendering[22]).
This allows to choosethe mostappropriaterenderingandcompositingparame-
ters for eachobject,dependingon the structureof the dataand the goal of the
visualization.

Anotherfeatureof RTVR is to supportthevisualizationof time seriesof vol-
umetricdataandof multi-dimensionalparameter-seriesof volumesfrom simula-
tion. The largememorydemandsof suchdataarecompensatedby the fact, that
dataextractedfrom a volumeandusedby RTVR for renderingis usuallymuch
smallerthantheoriginalvolume.Only extracteddataof thecurrentvolumehasto
bekept in memoryfor rendering,remainingpartsof thevolumeanddatawhich
belongto othertime (parameter)stepsareplacedinto a combinedmemory/disk
cache.

Amongother“standard”featuresof volumevisualizationsystems,RTVR pro-
videsthe ability to displaydataon planarsectionsthroughthe volume,enables
object and position picking by clicking into the renderedimage,and supports
theclipping of volumesor setsof individual objectsat planesandmorecomplex
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Figure6.2: Volumedataflow within RTVR: first, voxelswith actuallycontribute
to thevisualizationareextracted,thenthis representationof volumetricobjectsis
usedfor fastandflexible rendering.

structures.Datawhich hasbeen“clipped away” canbeomittedfrom rendering–
which is themostcommonapproach– or renderedusingdifferentrenderingpa-
rameters,for example,moretransparentthanthe non-clippedpart of the object,
or usingadifferentshadingmodel,which for example,displaysjust contours.

6.2 RTVR Intrinsics

The basicobjectandrenderingprimitive of RTVR is a voxel, i.e., a singledata
samplewithin the volume. During a segmentationanddataextractionstep(fig-
ure6.2), voxelswhich actuallyarerelevant for theuser-definedvisualizationare
extractedand stored(object by object) within a RenderList datastructure.
Thevoxel extractionstepusuallyleadsto a significantdatareduction.First,only
a portionof the original volumeactuallybelongsto objectsof interest.Second,
dependingon thedesiredvisual representationof theobject,only a subsetof the
object’s voxelshasto beconsideredfor rendering.If surfacerendering(usinga
fixediso-value)is performed,for example,a thin layerof voxelsis sufficientasa
representationof theobject.Whenrenderinganobjectby usingopacitytransfer-
functionswhich dependon gradientmagnitude[29], voxelswith a low gradient
magnitudedonotnoticeablycontributeto animageandthereforecanbeomitted.

Thevoxel setswhichresultfrom objectextractionarethebasicdatastructures
of RTVR. For visualization,this datais insertedinto a scenegraphandrendered.
An intermediaterepresentation,which canbe usedto storevisualizationresults
for laterinteractiveviewing is producedby transformingextractedvoxel datainto
a space-efficient compressedformat (seechapter5) [40] andstoring it on disk
togetherwith thecurrentlyusedvisualizationandrenderingparameters.For ren-
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dering,RTVR usesfastshear/warp projectionasdescribedin chapter4, which
requiresthedatato begivenasisotropicallyspacedvoxels.Fortunately, this does
not really restrict the useof RTVR for visualization. Data which is given on
non-Cartesiangrids, canbe resampledon-the-flyduring the extractionof object
voxels.

After extraction,the next stepin the visualizationprocessis the assignment
of voxel attributesto opticalproperties(transfer-function mapping).Oneor two
voxel attributescanbeselectedto influenceavoxel’scontributionto thevisualiza-
tion result.Thisattributesusuallyarethedatavalue,thegradientdirection,and/or
thegradientmagnitude.Therestrictionto two argumentsper transferfunction is
imposedfor performancereasons.For rendering,both valueshave to fit into a
16 bit field, which is typically subdivided into a 12 bit main channelfor a more
significantdatavalue,anda4 bit channelfor asecond,additionalvalue.

Thedatavaluesareusedto index look-uptablesto obtainandmodulatecolor
and opacity valuesin a way which is definedby the selectedrenderingmode.
Thelook-uptablesareusedto implementdifferenttransferfunctionsandshading
modelsin averyeffectiveway.

Dependingonthevisualizationparametersin use,someobjectvoxelsmaynot
contribute to a visualizationat all – as they may be, for example,totally trans-
parentafter applicationof the transferfunction. A backgroundthreadidentifies
thosevoxelsduringidle-timeandrearrangesthedatain a way that laterno effort
is spenton skippingthemduringthenext renderingpass.This is especiallyuse-
ful for acceleratingtherenderingof “fuzzy” objects,whereno exact information
aboutobjectshapeis availableat thetimeof extraction.

Theobjectdatacontainedwithin a singlescenegraphcanbesimultaneously
displayedin severalviews – a 3D view andseveralsectionsthroughthevolume,
for example. Parameterchangeswhich influencethe resultsof the visualization
canbecarriedouteitherby usingGUI components,or by directly interactingwith
objectswithin therenderedview. GUI componentsfor parameteradjustmentsare
automaticallyderivedfrom thevisualizationpipelineandgroupedinto a “control
panel”.Within a (3D) view, objectscanbeselectedby clicking on them,parame-
terslike thecameraposition,zoomfactor, light sourceposition,or objectopacity
andtransferfunctioncanbemanipulatedby draggingthemouse.

6.2.1 RenderList asData Representation

Duringtheobjectextractionprocess,thevolumeis scannedsliceby slice,produc-
ing for eachobjectwithin thevolumeadistinctRenderList which is in factan
arrayof RenderListEntry objects,eachonecontainingthe object’s voxels
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Figure6.3: Volumetricobjectrepresentation:voxelswhich arerelevant for ren-
dering an object are extractedslice by slice from the volume and storedinto
RenderList s.

within a slice (figure 6.3). Note, that the original (implicit) spatialarrangement
of datavalueswithin the3D arrayis sacrificedfor an object-awareenumeration
schemeof arbitrarilyarrangedvoxels.For eachvoxel it’ spositionwithin theslice
anda user-definablesetof attributesarestored. As gradientcomputationfrom
extractedvoxels is not trivial dueto the lack of connectivity informationwithin
the RenderList structure,gradientdirectionandgradientmagnitudeareusu-
ally precomputedduring the extractionstepandstoredwith the RenderList .
Typically, alsothe original datavalues(oneor morescalarvalues)areaddedas
attributeshere. All the attributesof a voxel are storedin separatearrays,the
RenderListEntry just storesinformationwhich is requiredfor rendering:

ò object-level opacityfor clippedandnon-clippedvoxelsò look-uptablesfor clippedandnon-clippedvoxelsò specificationof renderingmodefor clippedandnon-clippedvoxelsò a referenceto an array which containsa renderablerepresentationof
voxel data(derived from voxel attributes). Within this array, voxels be-
tween first and firstClipped belong to the non-clippedpart of
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an object, voxels betweenfirstClipped and lastInSlice belong
to the clipped part. Only voxels betweenfirst and last , respective
firstClipped andlastClipped haveto berendered,voxelsbetween
last and firstClipped , and lastClipped and lastInSlice
havebeenidentifiedby theoptimizer-threadasnon-contributingfor thecur-
renttransferfunctionsettingandarenot rendered.

The “blocking” of voxels into non-contributing, clipped, etc., as shown
in figure 6.3, is achieved by simply reordering the voxels within
RenderListEntry s during clipping and optimization operations. This
may be done, as the voxel order within a slice is not relevant for the fast
shear/warpalgorithmin usefor rendering.

For fastrendering,positionandattribute informationfor eachvoxel is fitted
into asingle32bit integer. The Ø and â coordinatesof thevoxel arestoredusing8
bit each,the ã coordinateis identicalfor all voxelswithin aRenderListEntry
asthey areall extractedfrom thesamesliceof thevolumeandthusit is storedjust
once. Using just 8 bits per coordinatelimits the maximumextent of an object
to ����� Ñ voxels. Larger volumesandobjectsareinternally split into ����� Ñ pieces
andthemissinghigh bits of thecoordinatesareencodedinto anoffset,which is
alsostoredonceat theRenderListEntry . Theremaining16bitsaretypically
split into a 12 bit anda 4 bit field which storethedataattributesusedfor render-
ing aspreviouslydescribed.This “renderable”voxel representationis attachedas
anadditionalarrayto eachRenderListEntry . Reorderingof voxel datadur-
ing clipping andoptimizationhasto beperformedsynchronouslyon all attribute
arraysaswell ason thederivedrenderabledataarray.

Although thecommoncoordinatestoredat theRenderListEntry for all
voxelsis referredto as ã for reasonsof simplicity, in fact threecopiesof thedata
andthusthreeRenderList s arerequiredfor the shear/warp algorithm– each
onegroupedandsortedby oneof thethreecoordinates.

Althoughthelimitation to two voxelattributeswith anoverallof 16bit for ren-
deringis clearlya limitation with respectto flexibility andaccuracy, thecompact
representationis perfectlysuitedfor very fastrendering.Togetherwith theability
to re-ordervoxelswithin aRenderListEntry therenderingprocessturnsinto
a “streaming”of sequentialchunksof voxels – an optimal scenariofor caching
andprefetchingasimplementedby recentprocessors.Theproblemof thelow bit
resolutionof dataattributesfor renderingcanbeaddressedby applyingintelligent
remappingwhencopying voxel attribute datainto it’ s renderableform: instead
of clipping low bits of an attribute, a logarithmicremappingcanbe performed,
or a certainsub-rangeof attribute valuescanbe mappedto the rangeof values
availablefor rendering.
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Java Peculiarities

Due to the specificway of memorymanagementas employed by currentJava
virtual machines(VM), a specialdatahandlingandcachingfunctionality is used
by RTVR to supportthe visualizationof hugedatasets(dozensto hundredsof
volumes),which areproduced,for example,by numericalsimulations[4]. The
maximumamountof memorywhich is availableto aVM hasto befixedat initial-
ization time. As thegarbagecollectionandobjectallocationmechanismsweeps
throughtheentireaddressspaceof theVM, allocatingmorememoryto theVM
thanphysicallyavailablewould leadto excessivepagingandstrongperformance
degradation. Insteadof allocatingsufficient memoryto fit even the largestdata
sets,RTVR usesaseparatememoryanddisk cachefor space-demandingpartsof
it’ s datastructures,i.e., the original volumedata,the extractedvoxel attributes,
andtherenderablevoxel data.Data,which is currentlynot usedfor rendering,is
placedinto thememorycacheandtherebypotentiallywritten to disk by a back-
groundthread.Requestsfor recentlyuseddatacanusuallybesatisfiedout of the
memorycache,whereasreadinglessrecentlyaccesseddatamayrequireto fetch
it from disk. Thecachefeatureis usedwhenlargedatasetsarevisualizedlocally,
andis disabledwhenRTVR is usedwithin aweb-browser.

6.2.2 The RTVR SceneGraph

After extraction,theRenderList s andattributedataof volumetricobjectsare
encapsulatedinto so-calledVolumeObject s and addedto a commonscene
graphfor rendering(figure 6.4). A commontask of all typesof nodeswithin
thescenegraphis to deliverup-to-dateRenderList s which representthecon-
tentof their subgraphs.In the following a shortoverview on themostimportant
nodetypesis given:

ò VolumeObject : Holds the RenderList of a singleobjectaswell as
informationonall parameterswhichaffect theappearanceandvisualization
mappingsfor this object.ò GroupNode : Theshear/warprendererperformsa back-to-frontrendering
of RenderListEntry s. In additionto providing a simpleway of han-
dling multiple objects,the main purposeof the GroupNode is to merge
andsort the RenderList s of it’ s sub-graphsinto a single list which is
sortedby thecurrentmainviewing axis( ã ).ò Dependingon the valueof a selectionparameter, the SwitchNode pro-
videsthe RenderList of oneof it’ s children. SwitchNode s allow to
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browse throughmulti-dimensionalarraysof volumes,like time series,or
parameter-dependentsimulationresults.ò ClipNodes filter andreorderthevoxelsof it’ s child nodesto implement
clipping.

Eachnodeis responsiblefor trackingchangesof parameterswhichaffect it’ scon-
tent and for performingappropriateactionsaccordingto changes. The actual
updateof renderabledatato reflect parameterchangesis carriedout as late as
possible,i.e., whena requestfor the affectedvoxel datais issuedfor rendering
(lazy evaluation).Keepingjust thecurrentlyvisible dataup-to-dateimprovesthe
responsivenessof the visualizationduring interactive parameterchangessignifi-
cantly. Furthermore,keepingeveryvoxel which is affectedby aparameterchange
immediatelyup-to-datewouldspoil theefficiency of any cachingscheme.An ex-
amplefor this would bea clipping operationappliedto therepresentationsof an
objectin 100timestepsof thedata.

The volumeinformationwhich is containedwithin a singlescenegraphcan
be displayedwithin multiple views. For multiple 3D views just the viewing pa-
rameters,like camerapositionmayvary, remainingparametersareencodedinto
theRenderList , which is sharedamongall views. Additional2D viewsonthe
datamaydisplaysectionsthroughthevolume,histograms,etc.

6.2.3 User Interaction

Thephilosophyof datamanipulationwithin RTVR is object-oriented.Oneof the
objectswithin the currentlydisplayedvolumeis selectedto be the “active” ob-
ject. Theselectionis doneby clicking on theobjectwithin therenderedimage,or
by selectingit throughtheGUI. Frompracticalexperience,it appears,thatdirect
interactionwith anobjectwithin the3D sceneis themostefficient way of work-
ing with data.Especiallyexpertuserspreferthis way of interacting,comparedto
usingstandardGUI components.Themostimportantpropertiesof theactiveob-
ject canbechangedby pressingoneof themousebuttonsanddragging.Transfer
function shape(contrast),opacity, andcolor canbe changeddirectly within the
3D view. Furthermore,cameraposition, light sourceposition,andzoomfactor
canbesetwithin theview. Themappingof mouseactionsto parameterchangesis
performedby anInteractionHandler component,whichcanbeadaptedto
meettheneedsof specificapplications(for exampleto implementstreamline in-
tegrationfrom thepositionof amouseclick for aflow-visualizationapplication).

As a supplementto parametermanipulationwithin therenderedview, all pa-
rametersof the active objectcanbe adjustedusingGUI componentswhich are
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automaticallygeneratedby RTVR. Thisparameterpanelallowsanexplicit selec-
tion of theactive objectandadjustmentof it’ s parameters,andcan(but doesnot
have to) be usedwithin any applicationwhich utilizes RTVR for visualization.
A real-timescreencaptureof aninteractivevisualizationsession,which wasper-
formed by a viewer basedon the RTVR library, canbe downloadedfrom web
pagehttp://www.vrvis.at/vis/researc h/rtv r/ .

Java Peculiarities

for Java-basedgraphicaluser interfaces,basically two APIs are available: the
AWT, availablein it’ s presentform sinceJava version1.1,andthemoresophis-
ticatedSWING 1.1, which is part of the Java runtimesystemsinceversion1.2.
The front end(GUI andrenderingoutput)of RTVR is provided usingboth, ei-
therAWT or SWING.As mostweb-browserscurrentlyprovide a 1.1virtual ma-
chine only, an AWT implementationis provided for compatibility reasons,de-
spiteof all it’ s inconveniencesanddeficiencies.The renderingperformanceof
theSWING implementationbenefits,for example,from a fasterimagehandling
(BufferedImage ) introducedin Java1.2.

6.2.4 Rendering

To achieve interactive renderingrateseven on standarddesktophardware, fast
shear/warp-basedparallelprojectionis used.Renderingto thebase-planeis per-
formedusingaback-to-frontcompositingof voxelsby theuseof nearest-neighbor
interpolation. In comparisonto previously presentedversionsof this fastalgo-
rithm [44], RTVR includesanextendedversion,which providesmoreflexibility
for mappingvoxel attributesto color and opacity. Threelook-up tables(typi-
cally ð�½*� bit, �[½ ð�� bit) areavailableat eachRenderListEntry for im-
plementingshadingandtransferfunctions.A setof combinationpatternsfor the
voxel attributesandlook-uptablesis providedby RTVR (Seefigure6.5) andse-
lectedby choosingan appropriaterenderingmodefor an object. This scheme
of combiningLUTs allows efficient processingwhile still enablingvariousways
of selectively applyingvisualizationtechniquesto objectswithin the data. The
RenderListEntry can also be extendedto provide user-definedrendering
functionality for it’ s voxels, which finally allows to implementany desiredop-
erationonvoxel attributesandlook-uptables.

Shadingoperationsareperformedusinga look-uptablebasedapproach,with
a 12-bit representationof the gradientvectorasan index. Using this approach
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Figure 6.5: Voxel renderingwithin RTVR: LUT1 can be usedeither for color
or opacitycomputations.For color computations,it canbe indexedby the4 bit
attributeor by theupperbits of the12 bit attribute. LUT2 is addressedby the12
bit attribute. LUT3 is addressedusingtheoutputof LUT1 or LUT2 (which may
beanidentity mapping),or acombinationof both.

variousshadingmodelscanbeimplementedefficiently andwith acceptablequal-
ity and appliedeven on a per-object basis. Two shadingmodelsare provided
by RTVR: a Phongshadingtable(figure 6.6a)anda non-photorealisticshading
table(figure6.6b)which enhancesthecontourof anobject[11]. Theshadingta-
bleshave to bere-computedaftereverychangeof vieweror light sourceposition,
which is not time critical due to their small size(4096entries). For rendering,
theshadingtableis placedinto LUT2 (figure6.5),andindexedby the12 bit data
channelwhich containsthe gradientvector. The outputof the look-up is not an
RGB color but an intensityvalue,which is thenusedto accessthe color trans-
fer function in LUT3. Although it would be possibleto combinelighting and
transferfunction mappingwithin a single look-up into LUT2 (like describedin
section4.4),splitting it into two stagesallows to reusethesameshadingtablefor
objectswith differentcolor transferfunctions.

Theopacityof a pixel is influencedby severalsources.An all-objectopacity
valueis alwaysincludedinto thecomputationandcanbeusedto tunetheoverall
opacityof entireobjects,independentlyof individual per-voxel opacitycalcula-
tions. The individual opacityof eachvoxel canbe derived from variouscombi-
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a) surfacerepresentationof a skull b) contourenhancedvertebrae

Figure6.6: RTVR renderingexamples

nationsof datachannelandlook-up operations.In the following, a few sample
colorandopacitycalculationsetupswill bediscussed,which implementdifferent
volumerenderingapproaches.

p displayof (iso-)surfaces: thesurfacevoxelsof anobjecthave to beshaded
andblendedusing the object opacity. A Phongshadingtable is put into
LUT2, theresultingintensityvalueis usedtoaccessacolortransferfunction
in LUT3. Thetransferfunctionis arampof objectcolorvaluesstartingwith
maximumlightnessandminimumsaturation(white,or moregenerally, the
color of the light source)and evolving towardsmaximumsaturationand
minimum lightness(objectcolor, ambientlight, seefigure 6.6a). By just
renderinga thin layerof voxelswhich form thesurface,theobjectopacity
canbeusedto influencethetransparency of thesurfacein thesameway as
analpha-valueinfluencestheappearanceof apolygonalsurfacemodel.

p Opacity weightedby gradient magnitude: if voxels in areaswith high
gradientmagnitudeare renderedas being ratheropaque,material transi-
tions becomevisible assurfaces. The usualapproachfor volumerender-
ing with this type of transferfunction requiresaccessto threevaluesfor
eachvoxel: datavalue(for color andopacityfrom transferfunction),gra-
dient direction(for shading)andgradientmagnitude(for opacitymodula-
tion). As only two attributescanbe storedin the renderabledataarrayof
a RenderListEntry , two of theabove threevalueshave to bechosen.
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If thevoxel datavalueis storedin the12 bit channel,anda properlytrans-
formedgradientmagnitudein the 4 bit channel,an unshadedvolumecan
be rendered.LUT1 is indexed by gradientmagnitudewhich yields voxel
opacity, thedatavalueindexesLUT3 which holdsthecolor transferfunc-
tion. As analternative, thegradientdirectioncanbestoredinto the12 bit
channelinsteadof datavalue,andusedto computeshadedvoxelsusinga
shadingtable in LUT2 anda color transferfunction in LUT3. The result
is a transferfunctionwith opacitysolelydependenton gradientmagnitude,
andnot on datavalue.To obtaina bettercontrolover theappearanceof the
rendereddata,a threshold-basedpre-segmentationcanbeappliedto obtain
independentcontrolover theparametersfor differentvoxel valueranges.

p Bright objectoutlines: LUT2 is loadedwith ashadingtablewhichmapsthe
anglebetweenviewing directionandgradientdirectionto intensity. LUT3
containsa transferfunctionwhich is usedto tunecontrastandcolor for the
specificobject. Resultsof this techniquecanbeseenin figure6.6b. If the
resultof theLUT2 look-upis alsousedasvoxel opacity, theobjectbecomes
almostentirely transparent– exceptfor thecontourswhich remainopaque
(figure6.1,clippedskin).

p Coloredcontouroutlines: contoursarecoloreddifferentlyfrom theremain-
ing (Phongshaded)partsof theobject(similar to themethodpresentedby
EbertandRheingans[11]). A specialshadingtablewhich encodesPhong
shadinginformationinto lower bits, andthe “contourness”of a voxel into
higher bits of the resultingvalue, is generatedand placedin LUT2. An
accordinglydesignedcolor transferfunctionis placedinto LUT3.

In additionto color andopacityvalues,alsothe compositingmodecanbe indi-
vidually definedfor eachobject – for example,maximumintensity projection,
or the usualopacity-weightedblending(DVR). The action to be performedfor
compositingin-betweenobjectscan be definedindependentlyfrom the object-
compositingmodes(two-level volumerendering[22], figure6.7a).Object-aware
compositingrequiresthe useof two separatepixel buffers, onefor compositing
within anobjectandonefor compositingof theglobalimage(figure6.5).

Clippingof objectsis handledin awaywhichdiffersfrom theusualapproach.
Insteadof simplynotdisplayingpartsof objectswhichhavebeenclipped,clipped
data is renderedusing a different set of attributes. Separatevaluescan be set
for clipped-objectopacity, renderingmode(LUT configuration)andlook-uptable
content. The compositingmodehasto remainthe samefor clipped and non-
clippedpartsof an object. By settingclippedobjectopacity to zero, the usual
effect of removing clippeddatais obtained(figure6.7b). By using,for example,
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a) MIP for bone, DVRfor screws b) object-awareclippingof skinsurface

Figure6.7: RTVR renderingexamples

Phongshadingfor non-clippedvoxels anda contour-only renderingfor clipped
parts, insight into an object can be given, while still providing a sketch of the
mostsignificantfeaturesof theclippedpartasacontext (figure6.1).

To obtainhigh framerates,despiteof theflexibility of color andopacitycal-
culationandcompositingmodeselection,optimizedroutinesareimplementedfor
frequentlyusedrenderingmodesandcompositingmodecombinations.Scenes
whichrequireonly MIP or DVR (within andin betweenobjects),canberendered
with theusualapproachanddonot requiretwo pixel buffers. If pureMIP is used,
voxelscanbesortedandgroupedinto RenderListEntry sby valueinsteadof
the q coordinate[42]. In this case,projectingsortedvoxelsfrom lowestvaluedto
highestvaluedoneseliminatesthe needfor maximumsearch.However, if MIP
is combinedwith other compositingtechniqueswithin the scene,back-to-front
renderingandthussortingby the q coordinateis requiredalsofor objectscom-
positedby MIP, asthey mayinterleave with otherobjectsrenderedwith different
techniques.

6.2.5 Data Optimization

Dependingon the compositingmethodin use,on the contentof look-up tables,
andon the renderingmodewhich definesthe usageof the tables,a significant
percentageof an object’s voxels may not contribute to a renderedimageat all.
For example,whenMIP is usedfor compositing,blackvoxels (after the transfer
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dataset size scene MIP DVR DVR/ mixed
voxels mono MIP/DVR

hand& vessels 256r�s 124 380k 80ms 135ms 80ms 170ms
head& vessels 256r s 158 640k 100ms 185ms 110ms 290ms

attractor& basin 256t 1M 130ms 250ms 140ms 333ms

Table6.1: Timingsfor variousdatasetsandrenderingmodes

functionmapping)donotcontributeto theresult.If DVR is used,(almost)totally
transparentvoxelsprovide no visible contribution. RTVR utilizes a background
thread,which is activatedwhenever theapplicationis idle, to identify thosevox-
els and to reorderdatain a way which allows to simply skip non-contributing
partsfrom rendering.ThecurrentlyvisibleRenderList is scannedperiodically
for RenderListEntry s which have not beenoptimizedyet (or which have
changedsincethelastoptimizationandthusmayhaveto beoptimizedagain).De-
pendingontherenderingparametersof theRenderListEntry aclassification
of thevoxelsis performed.Voxelswhichhavebeenidentifiedasnon-contributing
aremovedto theendof thesequenceof clippedrespectivenon-clippedvoxels,two
pointersaresetto indicatetheendof voxelswhich actuallyhave to be rendered
(seefigure6.3). For somerenderingmodes,like therenderingof contoursonly,
opacityandcolor of voxelschangefor every new viewing position. In this case
thecontentof theshadingLUT is notconsideredasacriterionfor optimization.

6.3 Performance

High responsivenessof avisualizationsystemto useractionsis acrucialfactorfor
theeffectivity of dataexplorationandanalysis.Therenderingtimesfor thesurface
rendering[44], MIP [42] andtwo-level volumerenderingapproach[22] usedby
RTVR canbefoundin chapter4. Thus,insteadof broadlysurveying thebehavior
of eachmethod,a comparisonof themeasuredtimesfor renderingthesamedata
setwith RTVR usingvariousmethodsis given in table6.1. The measurements
have beencarriedout on a PII/400MHzPCusingthevirtual machineof JDK1.3
from Sunand the AWT frontendof RTVR. The sizeof the renderedimagesisuwv
x r . The first row shows timings for the dataset shown in figure 6.1. Skin,
bones,andvesselsarerepresentedby theirsurfacevoxels.Therenderingis carried
out usingMIP, DVR, a gray-scaleDVR view, anda combinationof DVR for the
vesselsandMIP for bonesandskin. Thesecondrow displaystimingsfor thehead
datashown in figure 6.7b, with bone,skin andvesselsrepresentedassurfaces.
The dataset in row 3 is similar to the one depictedin figure 6.8b. The basin
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a) basinsof attraction b) contactbifurcation–
anda critical surface(green) oneoutof a sequenceof 40volumes

Figure6.8: RTVR renderingexamples

is representedby it’ s surfacevoxels, the chaoticattractoris a highly complex
structure,andis thustreatedasa truly volumetricobject.

The pure renderingtime reflectsthe renderingperformancefor most inter-
actions. Theseinclude interactive changesof the viewing parameters(viewer
positionandzoom),changesto contentof look-up tables(moving light source,
changingtransferfunction),andchangesto theparametersandrenderingmodes
of objects.Clipping operationsrequirescanningandreorderingof objectvoxels.
During simpleclipping of all objectsat anaxisalignedplane,the responsetime
increasesby approximately40% comparedto when changingviewer position.
Timerequiredfor clippingatmorecomplex objectsdependsonthecomplexity of
the testwhich hasto beperformedfor eachvoxel. Clipping of a complex scene
at anobliqueplane,for example,canbedonewith 1–2framespersecond.Dur-
ing browsingthroughlarge(timeor parameter)seriesof volumes,voxel datamay
have to befetchedfrom disk cache,thusincreasingtheresponsetime by thetime
requiredto readthedata.Dependingonthesizeof thescene,thismayrangefrom
few milliseconds,to morethanonesecond.The time for extractionof new ob-
jectsfrom a volumedependson thecomplexity of the segmentationcriteriaand
on the amountof voxels selected(gradientcomputation). The extractionof an
iso-surfacefrom a

x�u�y t volumefor examplerequiresapproximately1.5seconds.

Thechoiceof thevirtual machineusedto executetheapplicationhassevere
impacton theperformance.Among the testedruntimeenvironments,fastestex-
ecutionand renderinghasbeenobserved for the VMs (1.1.6++,1.2, 1.3) from
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Sunon Windows and(1.1.8,1.2,1.3) from IBM on Windows andLinux. Virtual
machinesprovidedby web-browsersarein generalslower, probablydueto addi-
tionally performedsecuritychecks.Worst resultsareobtainedby theVM which
is usedby Netscapebrowsers(Version z|{ 4.7.4)onLinux – theresultsaremore
thantentimesslower thanthetimingsin table6.1.

6.4 Discussion

Using an efficient data representationand a fast renderingmethodvolumetric
datacanbe displayedat an averagedesktopPC at framerateswhich arecom-
parablewith thosewhich are achieved by consumer3D hardware. The soft-
ware approachprovides significantly more flexibility , like object-wisetransfer
functions, shadingmodelsand compositingmethods(MIP, DVR, ...). Taking
into accountpeculiaritiesof Java, all thosecapabilitiescan be madeavailable
to userswith standarddesktophardwareusingdifferentoperatingsystems.Us-
ing a compactvolume representation,the RTVR library can be also exploited
to provide highly interactive and flexible presentationsof visualizationresults
over networks, like the Internet. For samplevisualizationsusing RTVR see
http://www.vrvis.at/vis/researc h/rtv r/ .
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Chapter 7

SampleApplications

The presentedtechniqueshave proventheir usewithin severalprojectsfrom the
fields of medicaldatavisualizationand the visualizationof dynamicalsystems
(discrete3D maps).

7.1 Interacti ve Surface Rendering for Java-Based
DiagnosticApplications

ThesurfacerenderingandMIP approachesdescribedin chapter4 have beenim-
plementedinto theJava-baseddiagnosticsoftwarecalledJ-Vision/Diag by Tiani
Medgraph[44]. As puresoftwareapproaches,they arenot limited to specialized
hardwareandrunonany platformwhichprovidesaJava1.3runtimeenvironment.

7.1.1 SystemOverview

J-Vision/Diag is aJava-basedviewing anddiagnosticworkstationfor aTianiMed-
graphPACS (PictureArchiving andCommunicationSystem). The software is
usedby radiologiststo view anddiagnoseimagesfrom differentmodalitieslike
computertomographs,magneticresonancetomographsandultrasonicdevices.In
additionto basictwo-dimensionalviewing features,e.g.;zooming,filtering, and
windowing, thesoftwarealsointerpretsstacksof imagesasvolumesanddisplays
arbitrary cuts throughthe volume (MPR = multi-planarreconstruction),maxi-
mum intensityprojections(MIP) andsurfacerenderings.Efficient work flow is
achievedby a userinterfacewhich makesextensive useof socalledhot-regions
(clickableareaswithin the imagedisplayareawhich directly invoke frequently
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Figure7.1: J-Visionuserinterface

usedoperationson the data). Figure7.1 shows a screenshotof a typical work
benchwith simultaneousviewsof adatasetasasetof slices(topleft), usingMPR
(top right), the surfacerenderingalgorithm(bottomleft) andvariousvariantsof
MIP (bottomright).

7.1.2 Interaction Techniques

After loadingtheimagesfrom thePACSsystem,a volumeof interestfor surface
extractionshouldbedefinedwithin thedataset. This canbeintuitively achieved
by zoomingandpanninginto the desiredsectionof the original imagesandby
deselectingthoseslices,which shouldnot be involvedin the3D displayprocess.
If novolumeof interestis defined,thewholeimagesequenceis used.Thesurface
displayis initialized by selectingthecorrespondingdisplaymode.As no interpo-
lation is usedduringprojectionto theintermediateimageplane,thevoxelsshould
be equal-sizedin all dimensionsto avoid blurring due to strongerstretchingin
onedirectionduring the warp step. If necessary, to ensureequallysizedvoxels
andinteractivity, thevolumeof interestis resampledto obtainanew volumewith
a sizeof at most

x�u�y t voxels. If a moreaccurateview of somepart of the vol-
umeis required,anothervolumeof interestcanbeconstructedat thispositionand
displayedwithin anotherview of theworkbench.
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To improvetheefficiency of workingwith thedata,all frequentlyusedinteractions
canbecarriedout by clicking into specificportionsof theimage.For supporting
noviceusers,graphicaltool tipsappearif themouseis movedoversuchasensitive
“hot region”. Figure4.18shows, for example,the looking-glasssymbolfor the
zoomingregion. Clicking on it anddraggingthemousezoomsinto andoutof the
dataset. To avoid to distractexpertusers,thedisplayof thehot-region symbols
canalsobedisabled.A large region at thecenterof the imagecanbeclicked to
rotatethe object, regionsat the top of the imageallow to specify the threshold
andopacityfor thesurfaces.As theextractionof a new surfaceis theonly non-
interactive operationon the scene(seesection4.3.3for details)the thresholdis
displayednumericallyuntil the interactionis finished,thecorrespondingsurface
appearsshortly after finishing the interaction. As mostly CT-data,which hasa
well-definedtissue-to-valuecorrespondence,is visualizedusingsurfaces,provid-
ing feedbackonly after the interactionhasbeenfinishedposesno big problem.
In addition,thesurfacethresholdcanbeexactly specifiedusinga numericalen-
try field. Currently, theparametersfor two simultaneoussurfacescanbedefined
usinghot-regionswithin theimage,which is sufficient for mostapplications.

Clippingplanescanbedefinedandmovedusingsix hot-regionsat thebottom
of theimage.Two clipping planesperpendicularto eachaxisaredefined,onefor
clipping dataabove,andonefor clipping databelow aspecificcoordinatevalue.

In addition,thewindowing mechanism,which is familiar to radiologists,can
be usedto enhancecontrastandemphasizefeaturesof the original volumedata
which is displayedon theclippingplanes.}�~�� -movementsof themouseareused
to defineandmodify thewindow ���
�D��� whichmapsall datavaluesbelow ������~ x
to black,all valuesabove ������~ x to white,andthevaluesbetween�9�*��~ x and������~ x to auniformrampof grayvalues.

7.2 RTVR-BasedVolumeViewer

The RTVR library hasbeenusedasa basisfor a volumeviewer, which canbe
usedfor fastvolumeviewing andexploration.Visualizationsettingscreatedwith
theviewer (extractedobjectsandvisualizationparameters)canbestoredusinga
compactrepresentation(typically justafew hundredkilobytes[40], chapter5) for
later interactive viewing or for publicationon the Internet. The viewer supports
all featuresof RTVR, providing full control over the contentsof look-up tables
andtheir configuration,separaterenderingandshadingmodesfor all objects,as
well astheper-objectapplicationof arbitraryclipping planes,andthepossibility
to capturevisualizationsessionsfor thecreationof animationsequences.
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An applet version of the viewer which provides the above described
functionality, except for the extraction and creation of new objects, can
be used to view previously stored data within web pages. Some
pages which use the applet for the presentation of volume data can
be found at http://www.vrv is .a t/ vis /r es earc h/c ompr es si on/ and
http://www.vrvis .a t/ vi s/ res earc h/ rt vr/ .

7.3 Visualization of 3D Maps

A secondapplicationwhich makes useof the capabilitiesof RTVR is a visu-
alizationandanalysissystemfor 3D dynamicalsystems(discretenon-invertible
maps[38]) [4]. The applicationis usedto analyzeandvisualizestructuresand
events(bifurcations)within thephase-spaceof thesystems.

Objectsof interestareattractors(oftencomplex or evenchaotic),their basins
of attraction(i.e., the setof all systemstateswhich areattractedby themin the
limit) [20] andcritical surfaces(surfaceswhich separateregionsof phasespace
with differentproperties).Up to now, themostcommonlyusedvisualizationtech-
niquefor investigatingthis typeof structureswithin phasespacearesimpleplanar
cross-sections.Althoughthey well depicttheboundariesof a basinof attraction,
for example,it is difficult to convey the3D shapeof thebasinandevenmorethe
shapeof a complex attractorby just viewing a setof sections(figure 7.2). The
ability to view theobjectsin 3D with theoption to interactively changeviewing
parametersand to manipulateobjects,for example,to obtain crosssections,is
of greathelpduring investigationof thedata. As attractorsarecontainedwithin
their basinsof attraction,andfrequentlyalsobasinsarenestedwithin eachother,
efficient tools to dealwith occlusionarerequired,like the ability of object-wise
tuningof opacity, rendermodeandlighting modelwhich areprovidedby RTVR.
Thefeatureof mixing MIP with othercompositingmethodshasprovento bees-
peciallyusefulfor visualizingchaoticattractors.Their complex internalstructure
is well capturedusingMIP while producinglittle occlusion.At thesametime,the
attractor’s basinof attractioncanberenderedasa shadedsurface.

7.3.1 Data Acquisition

For visualization,avoxelizedrepresentationof phase-spaceandtheobjectsof in-
teresthave to be obtained.As this requiresextensive iterationof the difference
equationswhich definethe map,simulationandvoxelizationareperformedoff-
line. Thesimulationprocesscreatesa setof volumes(

x�u�y t voxelseach),which
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Figure7.2: Attractor, basin,andcross-sectionsthroughthem: Deriving the 3D
shapeof theobjectjust from sectionsis difficult.
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Figure7.3: Computationof a parametersequencesimulationusinga computa-
tional cluster

containbasin-labelinginformation(whichbasindoesthevoxel belongto?),visit-
countinformationfor attractorvoxels(how frequentlyis thevoxel visitedduring
iteration?),distancevolumeswhichstorethedistanceto theclosestattractorvoxel,
andfurther volumesstoringinformationrequiredfor the constructionof critical
surfaces.A post-processingstepextractsobjects’voxels(attractorvoxels,basin-
boundaryvoxels andcritical-surfacevoxels) for storageandlater viewing. The
time to performa singlesimulationis 3–10minuteson a PII/500PC with suffi-
cientmemory. Frequently, thecreationof wholeparametersequencesof datasets
is required,varyingthevalueof somedynamicalsystemparametersfor eachstep.
To efficiently carryout simulationin suchcases,aclusterof distributedcomputa-
tional serversis used(figure7.3). As thesimulationof differentparametersteps
canbeperformedindependentlyof eachother, thecomputationof eachstepcan
beassignedto any freecomputationalserver. Schedulingof thejobsis performed
by a masterserver, which collectsthe resultsof thesimulationandreturnsthem
to therequestingclient. Eventhoughextractedvoxel datais storedinsteadof en-
tire volumes,simulationsequenceswith tensor hundredsof parameterstepscan
easilyproduce100–300MB of data.
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7.3.2 Study of Bifur cations

Bifurcationsareeventswithin parameterspaceof the dynamicalsystem,where
thebehavior of thesystemchanges.For example,if a parameterof thesystemis
continuouslychangedfrom value � to � , the topologyof the basinsof attraction
may changeat somepoint (figure 7.6). Bifurcationsare often causedby con-
tactsbetweenstructuresassomeparameterof thedynamicalsystemis changed.
Frequently, theprocesscannot beinvestigatedanalytically, thusnumericalsimu-
lation is required.In 3D thedetectionof whereandhow suchcontactshappenis
extremelydifficult, if only 2D sectionsareavailableasavisualizationmethod.

For theanalysisof bifurcations,sequencesof up to hundredsof volumesare
computedfor differentvaluesof thebifurcationparameter. For investigation,the
dataproducedby thesimulationis loadedinto theviewer (thedisk-cacheimple-
mentedby RTVR is extremelyuseful for large sequencesof volumes). To ease
the detectionof contactsbetweenobjects,distanceinformationcanbe mapped
to voxel opacityor color, asshown in thesequencedepictedin figure7.4,which
illustratesacontactbifurcationbetweenanattractorandtheboundaryof it’ sbasin.

Figures7.5, 7.6, and 7.7 show the visualizationof anothertype of contact
bifurcation– thecontactof a basinwith a specificpartof a critical surface( ���� ),
andthe resultingchangein topology, namelythe creationof disjoint basinparts
(figure 7.6). Figure7.5, top left shows the basinsof four attractors(threeinner
basinsandoneouterbasin)togetherwith threesheetsof critical surfacestructures����?��� . If �������� is iteratedonce,by the applicationof the differenceequations
whichdefinethemap, ���� is obtained,whichis thefoldedstructuredepictedin 7.5
top right. Thesheetsof ���� subdivide phasespaceinto regions �;� with different
properties(adifferentnumberof pre-imagesfor all theinnerpoints).Thecrossing
of abasinboundaryinto oneof this regions(a regionwith morepre-images)may
causetheappearanceof disjoint partsof thebasin.

Identifyingthecontactfrom2Dslicesonly isanextremelydifficult task,apure
3D visualizationis alsonot well-suitedfor this purpose,as the critical surfaces
are folded in a complex way in the areaof interest(figure 7.5, sections). The
capabilitiesof RTVR allow to efficiently createa meaningfulvisualizationwhich
depictsthe locationof the contact(figure 7.7), by depictingonly objectswhich
areinvolvedin thecontact:onebasin,onesheetof the ���� , andtheboundariesof
oneof the � regions. Additionally, thedistanceof voxelsof thebasinboundary
to the ���� is mappedto color, andaclippingplaneis appliedto revealinsightinto
theregionof crossing.
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Figure7.4: Visualizationof a contactbifurcation: as the bifurcationparameter
is changed,theattractorapproachestheboundaryof it’ s basin(green).After the
contact,which happensat thesharedboundaryto thebluebasin,thegreenbasin
mergeswith thebluebasin(all thestatespreviously converging to thechaoticat-
tractornow convergeto thepointattractorof thebluebasin).Thechaoticattractor
disappears,only the point attractorof the blue basinremains.The distancebe-
tweenattractorandboundaryis color-codedon theboundary. Redpartsindicate
proximity of theattractor, andthusregionswhichprobablyareresponsiblefor the
contact.Thebluespotson theouterboundaryof thegreenbasinarealiasingarte-
factsdueto thediscretizationof phase-space.Thebluebasinis extremelyclose
(below theresolutionof thesampledvolume)to theouterboundaryof thegreen
basin.
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Figure7.5: �������� (top left image,threesheets����?���� ��� , ������¢¡£ ��� , and ������¢¤. ��� , depicted

togetherwith basinsof attraction)and ���� (top right image,threesheets ���� �¢��  ,��� �¢¡£  , and ����?�¢¤.  , depictedtogetherwith separatedzones ��¥ , � r , �;¦ , ��§ , and��¨ ) visualizedin 3D – theimagesbelow thetop row show planarintersectionsat
different(increasing)depthvaluesfor both3D illustrations.
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Figure7.6: Basinsof attraction(four attractorsexcept © ) visualizedbeforeand
afterthecontactbifurcation– thecreationof disjoint partsof onebasin(depicted
in cyan)is clearlyvisible.

Figure7.7: Thebasinof attractionwhich causesthecontactbifurcationis visual-
izedin 3D togetherwith responsiblepartsof the ���� .
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Chapter 8

Summary

Interactivity is crucialfor efficientexplorationandanalysisof volumedata.Com-
plex datasetsrequirecarefulandfrequenttuning of visualizationparametersto
obtain meaningfulvisualizationresults. The specificationof a proper transfer
function [23, 27, 29, 34], i.e., theassignmentof opticalpropertiesto datavalues
within thevolumeis acomplex taskwhichbenefitsgreatlyfrom immediatevisual
feedbackby interactiverenderingof thevolume.Themainobstaclefor interactive
volumerenderingis simply theamountof datato beprocessedfor generatingan
imagefrom a volumetricdataset. Typical volumesizesin medicinerangefromx�u�y t voxelsfor MR datato

uwv
x r�s x�ª�ª�ª voxelsfor dataacquiredwith recentmulti-
detectorCT scanners.For a straight-forwardapproach,this would meanshading
andcompositing16–500million voxelsfor eachsingleimage– a toughtaskeven
for multi processorhardware.Simplestraightforwardimplementationsof volume
renderingareonly competitivein termsof performanceif directly implementedin
hardware– like theVolumePro(vp500)volumerenderingboardfrom RealTime
Visualization[48].

Within this work, a novel, purely software-basedsolutionto interactive ren-
deringof volumetricdatais presented,which is ableto deliver interactive frame
ratesevenon low-endhardware. Theapproachis alsowell-suitedfor usein net-
workedenvironmentsdueto a compactdatarepresentation.Severaldistinguish-
ing featuresmake thepresentedmethoda fastandflexible solutionto interactive,
software-basedvolumerenderingfor low-endhardware:

p preprocessing: duringa preprocessingstep,voxelswhich potentiallycon-
tributeto avisualizationresultareidentified.

p voxel enumeration: possiblycontributing voxels are extractedfrom the
volumeandstoredin a derived datastructure,which is basicallya list of
individualvoxels.
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p compact representation: theextractedvoxelsarewell-suitedfor efficient
compressionandcanbe transmittedover a network for visualizationat a
remotecomputerat very low cost.

p voxel ordering: theextractedvoxelscanbeorderedin a way which is op-
timized for renderingusingspecificcompositingmodesandvisualization
parametersettings.

p fast rendering: A fastshear/warp-basedrendering[28] is usedto project
theextractedvoxels.

p object awareness: if segmentationinformationis available,extractedvox-
els canbe assignedto individual objects.Visualizationparameterscanbe
definedon a per-objectbasis,allowing to individually adjustopacityand
color transfer functions, shadingmodels,and even compositingmodes,
without muchimpacton renderingperformance.

The voxel extractionapproachcanbe seenasa hybrid approachbetweendirect
volumerendering,which directly operateson the original volumedata,andap-
proacheslike marchingcubes[33], which derive a polygonalrepresentationof
objectswithin the volume for rendering. On one hand,only a secondarydata
representationwhich representsthevolumeis usedfor rendering– thelist of po-
tentially contributing voxels. On the otherhand,the voxel datawithin this data
structureis just a space-efficient storagerepresentationfor a sparselypopulated
volume.

8.1 Preprocessing

Given a setof visualizationparameters,the goal of the preprocessingstepis to
classifyvoxelsof the volumeinto voxelswhich possiblycontribute to an image
andvoxelswhichdonotcontributeto animage.Theclassificationcriteriadepend
on thechosenopacitytransferfunction,thedesiredcompositingmethod,andthe
degreeof freedomwhichshouldbeprovidedfor furthermanipulationof thetrans-
fer function. Generallyspeaking,themorevoxelsareclassifiedasirrelevant,the
fewer datahasto beprocessedduringprojection,andthefastertherenderingbe-
comes.

Dif ferentrenderingmethodsanddatacharacteristicsrequiredifferentextrac-
tion strategies:

p Object surfaces (iso-surfaces): To obtain a representationfor the iso-
surface,the volume is scannedfor transitionsbetweenvoxels within and
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outsideanobject. If a voxel is locatedwithin theobject(datavaluegreater
or equalthanthethresholdfor an iso-surface)andif it hasat leastone26-
connectedneighboroutsidethe object, it belongsto the object’s surface
andis consideredto be relevant. The relevantvoxels identifiedduring the
scancorrespondto a 6-connectedsurfacewithin the volumeat the speci-
fiedthresholdvalueor objectboundary. The6-connectednessof thesurface
voxelsis requiredto ensurethatno holesappearduring(shear/warp-based)
renderingdueto displacementof voxelswithin successiveslices.Justa few
percentof all voxelswithin avolumeusuallybelongto ameaningfulobject
surface.

p Maximum Intensity Projection (MIP) : Most approachesto optimizethe
performanceof MIP renderingaim at excluding voxels from the traversal
andrenderingprocess,which containless-importantinformationlike low-
valuedbackgroundnoise. In fact, in additionto this low-importancedata,
thereis usuallya remarkableamountof voxels which never contribute to
a MIP image. A voxel « doesnever contribute to a MIP (andcanbe dis-
cardedfrom rendering)if all possibleviewing rays throughthe voxel hit
anothervoxel ¬ with ­���¬®��¯-­���«�� , eitherbeforeor afterpassingthrough« , where­���«�� is thedatavalueatvoxel « . This factcanbeexploitedwhen
original voxel valuesareusedfor renderingusingnearestneighborinter-
polation,asit is donewithin the presentedapproach.Several elimination
strategiescanbe appliedto identify suchvoxels, rangingfrom examining
just thedirectneighborsof eachvoxel, to trackingof voxel influencesinto
distantpartsof thevolume. By alsoconsideringviewing directioninto the
eliminationprocess,up to 75%of all voxelscanbediscarded.

p Gradient Magnitude Modulation : If a transferfunction is usedwhich
modulatesvoxel opacityaccordingto gradientmagnitude,gradientmagni-
tudecanbeusedasaneliminationcriterion.

8.2 Data Representation

All voxelswhich have beenclassifiedasrelevantareextractedfrom thevolume
andstoredin a secondarydatastructure.The structureis simply a list, or array,
containingattributeinformationfor theextractedvoxels. Eachentrycorresponds
to oneextractedvoxel, andholdsthevoxel’s position,datavalue,gradientinfor-
mationand/orotherattributes.If differentobjectsaredistinguishedwithin thevol-
ume,separatelistsarecreatedfor thevoxelsof eachobject.Thevoxelsaresorted
by oneof theattributes(for example,datavalue,or oneof thecoordinates),voxels
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Figure8.1: Datastructurefor efficient volumerendering.During preprocessing,
potentiallyrelevantvoxelsareextractedfrom thevolumeandstoredinto a list (an
array).For eachvoxel, theposition,anda setof attributesarestored.Thevoxels
areorderedby oneof theattributes,the“key” attribute.This might be,for exam-
ple,datavalue,or oneof thecoordinates.Groupsof voxelswith anidenticalkey
valuearejoint into RenderListEntry s.All RenderListEntry ssortedby
thekey valueform aRenderList .

within thelist canbegroupedinto blocks,so-calledRenderListEntry s,with
thesamevalueof a “key” attribute(figure8.1).To savememory, thekey attribute
hasto bestoredjust oncefor all voxelsof thegroup.All RenderListEntry s,
sortedby thevalueof thekey attributeform aRenderList .

For rendering,only informationcontainedwithin the list is used. Dif ferent
compositingmethodsrequireaspecificorderingof thevoxels:

p For DVR, aconsistentfront-to-backor back-to-frontorderis required.Vox-
els aresortedaccordingto depth(or the axis mostparallel to the viewing
direction,for shear/warp-basedrendering).

p For MIP , thespatialorderingof voxelsis not relevant.By sortingvoxelsby
valueseveral importantadvantagesaregained.Thevoxelscanbesplatted
in theorderof ascendingdatavaluesasthearrayis traversedfor rendering.
Thereforecomparingthevalueof theactualvoxel with thescreencontent
is not necessaryat all. Insteadof directly mappingdatavaluesto a linear
rampof grayvaluesfor viewing ( ­�°7±���² ³�°7±�� , ­�° �2´ ²µ³�° �2´ ), medicaldata
setsareusuallyviewedusingawindow to improvecontrastandto focuson
certaindetails. The window is definedby a centervalue � anda width �
which mapsall datavaluesbelow �¶����~ x to black,all datavaluesabove���·��~ x to white, and the datain betweento a gray ramp. As realistic
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window functions(suchasusedby doctors)mapsignificantportionsof the
datato black, the correspondingpartsof the voxel array can be skipped
duringrenderingat almostzerocost.

p For non-photorealisticvolumerenderingwhichenhancesobjectcontours,
opacityof a voxel maydependon thedirectionof thegradientvector. By
groupingvoxelsaccordingto gradientdirection,entiregroupsof transparent
voxelscanbeskipped.

8.3 Rendering

The fastestsoftware-basedrenderingmethodis shear/warp projection. Voxels
from the RenderList can be efficiently projectedonto the baseplaneusing
look-up tablesfor determiningprojectedpositions. To maximizeperformance,
nearest-neighborinterpolationis usedduringprojectionof voxels.Thecalculation
of thecontribution dependson thecompositingmodeused.If opticalproperties
of voxels arestoredat the correspondingRenderListEntry s (figure 8.1), it
is easilypossibleto assigndifferentparametersto eachgroupof voxels. In prac-
tice, all RenderListEntry s which storevoxelsof the sameobjectwill have
identicalparameters,likecolorandopacitytransferfunctions.

Projectionis performed,bymergingtheRenderList sof all distinctobjects,
andsequentiallyprocessingall RenderListEntry sof thejoint RenderList
which representsthe volume. Within eachRenderListEntry all voxels are
alsoprojectedsequentially. Thestrictly sequentialorderof voxelprojectionwhich
doesnotdependontheviewing directionleadsto anexcellentcache-efficiency of
this approach.

If renderingparametersarechanged,someof theextractedvoxelsmaybecome
irrelevant for the visualization. An effective way to skip themduring rendering
withoutmucheffort, is to reordervoxelsbelongingto eachRenderListEntry
in a way, that irrelevantvoxelsaremovedto theendof thegroup.This allows to
rendertheblockof relevantvoxelsat thebeginningof thegroup,andto efficiently
skip the remaining,irrelevant ones. Clipping or removal of partsof the volume
canbe donein a similar way. If voxelswhich areclippedandbecomeinvisible
aremovedto theendof eachRenderListEntry ’svoxels,they canbeskipped
in thesamewayasirrelevantvoxels.

For fastevaluationof lightingmodels,anapproachbasedonlook-uptablescan
beused[19]. For this purpose,thegradientvectoris quantizedto 12–16bit, and
storedwith thevoxelsasanattribute.Thecompactrepresentationof thegradient
vectoris usedasanindex into a look-uptablewhich storesprecomputedshading
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Figure8.2: a)mixing differentlighting models:Phongshadingfor thebone,non-
photorealisticcontourenhancementfor theskin. b) two-level volumerendering:
MIP for thebones,surfacerenderingof thescrews

information. Thecontentof the look-up tablehasto be recomputedwhenever a
factorwhich influenceslighting is modified,for example,a light sourceis moved,
or thevolumeis rotated.Dueto thesmall sizeof thetable(4096–65536entries,
dependingon thegradientquantization),variousshadingmodelscanbe applied
on a per-object basisat interactive frame rates. Phongshading[49] and non-
photorealisticshadingmodels[10, 11] canbeeasilymixedwithin a singleimage
(figure8.2a).

UsingtheRenderList -basedvolumerepresentation,notonly shadingmod-
elscanbeeasilyassignedon a per-objectbasis,alsotheobject-wiseassignment
of compositingmodescan be implementedefficiently. This allows to render
eachobjectusingthecompositingmodewhichfits its structurebest(figure8.2b).
For implementingthis feature(two-level volume rendering[22]) basedon the
RenderList structure,two setsof buffers areusedfor the baseplaneimage.
An objectbuffer is usedfor performingrenderingwithin anobject,while aglobal
buffer is usedto performinter-objectrendering.In additionto intermediatepixel
values,eachpixel of theobjectbuffer additionallystoresa uniqueID for thecur-
rently front-mostobject. If a voxel is projectedonto the intermediateimage,it’ s
ID is comparedwith thestoredID in theobjectbuffer. If bothIDs match,thevalue
in theobjectbuffer is updatedusinganoperationwhich correspondsto the local
renderingmodeof theobject(maximumselectionor blendingof thevoxel value
with the buffer content). If the ID of the voxel differs from the ID of the pixel
in the buffer, the viewing ray thoughthis pixel musthave entereda new object.
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The contentof the objectbuffer pixel hasto be combinedwith the correspond-
ing globalbuffer pixel usinganoperationwhich dependson theglobalrendering
strategy (MIP or DVR). Afterwardstheobjectbuffer pixel is initializedaccording
to thevoxel of thenew objectandthenew local renderingmode.After all voxels
have beenprojected,thecontribution of thefront-mostsegmentat eachpixel has
to be includedby performingan additionalscanof the buffers andmerging the
segmentvaluesleft in thelocalbuffer into theglobalbuffer.

8.4 Space-EfficientRepresentation

TheRenderList structurefor storingextractedvoxelsis well-suitedfor further
compression.Exploiting spatialcoherence(especiallyin the caseof extracted
surfacevoxels), voxel positions,gradientinformation, and datavaluescan be
compressedto a few bit per voxel. This compactrepresentationcanbe usedfor
efficient transmissionof extracteddatafor visualizationover low-bandwidthnet-
works,like theInternet.
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Conclusions

Thetechniquespresentedin thiswork allow to visualizevolumetricdataathighly
interactiveframeratesevenonstandarddesktophardware.Thekey tohighrender-
ing performanceis basedon theobservation,thatin many applicationsof volume
visualizationtherenderingof asmallpercentageof thevolume’sdatais sufficient
to depictthedesiredstructures.Theapproachpresentedin thiswork–scanningfor
voxelswhich contributeto thevisualizationconsideringthechosenvisualization
parameters,andtheextractionof relevantvoxelsinto asecondarydatastructure–
allows efficient skippingof non-contributing partsof the volumeduring render-
ing at zerocost. Dependingon the chosenrenderingmethodsandvisualization
scenario,this allows to get rid of up to 99%of thevolumedatawithout sacrific-
ing spatialaccuracy of thevisualizedobjects.Although it is possibleto perform
high-quality, cell-basedrenderingusinga similar datastructurecontainingvol-
umecells,thedatastructureis primarily designedto performreally fastrendering
of singlevoxels, for exampleusinga fastshear/warp-basedprojection. Clearly,
theapproachis a tradeoff betweenfastrenderingandhigh quality of theimages,
asarealsootherinteractivevolumevisualizationtechniques.

The explicit associationof extractedvoxels to segmentedobjectswithin the
volumeallows anextremelyefficient handlingof renderingandvisualizationpa-
rameterson a per-objectbasis.Without impacton renderingperformance,color
and opacity transferfunctions,shadingmodes,and even compositingmethods
canbe changedindividually for eachobject. The flexibility of the approachin
termsof the manipulationof visualizationparameters,makes it well suitedfor
dataexplorationandanalysis.

The compactrepresentationof the volume by the extractedvoxels is well-
suitedfor effectivecompression.It canbeutilizedto providevolumevisualization
capabilitiesoverslow networks,like theInternet.

The combinationof flexibility in termsof visualizationparametersandhigh
interactivity evenon low-endhardware,makesthepresentedtechniquesunique.
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ization of object contoursby non-photorealisticvolumerendering. Tech-
nical ReportTR-VRVis-2001-002at the VRVis ResearchCenter, Vienna,
http://www.vrvis.at/ , 2001.

[11] D. EbertandP. Rheingans.Volumeillustration:non-photographicrendering
of volumemodels.In ProceedingsIEEEVisualization2000, pages195–202,
2000.

[12] D. S. Ebert,R. Yagel,J. Scott,andY. Kurzion. Volumerenderingmethods
for computationalfluid dynamicsvisualization. In Visualization’94, pages
232–239,October1994.

[13] K. K. Udupa(Editor) andG. T. Herman. 3D Imaging in Medicine. CRC
Press,1999.

[14] K. Engel,P. Hastreiter, B. Tomandl,K. Eberhardt,andT. Ertl. Combining
localandremotevisualizationtechniquesfor interactivevolumerenderingin
medicalapplications.In ProceedingsIEEE Visualization2000, pages449–
452,2000.

[15] K. Engel,R. Westermann,andT. Ertl. Isosurfaceextractiontechniquesfor
web-basedvolume visualization. In ProceedingsIEEE Visualization’99,
pages139–146,1999.

[16] B. H. Mc Cormicket al. Visualizationin scientificcomputing.ACM Com-
puterGraphics, 21(6),1987.

[17] J.Fowler andR. Yagel. Losslesscompressionof volumedata. In Proceed-
ingsIEEE VolumeVisualizationSymposium’94, pages43–50,1994.

[18] J.Gailly andM. Adler. gzip . URL: http://www.gzip.org .

[19] A. S.Glassner. Normalcoding.GraphicsGems, pages257–264,1990.

[20] C. Grebogi,E. Ott, andJ. A. Jorke. Chaos,strangeattractors,andfractal
basinboundariesin nonlineardynamics.Science, 238:256–261,1987.

[21] R. B. HaberandD. A. McNabb. VisualizationIdioms: A conceptualModel
for scientificvisualizationsystems,Visualization in ScientificComputing,
pages74–93.1996.

[22] H. Hauser, L. Mroz, G.-I. Bischi, andE. Gröller. Two-level volumerender-
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