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Abstract

Volume visualizationis an importanttool for investigatingand presentingdata
within numeroudields of application. Medical imaging modalitiesand numer
ical simulationapplications for example,producehugeamountsof data,which
canbeeffectively viewedandinvestigatedn 3D. Theability to interactvely work
with volumetricdataon standarddesktophardwareis of utmostimportancefor
telemedicinecollaboratve visualization,and especiallyfor Internet-basedisu-
alizationapplications.

Thekey to interactve but software-basedolumerenderings anefficient ap-
proachto skip partsof thevolumewhich do not contributeto thevisualizationre-
sultsdueto thevisualizationmappingn useandcurrentparametesettings.In this
work, anefficientway of skippingnon-contrituting partsof the datais presented.
Skippingis doneat a negligible effort by extractingjust potentially contrikuting
voxelsfrom thevolumeduringa preprocessingtep,andby storingthemin a de-
rivedenumeration-lik datastructure.Within this structure yoxelsareorderedn
a way which is optimizedfor the chosencompositingtechnique,andwhich al-
lows to efficiently skip furthervoxelsasthey becomerrelevantfor theresultdue
to changedo thevisualizationparametersTogethemwith afastshear/varp-based
renderingandflexible shadingoasedn look-uptables this approactcanbeused
to provide interactve renderingof segmentedvolumes,featuringobject-avare
clipping, transferfunctions,shadingmodels,and compositingmodesdefinedon
a perobjectbasis,even on standarddesktophardware. In combinationwith a
space-difcientencodingof theenumeratedoxel datatheapproachs well-suited
for visualizationover low-bandwidthnetworks, lik e the Internet.



Kurzfassung

Die Visualisierungvon Volumsdatenist ein wichtiges Werkzeug zur Unter
suchungund Prasentatiorvon DateninnerhalbzahlreicherAnwendungsgebiete.
BildgebendeVerfahreninnerhalbder Medizin sowvie numerischeSimulationen,
liefern beispielsweiseDatenmengendie ohne Visualisierungim 3D kaum zu
bewaltigenwaren. Die Moglichkeit interaktver Manipulationvon Volumsdaten
auf desktop-PCsst insbesondera Hinblick auf Anwendungenn der Telemedi-
zin, kollaboratver Visualisierungsowie der Visualisierungiberdasinternetvon
groRerBedeutung.

Eine Vorbedingundir interaktive, softwarebasiert&olumsdarstellungst ef-
fizientes Ausschliel3envon nicht relevantenVolumsbereichervon der Projek-
tion (nicht relevant sind Daten, die keinensichtbarenEinflul3 auf dasErgebnis
der Visualisierunghaben). In dieserArbeit wird ein diesbefiglichesVerfahren
vorgestellt, das ein Uberspringemicht relevanter Voxel wahrendder Darstel-
lung faktisch ohne zusatzlichen Aufwand ermdglicht. Dazu werdenwahrend
einesVorverarbeitungsschritigotentiellrelevanteVoxel identifiziertundin einer
abgeleitetenDatenstrukturgespeichert. Durch entsprechendénordnung der
Voxel innerhalb dieser Datenstruktur konnen durch interaktve Veranderung
von Visualisierungsparameterninrelevant gevordene Voxel ebenélls effizient
ubegangenwerden. Zusammermit einer schnellen,shear/varp-basierterPro-
jektion und einer auf flexibler Kombinationvon Look-up-Tabellenbasierenden
Schattierung konnendie derartvorbereitetenvolumendatennteraktv auf PC
Hardwaredawgestelltwerden.Da innerhalbder extrahiertenVoxeldateneinzelne
segmentierteObjekteunterschiedemerdenkdnnen bietetdasVerfahrenweitre-
ichendeFlexibilit atbeiderVisualisierungWegschneiderinzelnelObjekte indi-
viduelleoptischeParameterTransferfunktionemind Beleuchtungsmodellspwie
die objektweiseWahl desCompositing-erfahrens.Eine effiziente Kompression
der Voxeldatenermbglicht den Einsatzdes Verfahrenszur Visualisierunguber
Netzwerle mit geringerBandbreitewie z.B. dasInternet.
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Chapter 1

Intr oduction

The needto analyzeandvisualizevolumetricdataarisesin mary fields of appli-

cation. In medicine,imaging modalitieslike CT or MR scannerscquirevolu-

metricdatasetswhich areexaminedusing2D and3D visualization[13] asa part
of routinework. In geo-sciencesjolumetricdatawhich is obtainedirom seismic
measurements usedto analyzestructureandcompositiorof ground[6]. Numer

ical simulations(like computationafluid dynamics,for example)producehuge
amountsof datawhich is usuallyalsodefinedin the 3D domain[12]. Generally
speakingphenomenavithin a3D domaincanbediscretizecandrepresentety a
volumetricdatasetof sampleslik e, for example theobjectsandstructuresvithin

the phasespaceof 3D dynamicalsystemg4].

Dependingon the main goal of visualization— rangingfrom dataexploration
to presentation- differentrequirementsre put on interactvity andimagequal-
ity. Interactvity is crucialfor efficient explorationandanalysisof data.Comple
datasetsrequire careful and frequenttuning of visualizationparameterso ob-
tain meaningfulvisualizationresults. The specificatiorof a propertransferfunc-
tion [3, 23, 27, 29, 34], i.e., the assignmenbf optical propertiesto datavalues
within the volume,is a complex taskwhich profitsgreatlyfrom immediatevisual
feedbackby interactve rendering. Thus, during the explorative stagesof visu-
alization, interactvity andimmediatefeedbackare more importantthana high
visual quality of theresultingimage. For the presentatiorof the resultsobtained
from dataanalysisthe emphasigs reversed. Often the creationof high-quality
visualizationresultsfor later presentatiortanbe performedoff-line, without user
interaction.

Still imagesor animationsare often not sufficient to communicatehe com-
plex findingsof theanalysisprocesgo aviewer. Visualizationresultsarein mary
caseseasierto understandif the viewer is ableto manipulatethe visualization



outputto a certaindegree by changingat leastarestrictedsub-sedf visualization
parameter$54]. This may rangefrom simple manipulationof viewing parame-
terslike camerapositionandzoomfactor to changesn transferfunctionsor to
clipping of partsof the data. Again, interactve renderingis crucialfor providing
this possibilitiesto a viewer efficiently.

The main obstaclefor interactve volumerenderingis simply the amountof
datato be processedior generatinganimagefrom a volumetricdataset. Typical
volume sizesin medicinerangefrom 256* voxels for MR datato 5122 x 2000
voxels for dataacquiredwith recentmulti-detectorCT scannersFor a straight-
forwardapproachthis would meanshadingandcompositingl 6-500million vox-
elsfor eachsingleimage— atoughtask,evenfor multi-processohardware. Sim-
ple straightforwardimplementation®f volumerenderingareonly competitvein
termsof performanceif directly implementedn hardware— lik e the VolumePro
(vp500)volumerenderingboardfrom Real Time Visualization[48].

TheusualapproacHor software-basedenderings to useauxiliary datastruc-
turesfor efficiently skippingof partsof thevolume,which do notcontrituteto the
visualizationresults(totally transparentegions,or inner partsof opaqueobjects).
Thisapproachasanadditionaladvantage while theeffort for thebrute-forceap-
proachgrows linearly with the numberof the voxels,andthusis in generalO(n?)
for an?® sizedvolume,methodswhich manageo limit the renderingto a “thick”
surface-like neighborhoof the depictedobjects,mayhave aneffort in the order
of O(n?) (dependingn thetransferfunctionsettings).

A specialtechniqguemay be used,if the display of (iso-)surficeswithin the
volumetric datais desired. Insteadof directly renderingthe volume datausing
anappropriateenderingnethodandtransferfunction,anintermediatgolygonal
representatiomf the surfaceis created(for example,usingthe marchingcubes
algorithm[33]). Therepresentationf thesurfacecanthenberenderedxploiting
polygon-renderindhardware. The main disadwantagef this approachare the
amountsof time andmemoryrequiredto extractandstorethe surfacepolygons,
andthe large numberof geometricprimitivesgeneratedy this kind of approach
(typically severalhundredsof thousand®f triangles,for 256° datasets). Really
interactve renderingof polygonalmodelsof this sizeis currentlynot possibleon
common3D hardware.

If visualizationis carriedout within a networked environment,for example,
for performingremotediagnosiscollaboratve investigationof data,or simply to
exploit remotecomputationatesourcesthe bandwidthrequiredto transmitvol-
umedataand/orvisualizationresultsposesanadditionalproblem.Sendingentire
volumedatasetsover low-bandwidthnetworkslik e the Internetis in mostcases
not feasible. As an alternatve, eithera reducedresolutionvolumeis rendered



at the client, or the visualizationis entirely carriedout at a sener andjust the
resultingimagesare transmittedto the client. Both solutionssuffer from prob-
lems. Reducingthe resolutionof the datadestrgs information. Performingthe
visualizationremotelyon a sener implies, thateventhe slightestchangen visu-
alizationor viewing parameters:like changinghe camergosition—requireshe
transmissiorof new imagesover the (slow) network, thushamperingnteractv-
ity. For furtherinformationon interactve volumerenderingtechniquesndtheir
applicationin networked ernvironmentspleasereferto chapter2.

Within this work, a novel solutionto interactve renderingof volumetricdata
is presentedwhich is also well-suitedfor usein networked ervironmentsdue
to a compactdatarepresentation.Although datadefinedon Cartesiangrids is
requiredfor rendering datadefinedon othertypesof grids canbetransformedo
a Cartesiarrepresentatiofby resampling)or rendering.

Severaldistinguishingfeaturesmake the presenteanethoda fastandflexible
solutionto interactve, software-basedolumerenderingfor low-endhardware:

e preprocessing during a preprocessingtep,voxelswhich potentiallycon-
tributeto avisualizationresultareidentified.

e voxel enumeration: possibly contributing voxels are extractedfrom the
volume andstoredin a derived datastructure,which is basicallya list of
individual voxels.

e compactrepresentation the extractedvoxels arewell-suitedfor efficient
compressiorand can be transmittedover a network for visualizationat a
remotecomputer

e voxelordering: the extractedvoxels canbe orderedin a way whichis op-
timized for renderingusing specificcompositingmodesand visualization
parametesettings.

e fastrendering. A fastshear/varp-basedendering[28] is usedto project
the extractedvoxels.

e object awareness if sggmentationnformationis available,extractedvox-
els canbe assignedo individual objects. Visualizationparameterganbe
definedon a perobjectbasis,allowing to individually adjustopacity and
colortransferfunctions,shadingnodelsandevencompositingnodeswith-
outmuchimpacton renderingperformance.

The voxel extractionapproachcanbe seenasa hybrid approachbetweendirect
volumerendering,which directly operateson the original volume data,and ap-
proachedik e marchingcubeswhich derive a polygonalrepresentationf objects
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within the volumefor rendering. On one hand,only a secondarydatarepresen-
tation, which representshe volume,is usedfor rendering- thelist of potentially
contributing voxels. Ontheotherhand,thevoxel datawithin this datastructures
justaspace-dicient storagerepresentatiofor a sparselypopulatedvolume.

Thebasicconceptf theselectionof relevantvoxels,datarepresentatioand
renderingare explainedin chapter3. Chapter4 demonstratethe applicationof
the conceptdo implementinteractve maximumintensity projection(MIP) and
the renderingof iso-surfices. Furthermorea generalapproachfor mixing MIP,
surface,anddirectvolumerenderingbasedon opacityweightedblendingof vox-
els (DVR) within a singlevisualizationis presentedThe implementatiorof dif-
ferentshadingmodels(Phong,non-photorealistishading,...) is alsodescribed.
Chapter5 presentsan efficient encodingschemefor compactstorageandtrans-
missionof extractedvoxels. RTVR, a Jasalibrary for real-timevolumerendering
is presentedn chapter6. The library exploits thetechniquegresentedereand
combineghemwith additionalfeaturego provide anextendiblebasisfor thecre-
ation of flexible visualizationtools.

Chapter7 presentshreesamplevisualizationapplicationswvhich benefitfrom
the presentednethods- a Java-basednedicalviewing and diagnosticworksta-
tion, a simple generalpurposevolume viewer, which canalsobe includedasa
volume presentatiorappletinto web pages,and a simulationand visualization
applicationfor the investigationof 3D non-irvertible maps(discretedynamical
systems).



Chapter 2

State of the Art

Theresearcheref mary commentatorsave alreadythrovn much
darknesson this subject,andit is probablethat, if they continue,
we shallsoonknow nothingat all aboutit

Mark Twain (1835—-1910)

Recentiteraturerelatedto the methodspresentedn this work canbe subdvided
into threemajor topics: volumerenderingin general,volume compressionand
network-based/olumevisualization.In additionto thesethreemajortopicswhich
will be treatedin the following sections Jiteraturerelatedto specificaspectsof
the work, for example, maximumintensity projection,will be discussedn the
correspondinghapters.

2.1 Volume Rendering

In thefollowing, singledatasampleswithin the volumewhich aregivenat well-

definedpositionsin three-spacevill be referredto asvoxels Eachvoxel hasa

position(z, y, z) andoneor morescalaror vectorattributes lik e density pressure,
andgradient. A scalarattribute will bereferredto asdatavalue A cell is built

up from asetof neighboringvoxelswhich arelocatedat the cell’'s vertices.When

consideringa volumeasbeing built up from cells, attribute valueswithin a cell

are obtainedby interpolationof attribute valuesat the verticesof the cell. For

volumesdefinedon a Cartesiargrid, cells areregular hexahedra.The following

descriptionswill focusontherenderingof rectilineargrids.

Sincethefirst approache$or directrenderingof volumetricdatain the early
1980s four majorgroupsof techniquehave emeged: ray casting[26, 29|, splat-
ting [60], shear/varp projection[28], and hardware-assistedenderingbasedon
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texture mapping[59]. As a specialcase the renderingof surfacesfrom volume
datacanbe performedby constructinga polygonalrepresentatiomf the surface
first andrenderingt usingpolygonrenderinghardware[33].

Ray castingis a straight-forvard,image-ordemlgorithm. A ray is shotfrom
the eye througheachpixel of theimageinto the volume. Along the ray’s inter-
sectionwith the volume several operationscanbe performedto obtainthe color
of the pixel. The operationmay be a simplesummationof datavaluesalongthe
ray to obtain X-ray like images(figure 2.1a), or the selectionof the maximum
valuealongeachray (maximumintensityprojection,MIP, figure 2.1b). Themost
commonlyusedoperationis the integration (or weightedsummationin the case
of sampledvolumes)of color contributionsalongeachray [35] (figure 2.1c, d).
Eachdatasamplewithin the volumeis assigned setof optical propertiegcolor,
opacity emissionandreflectioncoeficients, ... by the useof so calledtransfer
functions),which determinethe contribution of datasamplego pixel values.

Ray castingis a rathertime consumingnethodof volumerendering.Perfor
manceof ray castingalgorithmscan be significantlyimproved, if regionswhich
do not contributeto theimageareskippedfrom rendering.Suchregionsareparts
of thevolume,which containonly entirelytransparentoxels,or innerpartsof ob-
jectswith ahigh opacity Transparenpartsof avolumeareskipped for example,
by encodingateachvoxel of thevolumethedistanceo theclosesnhon-transparent
voxel [8, 55, 66]. Thisinformationcanbe usedto efficiently skip emptyregions.
Datawithin opaqueregionscanbe easilyomitted,if theray is tracked from the
eye towardsmoredistantregions. By keepingtrack of the opacityof the dataen-
counteredsofar, theray canbe stoppedassoonasthe cumulative opacityis close
to total — furthersamplesvould not bevisible (earlyray termination[29]).

In contrastto ray casting,which computesone pixel of the imageat a time,
splattingis anobject-orderlgorithm—thecontributionsof eachvoxel to all pixels
of theimagearecomputedcatatime. Theareaaffectedby the projectionof avoxel
(footprint) is usuallya circle (for parallelprojection)or anellipsoid (perspectie
projection). Within the affectedarea,the voxel contributesto the color of pixels
accordingo a Gaussiardistribution (or similar) aroundthe centerof thefootprint.
Empty (transparentjegions of a volume canbe easily skippedduring splatting.
Skipping of opaque,invisible regions (interior partsof opaqueobjects)is more
difficult, asa voxel may not contribute to somepixels of the footprint, but may
contributeto others.

Both, ray castingandsplattingareconsideredo be high-qualitymethodsca-
pableof generatingmagesat arbitraryview parameteramagesizesandquality.
The renderingtimes of splattingand ray castingare comparablewith a better
performanceof splattingfor volumeswith large amountsof transparentiata.On




c) opacityweightedblending d) opacityweightedblending
(without shading) (shadedsurfacesemphasized)

Figure2.1: Someof the mostimportantimagecompositingmethodsfor volume
rendering




image plan

base plane

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

the otherhand,ray castingis perfectlysuitedfor parallelimplementatiorj47], as
pixel valuesarecomputedndependentlyf eachother

Approachesvhich utilize shear/varp-basegbrojection(lik e the onepresented
in this work) arethe fastestsoftware-baseanethodsfor volumerendering. The
usuallyquitecostly procesf transformingdatafrom the volumecoordinatesys-
tem into imagecoordinatedor projectionis split into two shearsalong axes of
thevolume(plusascalingoperationf perspectie projectionis performed)anda
2D warpoperation.Thedatais shearec&ndprojectedontooneof thefacesof the
volume (baseplang a planewhichis normalto anaxis of thevolumecoordinate
system).The cheapsheatbasedorojectionis performedfor all voxelsof thevol-
ume,creatinga distortedversionof therenderedmage.Thewarp (which canbe,
for example,efficiently doneby texture mappinghardware)transformsthe base
planeimageinto thefinal image(seefigure2.2).

As thedecompositiorof the projectioninto two separatestepsequireso per
form resamplingtwice — first asvoxels are projectedonto the baseplane,and
secondduring the warp step, imagesproducedusing this techniqueare more
blurredas comparedo the resultsof ray castingor splatting. Usually, no scal-
ing is performedduringthe projectionto the baseplane. Eachvoxel is projected
onto an areaof approximatelyonepixel. Thus,zoominginto the volumeis per
formedby zoominginto the baseplaneimageduring the warp step,which leads
to strongemlurring asthe zoomfactoris increasedUsualapproacheso acceler
ating shear/varp-basedolumerenderinguserun-lengthencodingfor sequences
of voxelswith similar optical propertiesfor examplefor transparentegions. All
pixels coveredby the projectionof arun canbetreatedequally thusaccelerating
therendering.

Thetexturemappingcapabilitiesof recentpolygon-renderingpardwarecanbe
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 setof polygonsperpendiculato the viewing direction can be placed
within the volumeandtexturedusingcolor andopacityinformationfrom thevol-
ume[59]. By blendingthetexturedpolygonsin a back-to-frontorder thevolume
is rendered.The quality of theimagedependsn the numberof slicesrendered,
andis in generalower thanthe outputof software-basedendering.If no 3D tex-
turesupports available,singleslicesof thevolumecanbe mappeds2D textures
on polygons. Threeperpendiculasetsof polygonsandtexturesare requiredto
avoid viewing the polygonsedge-or{50]. The setof polygonswhichis mostper
pendicularto the viewing directionis rendered.For small volumes(up to 256%)
hardware-base@pproachesanachieve frameratesof up to 30Hz even on con-
sumer3D hardware. Hardware-basedpproachesisually provide just a subset
of the capabilitiesof software-basedenderersfor example,the usermay have
to choosebetweencolor renderingandshadingof the volume,but cannot apply
bothsimultaneously

A more detailedcomparisonof the four classesof volume renderingtech-
niquesdiscussedbove hasbeenpublishedby Mei3nerandothers[36].

2.2 Volume Compression

Compressiomlgorithmsfor volumetricdatacanbeclassifiedaccordingo various
criteria. Compressiommay be lossy or losslessthe methodmay usea general
compressioralgorithmor an approachwhich exploits specificcharacteristicef
volumes.Compressiomay be basedn hierarchicabpproachesndsuitablefor
progressie renderingevenif only apartof thedatais available. Sometechniques
allow directrenderingof compressedata,othersrequirea decompressiofirst.

Theefficiengy of compressionof coursedepend®nthecharacteristicsf the
data.In thefollowing, compressiomatesaregivenasexampleswhich aretypical
for datasetsfrom medicine. Losslesscompressiorprovides significantly lower
compressiomates(around2:1) thanlossy compressionwhich usuallyallows to
choosehedesiredcompressiomatio, i.e.,quality degradation Acceptablaender
ing quality canbe obtainedfor lossycompressiorby factorsof 5-50:1. Despite
of the superiorcompressiomatesof lossy compressionmary applicationsJike
the diagnosisof medicaldata, prohibit changedo the volumetricdataandthus
requirelosslessnethods.

Compressingolumedataby the useof generalpurposeools,like zip [18],
just exploits coherencean one of the threedimensionsof the data. Fowler and
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Yagel[17] presentedh techniquewhich usespredictionbasedon the datavalues
of neighborsof avoxel in all threedimensionsandwhich storegust a Huffman-
encodedpredictionerror.  Although coherencas exploited bettercomparedto
Zip , thecompressiomatiosarejustinsignificantlybetter

Ning andHesselinkf46] presented lossycompressiomethodbasedn vec-
tor quantization.They groupneighboringvoxelsinto so-calledbricks. Attributes
of voxels within a brick (datavalue, gradient,...) arethe elementsof a vec-
tor, which is then quantizedby mappingto the closestrepresentatie within a
codebook. The compressiomatesdependon the size of the codebook,andare
typically around5:1, if acceptableuality shouldbe presered. Renderingcanbe
performedwithout decompressionhy projectingprecomputedemplatesof the
codeboolentries.

An approachwhichis similar to the methodsusedby JPEGcompressioifi57]
hasbeenpresentedby Chiuehand others[7]. The volume is subdvided into
brickswhich arethentransformednto frequeng domainusinga discreteFourier
transform(JPEGusesthe discretecosinetransformin contrast).The coeficients
in frequeny domainarequantizedandtheresultsareentropy encodedFor com-
pressiorfactorscloseto 30therenderingesultsexhibit anacceptablémagequal-
ity. Renderingcanbeperformedwithout prior transformationnto spatialdomain.
Within the bricks, frequeng domainrendering[30] is performed.If summation
rendering(X-ray lik e attenuation)s performedn-betweerthebricks,adifference
to renderingof theuncompressedolumeis hardlynoticeable Othercompositing
techniquedetweerthebricksleadto visible artefacts.

Lippert andothers[32] presented volume compressioriechniquebasedon
waveletdecompositionwhich is well-suitedfor progressie renderingandtrans-
missionover networks. Coeficientsof the wavelet representatiomre quantized
and storedin a way, which allows to reconstructand rendera preview of the
volumeevenif only a part of the datais available. In generalhierarchical(for
example,wavelet-basedppproacheare the mostflexible form of volumecom-
pression Ononehand,sufficiently accuratecoeficientinformationcanbe stored
to allow losslesgeconstructiorof a volume. The compressionatesachiezedin
this casearecomparabléo otherlosslesgechniquesOnthe otherhand,a proper
arrangementf the coeficientinformationin the compressedatafile or stream,
allows to approximatelyrendera volumeusingjust a small fraction of the whole
data.
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Figure2.3: Client/serer visualizationpipelinewith network

2.3 NetworkedVolume Visualization

After theappearancef thefirst easyto usewebbrowsers theimportanceof net-
worksin generalandespeciallythe Internetfor providing visualizationto remote
usershasbeensoonrealized. Consideringthe visualizationpipeline [21] (fig-

ure 2.3) asageneraimodelfor visualization threemajorapproachefor network

inclusioncanbedistinguished25, 61]:

e 2D visualization publishing

In this case,all computationsare performedat a visualizationsener. Vi-
sualizationparametersre setby the userwithin an HTML pageor in an
appletandsentto the sener, which recomputeshe visualizationandsends
the resultingimageto the client for display The implicationsof this so-
lution are, that even the smallestchangein the parametersyhich might
affect only a few stagesof the visualizationpipeline,like a changeof the
viewpoint, for example,requirescomputationatesourcest the sener and
leadsto aretransmissiomf a whole visualizationimageover the network.
Due to this fact, this approachis in most casesnot suitedfor interactve
dataexploration,exceptfor casesvhenspecialrenderinghardware of the
sener shouldbe exploited [65] and sufficiently fast network connections
areavailable.

¢ 3D visualization publishing

As for the previous approachthe largestpart of the visualizationis per
formedonasener[31, 56,61]. Insteadof sendingimagesto theclient, an
intermediaterepresentatiomf the visualizationis createdand transmitted
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(usually a polygonalrepresentatiomf objectswithin the visualizeddata).
As renderingof the modelis performedat the client, a moreefficient and
interactve responsdo changesof viewing parametersan be achieved.
In caseof volume visualizationthis approachcan be appliedto visualize
iso-suricesgeneratedising the marchingcubesalgorithm or somesimi-
lar approach.Renderinggeometryat the client bearstwo main problems:
First,thememoryandcomputationatesourcesvailableattheclientposea
limit to the compleity of the visualizationandstronglyinfluencethe abil-
ity to work interactvely. Additionally, interactionswhich leadto changes
at stagesieepemvithin thevisualizationpipeline,which areexecutedat the
sener, imposedelaysandrequiresufficient computationatesourcest the
sener.

Visualization software publishing

The entiresoftwareneededo createanddisplaythe visualizationis trans-
mitted to the client in advanceand runs, e.g., asa Jasa appletwithin a
web browser Publishingvisualizationsoftware greatly reducesthe de-
mandsput on the sener and hasthe potential for more interactve data
exploration by tighteningthe loop betweenthe userandthe visualization
system[37, 62, 63, 64]. This approachalso allows to createeasy-to-use
visualizationsoftware which is able to reachlarge usercommunitiesand
run on variousplatformswithout the needfor local installation. The main
dravbacksof this solutionwith respecto volumevisualizationarethehuge
amountsof “raw” volumedatawhich have to betransmittedandprocessed
attheclient.

The 2D and3D visualizationpublishingschemesrealsocalledthin client solu-
tions,while visualizationsoftwarepublishingis alsoknown asafatclientsolution,
reflectingthe demandgput onthe users workstation[25].

Oneof the problemscommonto all threeapproachesbove is the difficulty

to provide the userthe possibility to interactvely explore the datawithout requir
ing high-performancelients and networks. As interactvity is a main factorto
the efficiency of dataexploration[16], ways have to be found to facilitateit in
Internet-basedisualizationtools.

As volume visualizationis consideredo be a memoryand computationally

intensie task, fat client approachesave not beenconsideredor the first ap-
proachedo volume visualizationover large scalenetworks [1]. An additional
problemis the heterogeneousatureof clients, thus making a deployment of
portableclient softwaredifficult. After the appearancef Java andit’sintegration
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into Webbrowsers,jit wassoonshavn thatthe new technologycould be usefulto
provide fat client solutionsevenfor volumevisualization[37].

If the visualizationis restrictedto (iso-)surbices— which canbe represented
usinga polygonalmodel, the surfaceextraction can be performedat the sener.
Renderingandthusalsothe responseo changesn viewing parametersre per
formedat the client. Only after changesf parametersvhich influencethe ge-
ometryof the surface,the new polygonalmodelhasto be retransmittedrom the
sener. Again, the major problemof this approachis the size of the polygonal
modelwhich hasto be transmittedandrendered- typically several hundredsof
thousandof triangles. To overcomethis problem,Engeland others[15] place
the dataseton a sener anduseprogressie transmissiorand progressie refine-
mentto allow interactve surfaceextractionandviewing. They alsopresentedn
approachfor providing direct volumerendering(DVR) at low-end clients[14].
Firsta small,subsampledersionof the datasetis transmittedo the client. Dur-
ing interactionswhich influencethe renderedmage, the local copy of the data
is renderedusingtexture-mappingcapabilitiesof consumei3D hardware. After
finishingtheinteraction,a high-qualityrenderingof the full-resolutiondatasetis
computedon a sener andtransmittedto the client. Althoughtheseapproaches
work well for a limited numberof userswho sharethe samesener, they cannot
be appliedif aninteractve visualizationis publishedto a large groupof viewers,
for example,overthelnternet.

An approachwhich is more suitedfor “public” distribution of visualization
resultshasbeenpresentedy Hohneandothers[54]. A multi-dimensionakrray
of imagesis renderedand storedusing an extendedQuicktime VR format. The
viewer can browse throughdifferentviews of the data,imitating an interactve
rotation, dissection,or segmentation for example. Additional objectlabel data
allows selectionof objectsandcanbe usedfor retrieval of additionalinformation
ontheselectedbject. While this approachprovideshigh-qualityimageson low-
endhardware,the userinteractionis restrictedby the “hidden” browsing mecha-
nism (in betweerpre-computediews). Furthermorethe sizeof evensmall-scale
movies alreadybecomesa limiting factorfor viewing over low-bandwidthnet-
works.

The approachesor volumerenderingand transmissiorwhich are presented
in this work can be usedto implementa scenariowhich is locatedin between
the two methodsdiscussedibove. The amountof datawhich actually hasto be
transmittedto the client for visualizationis very low (aboutthe size of several
images) especiallyin comparisorto the QuicktimeVR approachUsingthe pre-
sentedrenderingalgorithms,the viewer is not restrictedto pre-computed/iiews
andhasfull controlovervisualizationparametersTheonly restrictionfor render
ing is thatjustthosepartsof thevolumewhich have beenclassifiedasrelevantand
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pre-selectedor presentatiorandtransmissiorcanbe rendered.Whenusedin a
distributedclient-serer scenariothe software-onlyrenderingapproaclprovides
muchmoreflexibility in termsof renderingparametershanvolume previewing
usingtexture mappinghardware,still at comparableor evenlower costsin terms
of bandwidthrequirements.
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Chapter 3

BasicConcepts

...inwhichit is shavn that Tiggersdon' climb trees
A. A. Milne (1882-1956),; The Houseat PoohCorner”

The approacho volumerenderingwhich is presentedn this work aimson pro-
viding interactve framerateseven on low-endhardware. To achieve this goal, a
setof optimizationsandefficienttechniquesrecombinedfor datapreprocessing
andrendering.The algorithmsarebasedon an interpretationof the volumeasa
setof voxelsdefinedon a Cartesiargrid. Key featuresf theconceptare

e preprocessing during a preprocessingtep,voxelswhich potentiallycon-
tributeto a visualizationresultareidentified. All othersareexcludedfrom
furtherprocessing.

e efficient data representation possiblycontributing voxels are extracted
from the volume andstoredin a derived datastructure which basicallyis
alist of individual voxels. The extractedvoxelscanbe orderedin away to
optimizethe datalayoutfor renderingwith respecto specificcompositing
modesandvisualization-parametesettings.

e fast rendering a fastshear/varp-basedenderingis usedto projectthe
extractedvoxels.

Datasetsasdealtwith in the context of this work areconsideredo be composed
of objectsj.e.,semanticallydistinctsub-set®f thedata.Therefore gachvoxel of
the volumeis consideredo belongto anobject,i.e., a spatialstructurewithin the
data. The representatiof extractedvoxels allows a very flexible handlingand
assignmenof visualizationandrenderingparameterson a perobjectbasis.This
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featurecanbe exploited to subdvide the volumein a way which correspondso

theinternalstructureof the containedobjects.Eachobjectcanberenderedising
thecolor, opacity shadingandcompositingnethodwhichis best-suitedo obtain
the desiredvisualizationgoal. The flexibility of visualization-parameteuning
andespeciallythe ability to mix differentshadingnodelsandcompositingnodes
within a singlevisualizationis not achiezablewith mary othervolumerendering
approaches.Especiallyin combinationwith the interactvity of rendering,this

posesa uniquefeatureof our approach.

3.1 Preprocessing

Givenasetof visualizationparametersuchascompositingechniquen use.etc.,
the goal of the preprocessingtepis to classifyvoxels of the volumeinto voxels
which possiblycontribute to animageandvoxels which do not contribute to an
image. Theclassificatiorcriteriadependon the choseropacitytransferfunction,
the desiredcompositingnethod,andthe degreeof freedomwhich shouldbe pro-
vided for further manipulationof the transferfunction. Generallyspeakingthe
morevoxelsareclassifiedasirrelevant, the fewer datahasto be processedluring
projection,andthe fastertherenderinggets.

If aniso-surbiceshouldbe renderedcharacterizedy a sharptransitionbe-
tweentransparentind opaquevoxels at the iso-value), only voxels closeto the
surfaceof theiso-valuetransitionarerelevant. Voxels with lower valuesare en-
tirely transparentyoxels with highervalueswhich arelocatedinsidethe surface
do notcontribute,asthey areoccludedoy opaqueroxelsatthesurface.Of course,
this relevanceconditionis boundto a specificiso-value— specifyinga new iso-
valueto view anothersurfacemakesreclassificatiorof the voxelsnecessary

A higherflexibility with respecto transferfunctiontuningis obtainedby ex-
tractingall voxelsof anobject.Volumetricdatasetsoftencontainobjectsof inter-
estwhich aresurroundedy irrelevantdata,for example,body partssurrounded
by air in medicaldatasets(figure 3.1a),or attractorssurroundedy “empty” re-
gionsof phasespacan the caseof dynamicalsystemdata(figure 3.1b).

Theviewing directioncanalsobeincludedinto the classificatiorfunction. By
subdviding therangeof all possibleviewing directionsinto severalclusters,and
performingclassificatiorfor eachclusterseparatelyseveralsetsof relevantvoxels
are obtained. Eachsetis usually significantly smallerthan the set of relevant
voxelswithout consideringviewing directions.
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a) CT scanof ahumanhand b) sectionthroughchaoticattractor

Figure3.1: Sectionghroughvolumetricdatasets.A significantamountof voxels
doesnotbelongto ary objectof interest.

As the criteria are highly dependentn the actualtarget visualizationscenario,
they will be presentedn moredetailtogethermwith the descriptionof the render

ing methodsn chapter4. Thetime requiredfor classificatioris asvariableasare
thecriteria. Simpleconditions lik e the identificationof voxelswhich belongto a

surface,requiretypically lessthana secondor an entiredataset. Complex con-
ditions, like appliedfor maximumintensity projection,may take severalminutes
of preprocessing.

3.2 Data Representation

After thepreprocessingtep,thevoxelswhich areclassifiedasrelevantmake up a
moreor lesssparsevolume,which usuallyconsistsof intermixedclustersof rele-
vantandirrelevantvoxelsof varioussizeeach.As irrelevantvoxelsaretreatedas
“empty” or transparenturing rendering,oneof the alreadyestablishedchemes
for spacdeapingcould be usedto accelerateendering.However, the efficiency
of thoseapproachess basedon the assumptiorof a large granularityof empty
and“full” regions,andalow degreeof intermixing betweerthem. This assump-
tion doesnot hold for someof therelevancecriteria. Additionally, commonspace
leapingschemestill requiresomeextra effort for actuallyavoiding emptyspace
duringrendering.
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Figure 3.2: Datastructurefor efficient volumerendering.During preprocessing,
potentiallyrelevantvoxelsareextractedfrom the volumeandstoredinto alist (an
array). For eachvoxel, the position,anda setof attributesarestored.The voxels
areorderedby oneof theattributes,calledthe“key” attribute. This might be, for
example,datavalue,or oneof thecoordinatesGroupsof voxelswith anidentical
key valuearejoint into so-calledRenderListEntry s. All RenderListEn-

try saresortedby thekey valueto form a so-calledRenderList

Insteadof relying on establishedchemesanovel approachs proposedor space
leaping. All voxelswhich have beenclassifiedasrelevantareextractedfrom the
volume andstoredin a secondarydatastructure. The structureis simply a list,
or array containingattribute information for the extractedvoxels. Eachentry
correspondgo one extractedvoxel, and holds the voxel’s position, datavalue,
gradientinformationand/orotherattributes.If differentobjectsaredistinguished
within the volume,separatdists arecreatedor the voxelsof eachobject.

For renderingonly informationcontainedwithin thelist is used.Somecom-
positingmethodgequirea specificorderingof thevoxels. For DVR, for example,
a consistenfront-to-backor back-to-frontorderis required. For this reasonand
to allow further optimizationstailoredto specificrenderingmodi, the extracted
voxels areorderedin arendermodespecificway (Seechapterd). For example,
for maximumintensity projection, the voxels shouldbe orderedby decreasing
datavalue.This allowsto skip with justasingletestall voxelswhich aremapped
to black (dueto achangeof thetransferfunction)andthusdo not contrituteto an
image.

As the voxels aresortedby oneof the attributes(for example,datavalue,or
oneof thecoordinates)yoxelswithin thelist canbegroupednto blocks(so-called
RenderListEntry s),with the samevalueof a“key” attribute (figure 3.2). To
savre memory the key attribute hasto be storedjust oncefor all voxels of the
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group. All RenderListEntry s, sortedby the valueof the key attribute,form
aso-calledRenderList

In contrasto the original representationf a volume,the extractedvoxel data
structurerequireso explicitely storepositioninformationfor eachvoxel. As usu-
ally a significantportion of the volume’s voxels is classifiedas irrelevant, the
overall storagefor the extractedvoxels is lessor comparableo the storagere-
guirementsf the original volumerepresentation.

The possibility to reducethe volumeto a small setof relevantvoxels makes
this representationwell-suitedfor efficient network transmission. An efficient
compressiorschemdor this purposes presentedn chapters.

3.3 FastRendering

By storingjust relevantvoxelsin the RenderList  structure neighborhoodn-
formation,whichis implicitly presenin a corventionalvolumerepresentations
not available. It is not trivial to obtainspatialneighborsof a voxel from the list
to performinterpolation. This meansthatvoxels have to be treatedindividually,
performingsplatting(or somethingsimilar) for projection.

The fastestsoftware-basedenderingmethodis shear/varp projection. Vox-
elsfromtheRenderList canbeefficiently projectedontothe baseplaneusing
look-up tablesfor determiningprojectedpositions. To maximize performance,
nearest-neighbadnterpolationis usedduring projectionof voxels. Eachvoxel is
projectedontothe centerof exactly onepixel of the baseplane.The voxel affects
only the value of the pixel it hasbeenprojectedto. The calculationof the con-
tribution depend®n the compositingmodeused. If optical propertiesof voxels
are storedat the correspondingRenderListEntry s (figure 3.2), it is easily
possibleto assigndifferentparameterso eachgroup of voxels. In practice,all
RenderListEntry  swhich storevoxelsof the sameobjectwill have identical
parameterdjk e color andopacitytransferfunctions.

Projectionis performedpy memgingtheRenderList  sof all distinctobjects,
andsequentiallyprocessingll RenderListEntry sof thejoint RenderList
which representshe volume. Within eachRenderListEntry all voxels are
alsoprojectedsequentially Thestrictly sequentiabrderof voxel projectionwhich
doesnotdependntheviewing directionleadsto anexcellentcache-diciency of
thisapproachIn contrastiraversalof theusual spatiallyorderedsolumes suffers
from severeperformancelegradatiordueto frequentcachemisseswhenviewing
the volume from certaindirections. Although thereare methodsto reducethis
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Figure 3.3: Mixing differentlighting models: Phongshadingfor the bone,non-
photorealisticcontourenhancemerfor the skin

effect [51] by reorderingthe volumeinto bricks,they do not reachthe effectivity
of the presentedpurely sequentiabpproach.

If renderingparameterarechangedsomeof theextractedvoxelsmaybecome
irrelevantfor the visualization. An effective way to skip themduring rendering
withoutmucheffort, is to reordervoxelsbelongingto eachRenderListEntry
in away, thatirrelevantvoxelsaremovedto the endof thegroup. This allows to
renderthe block of relevantvoxels at the beginning of the group,andto skip the
remaining,irrelevantonesefficiently. Clipping or removal of partsof thevolume
canbedonein a similarway. If voxelswhich areclippedaway aremovedto the
endof thelist of eachRenderListEntry  svoxels,they canbe skippedin the
sameway asirrelevantvoxels. for details,pleasereferto chapter6.

For fastevaluationof lighting models,a look-uptablebasedapproacicanbe
used[19]. For this purpose the gradientvectoris quantizedto 12—-16bit, and
storedasanattribute with the voxels. The compactepresentationf the gradient
vectoris usedasanindex into alook-uptablewhich storesprecomputeghading
information. The contentof the look-up tablehasto be recomputedvheneer a
factorwhich influencedighting is modified,for example,alight sourceis moved,
or thevolumeis rotated. Dueto the small size of the table (4096-6553&ntries,
dependingon the gradientquantization) variousshadingmodelscanbe applied
on a perobject basisat interactve frame rates. Phongshading[49] and non-
photorealisticshadingmodels[10, 11] canbe easilymixedwithin a singleimage
(figure3.3).
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To ensureconstantquality of shear/varp-basedrendering, voxels should be
isotropic, i.e., equally sizedin all dimensions.If the original volume doesnot
fulfill this condition,as,for example thesamplingdistancen z directionis larger
thanin z andy — resamplingcanbe performedduring voxel extractionto obtain
isotropicvoxelsin theRenderList . Theresamplingcanbe performedon-the-
fly, and doesnot requirethe creationof a whole resampledand thus possibly
muchlargercopy of theoriginal volume.

3.4 Two-Level Volume Rendering

Goodvisualizationstronglydepend®n whatdatais to bevisualized whatstruc-
turethis dataconsistof, aswell asonthevisualizationgoalsof theuser Depend-
ing ontheseprerequisiteseveralusefulapproacheexist, andindividualdecisions
(whatrenderingmethodto choosehave to be madefor specificapplications Dif-
ferent partsof a volume (objects)might requiredifferentrenderingmethodsto
bestdepicttheir structure.lf sgmentationnformationis available,the presented
approacttanbeusedto provide this functionality atinteractve framerates.

Thebasicideaof two-level volumerendering[22] is to investigatea viewing
ray into the datasetfor every pixel, anddetectwhat objectsareintersected For
everyobjectintersectedameaningfulandrepresentatie contributionis computed
usingan object-specificompositingmethod(for example,MIP or DVR). These
objectrepresentatiesarefinally composednto a pixel valueby combiningthem
usingaglobalcompositingmethod(usuallyDVR compositing).

The principlesof two-level volumerenderingcanbe easilyexplainedusinga
ray castingbasedapproach:a 3D segmentatiormaskspecifiesvhich regionsof
the datasetbelongto which objects. The subdvision of the datasetinto objects
alsosggmentsviewing raysinto setsof distinctsegmentgfigure 3.4).

During ray traversal,two simultaneousgracksof renderingareprocessedror
every sggmentof the ray, local renderingis performedusingthe object's com-
positing strateyy, to computean objectrepresentatie associatedo the segment
(renderingat objectlevel). Onthe scendevel a globaltrack of renderingis com-
putedwhich combinegheobjectrepresentatiesto final imagevalues.Wheneer
theray leavesanobjectandentersa new one,thelocal valueof the old objectis
memgedinto the globalrenderingrack usingthe globalcompositingmethod.

For anexampleseefigure 3.5. In this case DVR renderinggivesgoodresults
for ray segmentswithin vesselsand bones. MIP renderingworks bestfor ray
sgmentsin soft tissueregions. This is mainly dueto thefactthatMIP generates
ratherequaltransparengregardlesf the objectthickness.
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Objects: Attractor 1 Basin 1 Basin 2

viewing ray

. _each segment rendered separatel

Basin 1
Attractor

DVR .
. MIP_local rendering
Basin VR

DVR global rendering

pixel segment representatives

Figure 3.4: objectsegmentationimplicitly yields viewing raysto be partitioned
into sggments(oneperobjectintersection).

Usually, usingDVR-compositingonthegloballevel seemgo beappropriateThe

only exception,whereMIP seemgo bemoreusefulinsteadjs if all objectsin the

datasetarerenderedy the useof MIP themseles,also. In contrastto standard
MIP, this “MIP of MIP” approachallows to easilydistinguishbetweendifferent
objectswithin the scene,as differenttransferfunctionsand thus colors can be

assignedo differentobjects.

For implementingthe two-level renderingapproachbasedon the Ren-
derList  structuretwo setsof buffers are usedfor the baseplaneimage. An
objectbuffer is usedfor performingrenderingwithin an object, while a global
buffer is usedto performinter-objectrendering.In additionto intermediatepixel
values,eachpixel of the objectbuffer additionallystoresa uniquelD for the cur-
rently front-mostobject. If avoxel is projectedontothe intermediatemage,it’s
ID iscomparedwith thestored D in theobjectbuffer. If bothIDs match thevalue
in the objectbuffer is updatedusingan operationwhich correspondso the local
renderingmodeof the object(maximumselectionor blendingof the voxel 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(bonesandvesselsDVR;
skin: MIP).

The contentof the objectbuffer pixel hasto be combinedwith the correspond-
ing globalbuffer pixel usingan operationwhich depend®n the globalrendering
stratgy (MIP or DVR). Afterwardstheobjectbuffer pixelis initialized according
to thevoxel of the new objectandthe new local renderingmode.

After all voxels have beenprojected,the contribution of the front-mostseg-
ment at eachpixel hasto be includedby performingan additionalscanof the
buffers and memging the segmentvaluesleft in the local buffer into the global
buffer. Seenhttp://bandviz. cg.t uwien .a c. at /b asi nviz /t wol evel/
for sampleimagesandanimationgproducedusingthis technique.
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Chapter 4

Interacti ve Rendering

This chaptempresentshe applicationof theideaspresentedn chapter3 to obtain
interactve MIP, DVR, and surfacedisplayfrom volumetricdata. As the strate-
giesfor the detectionof relevantvoxelsfor variousrenderingmethodsare quite
different,eachtechniquewill bediscussedn detailwithin anown section.

4.1 Real-Time Maximum Intensity Projection

The ability to depictblood vesselss of enormousmportancefor mary medi-
cal imaging applications. CT and MR scannersare usedto obtain volumetric
datasets,which thenallow the extractionof vascularstructures.Especiallydata
setsoriginatingfrom MR, which are mostfrequentlyusedfor this purpose ex-
hibit somepropertieswhich make the applicationof standardvolumevisualiza-
tion techniquedik e ray casting[26] or iso-surficeextraction[33] difficult. MR
datasetsusually containa significantamountof noise. Inhomogeneitiesn the
sampleddatamalke it difficult to extractsurfacesof objectsby specifyingasingle
iso-value.

MIP exploits thefact, thatwithin angiographyatasetsthe datavaluesof vas-
cularstructuresarehigherthanthe valuesof the surroundingissue.By depicting
themaximumdatavalueseenthrougheachpixel, the structureof thevesselson-
tainedin the datais captured.A straight-forvard methodfor calculatingMIP is
to performray castingandsearchfor the maximumsamplevaluealongeachray
insteadof theusualcompositingorocesslonein volumerendering.In contrastto
directvolumerendering,no early ray terminationis possibleandthe whole vol-
umehasto be processedDependingon the quality requirement®f the resulting
image differentstratgjiesfor findingthemaximumvaluealongaray canbeused.
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e Analytical solution: for eachdatacell which s intersectedy theray the
maximumvalueencounteredby theray is calculatedanalytically Trilinear
blendingof thecell verticesis usuallyassumedor datavalueswithin acell,
thusthe maximumof athird degreepolynomialhasto be calculated.This
is themostaccuratébut alsocomputationallymostexpensve method[51].

e Sampling and interpolation: asusuallydonefor ray casting,datavalues
are sampledalonga ray usingtrilinear interpolation. The costof this ap-
proachdependson how mary interpolationscan be avoidedthat will not
affecttheray maximum[51, 67].

e Nearest neighbor interpolation: valuesof datapointsclosestto the ray
areusedasmaximumestimationsin combinationwith discreteray traver-
salthis is the fastestmethod. As no interpolationis performed the voxel
structureis visible in theresultingimageasaliasing[5].

Recentalgorithmsfor MIP employ a setof approache$or speedingup the ren-
dering:

e Ray traversal and interpolation optimization: Sakasandothers[51] in-
terpolateonly if the maximumvalueof the examinedcell is largerthanthe
ray-maximumecalculatedso far. For additionalspeed-upghey useinteger
arithmeticfor ray traversaland a cache-coherentolume storagescheme.
Zuiderweld and others[67] apply a similar techniqueto avoid trilinear in-
terpolations. In addition, cells containingonly backgroundnoiseare not
interpolated For furtherspeed-um@low-resolutionimagecontaininglower-
boundestimationdor the maximumof clustersof raysis generatedefore
theprojection.Cellswith maximumvaluesbelow thisboundcanbeskipped
whenthefinal imageis generatedFinally a distance-elumeis usedto skip
emptyspace=fficiently.

e Usinggraphicshardware: Heidrichandotherg24] usecorventionalpoly-
gonrenderinghardwareto simulateMIP. Severaliso-surticesfor different
thresholdvaluesare extractedfrom the dataset. Beforerendering the ge-
ometryis transformedn a way, that the depthof a polygon corresponds
to the datavalueof its iso-surfice. MIP is approximatedy displayingthe
z-huffer asarangeof grayvalues.Recentlythe VolumeProboard[48] be-
cameavailable asa purely hardware-basedolutionfor MIP. The boardis
ableto producemedium-qualityMIP usingshear/varp-basegrojectionat
interactve framerates.

e Splatting and shear/warmp: Several approache$s, 9] exploit the advan-
tagesof shear/varp renderingto speedup MIP. Cai and others[5] usean
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b) depthshadedVIP

¢) LMIP —highthreshold d) LMIP — low threshold

Figure4.1: a: MIP of atestdatasetcontainingsoftboundectylinders;b: although
depthshadingprovidessomedepthimpressionthe cylindersseenmto intersectg,
d: While LMIP providesmoreinformationon the spatialstructuretheresultsare
sensitve to thethreshold.

intermediate'w orksheet”for compositinginterpolatedintensity contritu-
tionsfor projectionof a singleslice of the volume. The worksheeis then
combinedwith the shearimageto obtainthe maxima. Several splatting
modeswith different speed/quality-tradets are available, run-lengthen-
codingandsorting of the encodedsegmentsby value are usedto achieve
furtherspeed-up.

As a MIP imagecontainsno shadinginformation,depthandocclusioninforma-
tion is lost (seefigure 4.1a). Structureswith higherdatavalueslying behinda
lower valuedobjectappearto bein front of it. The mostcommonway to ease
the interpretationof suchimagesis to animatethe viewpoint while viewing (in-
teractve frame-rategreessentiahere). Anotherapproachs to modulatehedata
valuesby their depthto achieve akind of depthshading24] (seefigure4.1b).As
the datavaluesaremodifiedbeforefinding the maximum,MIP anddepth-shaded
MIP (DMIP) of the samedatamaydisplaydifferentobjects.
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Depth shadingprovides somehints on the spatialrelation of objects. However
it' s performancas ratherpoor especiallyfor tightly groupedstructures.In such
caseLlosestVesselProjection[51] or LMIP [52] canbe used. Similar to MIP,
for LMIP thevolumeis traversedalonga ray, but thefirst local maximumwhich
is above a userdefinedthresholdis 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 methodproduceghe sameresultasMIP, with a
carefullyselectedne,lessintensestructuresn front of moreintensebackground
aredepicted producingan effect similar to shading(seefigures4.1c,d). As this
methodis very sensitve to the settingof the thresholdthe ability to interactvely
tunethis parameters extremelyimportant.

In the following a novel approacho generateMIP imagesreally fastis pre-
sented42, 43]. In Sectiord.1.1severalalgorithmsfor preprocessinghe volume
datato eliminatevoxels, which will not contritute to a MIP, arediscussed Fur-
thermore,a volume storageschemewhich is basedon RenderLists  is pre-
sentedwvhichis optimizedfor skippingnon-contriluting voxelsduring rendering.
In section4.1.4extensionf the algorithmfor generatinglepth-shadeIP and
LMIP usingthe optimizeddatastructurearediscussed.

4.1.1 Voxel Elimination

Most approacheso optimize the performanceof MIP renderingaim at exclud-
ing voxelsfrom thetraversalandrenderingorocessyhich containless-important
information like low-valuedbackgroundnoise. In fact, in additionto this low-
importancedata,thereis usually a remarkableamountof regularvaluedvoxels
which never contributeto aMIP image.A voxel V doesnever contributeto aMIP
andcanbe discardedf all possibleraysthroughthe voxel hit anothervoxel W
with d(W) > d(V) eitherbeforeor after passingthroughV, whered(V) is the
datavalueat voxel V. This factcanbe exploited whenoriginal voxel-valuesare
usedfor renderingusing nearesneighborinterpolation,asit is donewithin the
presentecdpproach.

In the following, two algorithmsfor identifying non-contriluting voxels are
presented.The first approachperformsclassificationbasedon the local neigh-
borhoodof a voxel, identifying voxelsinvisible from arny viewing direction. The
secondalgorithmgroupspossibleviewing directionsinto severalclustersandpro-
ducesa setof potentiallycontributing voxelsfor eachcluster The view-pointde-
pendenkliminationachiezesmuchbettereliminationratesat the costof storing
severalsetsof voxelsfor rendering.
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Figure4.2: Detectionof voxels V' which do not contribute to any MIP. For sim-
plicity the differentcasesareshown in 2D. a) V' irrelevantfor raysthroughW;
asd(W;) > d(V) b) V irrelevantfor raysthroughW;. c) V irrelevantfor rays
throughW; asray maximaaredetermineddy voxelsU,,. d) V irrelevantfor rays
throughW;, asray maximaaredeterminedy U,,.

Neighborhood-basecElimination

A simpleapproachor the identificationof “hidden” voxelsis to examinedirect
neighborsiW; of a voxel V. If V doesnot influencethe maximumof ary ray
passinghroughV andary of it’ sneighbord/;, it canberemaoved. Obviously, this
is the caseif all raysthroughV” passthrougha neighborlv; with d(W;) > d(V)
eitherbeforeof afterpassinghrough!’.Thisconditioncanbetestedoy examining
thevaluesof all 26 directneighborg¥ of V':

e If forall i: d(W;) > d(V), all raysthroughW; andV will have atleastthe
valued(W;) andarenotinfluencedby V' (seefigure4.2a).

e If for somei: d(W;) < d(V), butall raysthroughW; andV' pasghroughan-
otherneighborWW; of V with d(W;) > d(V'), theray-valueswill atleastbe
d(W;). ThusV hasalsonoinfluenceonraysthroughlV; (seefigure4.2b).
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Figure4.3: Trackingtheinfluenceof distantpartsof the volumeonraysthrough
W;, V andWW;. As all of thempasseitherthroughU;, U, or Us andd(Uz) > d(V),
V' doesnot influenceraysthroughUs,, W;, V andW;. As d(U;) < d(V) and
d(Us) < d(V), furthertrackingof rayspassinghroughlU; or Us is required.

Voxel elimination which is basedon thesetwo testscan be performedrapidly
(seetable4.1) andjust requiresaccesdo direct neighborsof eachvoxel. If the
above testsfail for a groupof raysthroughW;, V, andW;, with d(W;) < d(V)
andd(WW;) < d(V), theinfluenceof a larger neighborhoodf V' on the value
of theserayscanbe checled. Eachray passeshrougha sequencef voxels Uy
with U, =V, Uiy = W, andU,;, = W; asthevolumeis traversed.If eachof
thoserayspasseshroughsomevoxel U,,, with m < [ — 1 andd(U,,,) > d(V),
V' hasno influenceon the valuesof the raysthroughW; and W; (figure 4.2c).
Similarly, if all raysthroughW; andW; passthroughvoxelsU,, with n > [+ 1
andd(U,) > d(V), V hasnoinfluenceon the valuesof thoserays(figure4.2d).

The checkof the influenceof more distantvolume areascan be realizedby
recursvely propagatingoundlesof raysstartingat direct neighborsof V' (seeta-
ble 4.1). If avoxel U is hit by abundleof raysandd(U) > d(V') thetrackingof
the bundleis terminatedasV" hasno influenceon therays. If d(U) < d(V') the
bundleis split andtrackedin a subsebf theneighborsf U (figure4.3).

To improve efficiency andavoid unnecessargecursve checksyaluesof vox-
elsscheduledor removal arereplacedoy the minimum of their obscuringvalues
(whichis alwayslargeror equalto their original value). To compensatéor noise
in the dataandto increasethe numberof rejectedvoxels a userspecifiedtoler-
ancevaluee canbeincludedin the comparisorprocessyhich artificially lowers
thevalueof eachchecledvoxel V' by ¢. For voxel reductionratesusingdifferent
eliminationeffortsandtolerancesalues: pleaseaefertotable4.1. Althoughrecur
sive eliminationrequiressignificantlymoretime, it maybethe methodof choice
if datais preparedn ahigh-endmachinefor viewing with low-endhardwareover
anetwork.
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data size Fast Full Fast Full direction
set € =0%|e=0%|e=1% | ¢ =1% | dependent
angio| 256x64 | 25% 47% 29% 53% 73%

5s 270s 5s 270s 72s
mrol | 256x74 | 33% 46% 45% 55% 72%

6s 208s 6s 208s 76s
mro3 | 256x124 | 29% 58% 29% 58% 70%
10s 562s 10s 562s 120s

Table4.1: Volumereduction: Fastoptimization(“Fast”) considergdirect neigh-
bors,full optimization(“Full”) performsrecursionup to a distanceof 10 voxels.
Directiondependentptimizationproduce4 view-dependensetsof voxels. The
resultsshow the percentag®f voxels removed andthe time requiredfor prepro-
cessingonaPI11/450PC.

Shadov SweepElimination

Althoughthe above approachs ableto remove approximatelyhalf of a dataset,
mary voxelshaveto remainin thevolumeevenif they only contributeto aMIP for
anarrav rangeof viewing directions.If enoughmemoryis availablefor redundant
storageof thedata,moreefficient preprocessinganbe performedoy subdviding
all possibleviewing directionsinto disjoint view-setsin a way which minimizes
dependencieamongvoxels (figure 4.4). The highestefficiengy of removal in
3D canbe achieved if 24 suchview-setsare used. For eachview-seta set of
potentiallyvisible voxelsis computedusinga two-passprocedure:

e Shadowved voxel sweep: Mark all voxels V' in shadav of (local) maxima
asnon-contritluting. This is the casewhend(V') is lower thanthe smallest
ray maximumof raysthroughV collectedbeforereachingV’. This canbe
easilyperformedoy sweepinghroughthe volumeandprocessingoxelsin
the orderin which they arehit by anadwancingfront of rays. During this
processa front is propagatedvhich containsthe smallestmaximumvalues
for rays enteringeachvoxel directly aheadof the front. Consideringthe
examplein figure4.5a,all viewing-raysof thegivenview-setthroughvoxel
V have first to passeitherthroughV; or V5. The lowestpossiblevaluesof
raysatV; andV, respectrely aremin, = d(V;) andmin, = d(1%), asboth
V1 andV;, areontheborderof thevolume. Thusthelowestpossiblevalueof
arayarriving atV is arry = min(miny, ming). Asd(V') > arry, V may
influencesomeof the arriving rays,andcannot be removed. The valueof
theraysafterpassing/ equalsmax(arry, d(V')) andinfluenceghevalues
of raysarriving atthe successie voxels V3 andV.
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Figure4.4: Remoal of hiddenvoxelsin 2D: a) viewpoint-independenprepro-
cessing:relevanceof voxel V' dependsn rays passinghrougheight neighbors.
b) 4 view-sets:relevanceof V depend®nthreeneighborsc) 8 view-sets:depen-
dengy minimized(two neighbors).
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Figure4.5: View-pointdependentoxel removal (2D). a) Shadevedvoxel sweep.
b) Leadingvoxel sweep.
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Figure4.6: Optimizedvoxel storagdor MIP: relevantvoxelsaresortedaccording
to datavalue. Their positionin spaceis storedin an array (asthe only individ-
ual attribute). The voxels are groupedinto RenderListEntry s which hold
voxelswith identicaldatavalues.Thedatavalueis storedonly onceateachRen-
derListEntry

e Leading voxel sweep: During the secondpassall low-valuedvoxels in
front of voxels containingunremawed (local) maximaare removed. The
removal is performedn the sameway asstepl with thedifferencethatthe
scanis performedoppositeto thedirectionof theviewing rays(figure4.5b).
Note, that voxels removed during the shadeving sweephave no influence
onray maximaduringthe secondsweep.

Direction dependenpreprocessin@llows to remove aboutthree quartersof all
voxelsfor eachview-set(seetable4.1). During rendering yoxels of the view-set
which containgthe currentviewing directionareselectecandrendered.

4.1.2 Voxel Storage

Voxels which have beenclassifiedasrelevant during the preprocessingtepare
extractedfrom the volume, by storingjust their positionsinto an array Within
the array voxels are sortedaccordingto datavalue. After sorting, voxels with
the samedatavalue occupy subsequenpositionsin the array andcanbe easily
groupednto RenderListEntry s. Thedatavaluehasto bestoredustoncefor
every group(seefigure4.6) atthe RenderListEntry . Therequiredsortingof
all voxels accordingto their datavalue can be performedin linear time, asthe
limited rangeof possibledatavaluesallows to usehistogram-basedorting. The
coordinateof eachvoxel within the volume canbe pacledinto a 32 bit integer,
allowing theencodingof volumesof up to 2048 x 2048 x 1024 voxels. A straight-
forward corversionof a 16 bit/valuevolumeto a 32 bit positionrepresentation
would meanto doublethe memorycost. Omitting the voxels which have been
marked by the preprocessingtepasirrelevant leadsto a factorof 0.8to 1.5in
storagesize comparedto the original datafor directionindependentiata. For
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direction-dependendata, approximatelyone quarterof the original datahasto
be storedfor all 24 view-sets. The overall memorycostfor directiondependent
preprocessing thus12 timeshigherthanthe costof the original volume.

By sortingvoxelsby valueseveralimportantadvantagegor MIP aregained:

e Thevoxelscanbesplattedn theorderof ascendinglatavaluesasthearray
is traversed. Thereforecomparingthe value of the actualvoxel with the
screercontents notnecessarytall. Thevalueof theactualvoxelis always
largeror equalto thecontentof thescreenthusit’ s projectioncanbewritten
into theimage. Omitting the comparisorduring projectionresultsin about
10% betterperformance.

e A generaladwantageof thevoxel list approachis thatthearrayis traversed
in the sameway independenof the viewing direction. Optimal cache co-
herencyis alwaysachieved. The samecodeaccessinglatain a linearway
is upto eighttimesfasterthanin the caseof extremelymisalignedaccess.

e As blood vesselsare representedy high datavalues,lower datavalues
usually containlessimportantinformation. If aninteractve displayof the
full datasetis not possibleon the given hardware, lower intensity values
canbe simply skipped(seefigure 4.7) to achiere interactvity duringuser
interactions.The algorithmcanbe adjustedo displayMIP atan arbitrary
framerate Thenumberof voxelswhich canbedisplayedataspecificframe
rate canbe easilyderived automaticallyfrom a performanceneasurement
of thenumberof voxelswhich canberenderedgersecond.

¢ Insteadof directly mappingdatavaluesto alinearrampof gray valuesfor
viewing (dpmin = Gmin, dmaz = 9maz), Medicaldatasetsareusuallyviewed
usinga “window” to improve contrastandto focuson certaindetails. The
window is definedby a centervalue c anda width w which mapsall data
valuesbelow ¢ — w/2 to black, all datavaluesabove ¢ + w/2 to white,and
the datain betweeno a gray ramp. As realisticwindow functionsasused
by doctorsmapsignificantportionsof the datato black, the corresponding
partsof the sortedvoxel array canbe skippedduring renderingat almost
zerocost. Thisresultsin anadditionalspeed-umf up to 500%comparedo
renderingwithout windowing underreal-world conditions
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Figure4.7: a) MIP of aheaddataset(MR), 2.6M voxels. b) Interactve preview
of thesamedataat 10 fps ona P233MMXwith approximately25%of thevolume
datadisplayed.Only slightdifferencesarenoticeable

4.1.3 Projection

As no scalingis performedduring (shear/varp) projectionto the baseplaneand
nearest-neighbanterpolationis used,voxels are projectedonto integer coordi-
nateswithin the baseplane. Assumingthat z is the mainviewing axis, andthus
the baseplaneis the xy-plane,the projectedposition (index within the image
buffer) of avoxel (z,y, z) is

T
Pl vy = offsefz] + y * widthpaseplane +
z

offsetis the offsetof thevoxel with z = 0, y = 0 within avolumesliceatdepthz,
widthpesepiane 1S the width of the baseplaneimagein pixels. Theresultingvalue
canbedirectly usedasanindex to accesshe affectedpixel of the baseplane.

4.1.4 Extensions—LMIP and Depth-ShadedMIP

The algorithmfor MIP of value-sorted/oxels canbe easilyextendedto generate
depth-shadedmages(figure 4.8a). Threedepth-templateare generatedo cal-
culatethe depthof eachvoxel’'s projectionfrom it’s coordinatedy look-up. The
intensityvalueof eachvoxel is modulatedby it’s depthandwritten into the base
planeimageonly if thevalueof the pixel atthis positionis smallerthanthe mod-
ulatedvalue. As the depictedmaximumvaluesdo not directly correspondo data
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Figure4.8: a) MIP of anangiographywith depthshading.b) LMIP of a stenosis
of theaorta

values,applying this methodto preprocessesiolume datamay produceresults
slightly differing from projectingnon-preprocessethta.

The secondextensionof the algorithmis capableof generating-MIP images
providing the possibility to interactvely adjustthe thresholdparameterFor gen-
eratinga MIP image,the orderof examiningsamplesalonga ray is not relevant.
Straight-forvard LMIP requiresthe samplego be processedront to backalong
the viewing ray in orderto find the first local maximum. Using templatesfor
voxel-depthcalculationandtwo z-buffersperpixel allowsto extracttheclosesto-
calmaximumfrom samplesrriving in arbitraryorder Thez[pix]  buffer stores
thedepthof the currentlyvisible voxel, while zb[pix]  storesa“back-clipping”
distancefor eachpixel whichis usedto skip voxels belongingto maximabehind
the currentlyclosestone. As the voxels areprocessedn orderof ascendinglata
value,all voxelsbelown the LMIP-thresholdcanbefirst projectedusingthe sim-
ple andfastMIP algorithmwithout z-calculation. Among all voxels above the
thresholdwhich are processedater, closestiocal maximahave to be found. At
the beginning, z[] is initialized to containthe maximumpossibledistance.With
z andv containingthe depthand value of a projectedvoxel, the closestlocal
maximumalongaray is found by

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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Figure 4.9: Local Maximum Intensity Projectionfor non-sequentiatkamplesa)
new voxelin frontof z[] b) new voxel betweerz[] andzb]]

The first condition detectsvoxels closerthanthe currently displayedvoxel. As
they have at leastthe sameintensityasthe currentlydisplayedone,they areen-
teredintothescreen andz[] buffers,thebackclipping planeis movedforward
tothepreviousz[] position(figure4.9a). Thesecondonditiontakescareof new
voxelswhich areplacedbetweerthe currentlydisplayedvoxel andthe backclip-
ping distanceandareat leastof the sameintensityasthe currentone.In this case
thescreen andz[] aresettothenew voxel. Voxelsbehindthe backclipping
distanceareignored(figure 4.9b). As thevalueat zb[] is alwaysolderthanthe
valueatz[] itisalsosmallerduetotheascendingrocessingrderof thevoxels.
Thus,arny voxel which arriveslaterduringprocessingndis locatedbehindzb]
canbeignored, asit doesdefinitely not belongto the closesimaximum.

4.1.5 MIP Results

The MIP algorithmsdiscussedabove have beenimplementedas a Java applet
(http://wwwcgtuwien.ac.ateseach/vis/vismed/R-MIP/). The renderingtimes
in table4.2 have beenmeasurean a P11/450PCusingSun’s Javavirtual machine
of JDK 1.1.6for Windows with ajust-in-timecompilet Thefirst valuegivesthe
time for renderingdatawhich waspreprocessethdependenof theviewpoint, the
secondvalueis thetime for renderingdirection-dependergreprocessedata. As
timings for LMIP dependon the chosenthreshold,measurement®r the worst
caseare given. A C++ versionof the MIP renderingalgorithm hasshovn an
approximately30% betterperformancehanthe Java version.

Figure4.10is providedfor a visualcomparisorof the discussedariationsof
MIP. It shavs a 256x256x10(angiographydatasetof a handrenderedwvith MIP,
DMIP, andLMIP usingthe presentedioxel extractionapproach.
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Figure4.10: MIP variationsof the vesselsn a hand: MIP, Depth-shadedIP,

LMIP.
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dataset MIP | MIP windowed| depth-shaded LMIP
mr_angio 256’ x64 | 169ms 27ms 209ms <305ms
94ms 21ms 118ms 180ms
mr01256 x 74 163ms 42ms 224ms <288ms
106ms 32ms 146ms 198ms
mr03256* x 124 254ms 13ms 338ms <455ms
219ms 11ms 267ms 370ms

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

4.1.6 Discussion

The presentedhew renderingalgorithmfor maximume-intensityprojection(MIP)
runsat real-timeframerates. In combinationwith the preprocessingtepwhich
removespartsof thevolumewhich do not contributeto a MIP imageandthe sort-
ing of the remainingvoxels by valuewithin the RenderList  storagescheme,
overheador traversingemptyregionsis eliminated.Comparedo otheroptimized
MIP algorithms,up to an orderof magnitudeis gainedin speedcomparedo a
brute-forceray castingapproacteventwo ordersof magnitude A preview mode
for interactionson low-endhardwareis providedbasically“for free” by skipping
voxelswith low datavalues. Two extensionsof the algorithmallow to generate
depth-shadeMIP andLMIP atcomparablespeed.

4.2 Interacti ve High-Quality MIP

For exactdepictionof evensmallfeaturesusingMIP, thereis needfor algorithms
which producehigh-qualityMIP in real-time[41]. In contrasto interactve MIP

techniqgueswhich performjust zero-ordernearest-neighboihterpolation,more
accurateavaluationof ray maximais requiredfor the generatiorof high-quality
MIP (trilinearinterpolation,or higherordermethods) At thecostof significantly
longercomputationtimes, this allows to createmuch more detailedimagesand
accurateanimationgfigure4.11).

Two major limitations to the performanceof current software-basedigh-
quality MIP can be identified. First, althoughregionsof the volume which do
not containmeaningfuldatacanbeidentifiedin advanceandskippedduringren-
deringby the useof distancevolumesor similar structure467], the overheadas-
sociatedwith evaluatingthe additionalinformationandsteppingover thesecells
significantlylimits the possiblespeed-upf volumetraversal. Secondly despite
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Figure4.11: MIP with a) shear/varp projectionwith nearest-neighbanterpola-
tion b) ray castingandtrilinear interpolation.

of space-leapingpproacheshenumberof interpolationsvhich areactuallyper
formedis still far from the optimum. As the volumeis traversedin a spatially
orderedmanneralong viewing rays, local maximaare usually encounteregnd
evaluatedbeforethe globalray maximumis reached Moreover, lots of unneces-
saryevaluationsare performedon therising slopesof datavalueswhich precede
amaximum.

Basedon the principlesfrom chapter3, a new algorithmfor the generatiorof
high-qualityMIP (parallelprojection)is presentedwhichis approximatelyoneto
two ordersof magnitudefasterthanother software-base@pproachesvith com-
parablequality. In contrastto the previously describedvoxel-basedMIP, the ap-
proachworks on cells, which allows to achiese a high quality of the imageby
performingtrilinear interpolationduring projection. The projectionis doneusing
a ray castingapproach.In Section4.2.1the preprocessingchemes presented,
which can (but not necessarilyhasto) be appliedto identify and exclude non-
contrikbuting cells from the volume. To maximizethe amountof cells which do
not contribute to any MIP, 12 setsof cells are generatedcorrespondingo 12
clustersof viewing directions. Usually, morethantwo thirds of all cells canbe
eliminatedfrom the data,no longercausingary overheado identify themlater
andskip overthem. Thisis achievedby resortingthecellsaccordingo theirmax-
imumvalue(Sectiord.2.2).As the spatialorderof processingellsis notrelevant
for maximumevaluation cellscontaininghighdatavaluesareevaluatedirst. This
reduceghe numberof evaluationsrequiredfor MIP significantly To avoid even
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moreof therelatively expensvetrilinearinterpolationsafastmethodfor estimat-
ing themaximumvaluealongaray-cellintersections used(sectiord.2.3).Using
thesetechniquesthe numberof trilinear interpolationsrequiredperimagepixel

is greatlyreducedachieving interactve high-qualityMIP.

4.2.1 Preprocessingf Volume Data

The methodsdescribedn the following sectionsare basedon an interpretation
of the datasetasa regular grid of cells, eachonedefinedby eight datasamples
of the volumelocatedat the cell's vertices. Within cellstrilinear interpolationis
assumedFor imagegeneratiorcontinuousrays aretracedthroughthe pixels of
theimage,allowing arbitraryimagesizesaswell asoversampling.

For trilinear interpolationwithin cells the cell maximumis alwayslocatedat
oneof the vertices.Besidesskipping pre-identifiedemptyregionsof the volume
usingdistancevolumes,anothersimpleway to increaseefficiency is to perform
maximumevaluationsonly within cellswith a cell maximumc,,., greaterthan
the currentray maximum. This techniqueavoids the evaluationof cellsreached
by raysafter processing (local) maximum. If, in addition,a goodlower-bound
estimationof the ray maximumcanbe obtainedbeforerendering,alsocells en-
counteredbeforethe maximumcanbe skipped,if their maximumis lower than
thelower-boundestimation67].

Although thesemethodsreducethe numberof requiredevaluationssignifi-
cantly, thelower-boundestimationhasto be performedfor eachnew viewing di-
rectionandmuchtime is spentduring renderingon identifying andthenskipping
cellsandemptyregions.

To increasetime savings during rendering,cells which do not contribute to
arny MIP shouldbeidentifiedandremovedduringa preprocessingtep.

Cell Removal

A cell C doesnot contribute to MIP from ary viewing direction (andtherefore
shouldnotto be consideredor rendering),f all rayspassinghroughit collecta
highervalueby passinghroughothercells D eitherbeforeor afterC'is processed.
Thefirstapproachsto investigatalirectneighborsD; of acell C' only. C' doesnot
contribtuteto arny ray throughit if Vi|(Cpuaz < Dimin)- AS We assumesontinuous
raysto be tracedthroughthe volume, only face-connectedeighborsof C have
to be consideredA ray enteringC' throughan edgeor vertex at least“touches”
someface-connectedeighbors).
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Figure4.12: a) relevanceof cell C depend®n valuesof 6 face-connectedeigh-
borsD;. b) decompositiorof the viewing-domaininto 24 (12) clustersof viewing
directions.c) for ary viewing directionwithin cluster11 relevanceof C' depends
onthevaluesof atmost3 directneighbors

Applying sucha unified relevancedetectionfor cell elimination, which consid-
ersthe whole domainof viewing directions,is very ineffective andleadsto low
cell removal rates. Significantlybetterresultscanbe achievedif severaldistinct
clustersof similar viewing directionsaredistinguished.For rendering the setof
cells correspondingo the clusterwhich containsthe currentviewing-directionis
selectecandusedfor MIP. To minimizethenumberof neighborsvhichhaveto be
checled for elimination,a decompositiorof all viewing directionsinto 24 clus-
tersis performedfirst (in the sameway asfor the voxel-basedIP). Eachcluster
of viewing directionscorrespondso a quarterfaceof the directionalcubeasde-
pictedin figure 4.12b Consideringust viewing directionsout of onecluster a
cell’srelevanceto MIP dependson just threeneighborgfigure 4.12c)insteadof
six asin the caseof viewpoint-independerpireprocessindfigure4.12a).

As thedirectionof ray traversalis not relevantfor MIP anda MIP generated
from a certainviewing directionproducesexactly the sameimageasa MIP from
the oppositedirection, setsof possiblycontrituting cells have only to be calcu-
latedfor 12 of the 24 clustersof viewing directions.Furthermoreascanbe seen
in figures4.12bandc, threeclustersof viewing directionsaroundeachcornerof
the directionalcuberesultin the samesetof direct neighborson which a cell’s
relevancedependgfor exampleclustersl, 11 and20). Unfortunately the clus-

41

A\
7



1 6 (LU
450 8|7

Viewing ray range
Viewing ray range

a) b)

Figure4.13: a) Viewing domaindecompositionn 2D. b) face-maximunpropa-
gationfor clusterl

tersdiffer in theway in which the estimationdor raysenteringthroughcell faces
combineto the estimationdor exiting faces.As theremoval algorithmusesface
estimationdor determiningnon-contrituting cells, the clusterscannot be com-
binedwithout sacrificingremoval efficiency.

To achieve effective cell elimination, not only the influenceof direct neigh-
bors, but alsothe influenceof moredistantcells on rays hasto be investigated.
This canbedoneby applyinga simpletwo-passschemdor eachclusterof view-
ing directions. For reasonf simplicity, the procedurewill be explainedin 2D.
Theextensionto 3D is straight-forvard.

For cell removal in 2D, the viewing domainis decompositednto 8 clus-
ters, eachone covering a rangeof viewing directionsspanning45 degrees(fig-
ure4.13a).Rayswithin clusterl canentercell C' only throughedgev;v; or v4v3.
Consideringust the valuesat the cell’s vertices,cell C' hasno influenceon the
maximumof raysthroughwyug, if min(vi,vs) > max(ve, v3) —in this case the
maximumecontritution of the cell to any ray enteringthroughw;v; andleaving
throughwv; or T,w3 is locatedon the edgev;v;. As this edgeis sharedwith cell
D whichis traversedby theraysearlier C' doesnot contrituteto the rays. Simi-
larly, the cell hasno influenceon raysthroughvyus if min(vs, vs) > max(vy, v2)
dueto thecontribution of cell E —the conditionfor 753 hasto considertheinflu-
enceof v, asa large datavalueat v; may influencethe datagradientwithin the
cell in away thatraysthroughv,uz obtaina larger valuewithin the cell thanat
U403 Of TU3.

By preprocessinghe volumein a spatially consecutre order the influence
of cells on ray maximacan be propagatedvith an advancingfront approach.
In the examplein figure 4.13b, cells D and E' are processedeforecell C' is
reached. For both of them, lower-boundestimationsof the maximumfor rays
which leave the cells have beencalculated(for this cluster raysleave cells ei-
ther throughfacew,uz or throughfacew;v;). This means,that at the time C
is processedlower-boundestimationsm, 4 for rays enteringthroughv,v4 and
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mg 4 for raysenteringthroughwvsv, areavailable, which alreadyincludethe in-
fluenceof more distant(preceding)cells and the influenceof the edgesthem-
sehes (min(vy,v,) andmin(vs, v4)). Thus,the revisedtestfor the irrelevance
of cell C is my 4 > maz(vq,v3) andmg s > max(vy,v2). If both conditions
aretrue, C' is removed andnever ever consideredor MIP anymore. After clas-
sifying the cell, the lower-boundestimationdor the maximaof raysleaving the
cell have to be computed. As for the investigatedclusterof viewing directions
only rayswhich have enteredthe cell throughwzio; canleave throughvivz, the
estimationfor rays throughoivz is mi o = max(min(vy,vs), mi4). AS rays
enteringthroughboth, 777, andwzv; canleave throughw,os, the estimationfor
vov3 = max(min(vy, vs), min(mi 4, ms4)).

While thefirst sweepallows to identify andremove low-valuedcells located
behindhighervaluedpartsof thevolume,asecondsweepn theoppositedirection
is requiredto propagatehe influenceof high-valuedcellsto cellsreachecdearlier
by theraysof this cluster Thesecondsweeps identicalwith thefirst sweepwith
the exceptionof the invertedorientationof the raysandthusaninvertedvolume
scanorder Cellswhich have beenremovedduringthefirst sweepdonotinfluence
ray valuesduring the secondsweep. Consideringalso cells removed during the
first sweepwould resultin mutualeliminationof cellsandwould leadto holesin
thevolume.

The two-passmethodpresentedabove can be extendedto 3D in a straight-
forward way. For a decompositiorof the viewing domaininto 24 (12) clusters,
raysmay enterandleave cellsthroughthreefacesfor eachcluster Lower-bound
estimationshave to be propagatedor facesnsteadof edges.

To evenfurtherincreasdheefficiency of removal andto compensatéor noise
which is usually presentin MR datasets,the removal processcan be modified
to remove alsocells which violate the exact criteria by a factorwhich doesnot
exceeda userspecifiedthreshold(removal tolerance). After the preprocessing
with a 1% toleranceon averageonly about30% of all cellsremainas possibly
contrituting for asingleview-set. For detailedresultspleasaeferto sectior4.2.4
andtable4.5.

4.2.2 Cell Storage

In thefollowing, the vertex coordinatesz, y, z) = (min(z;), min(y;), min(z;)),
with (z;, y;, z;) beingthe eightverticesof a cell, will beusedasreferencecoordi-
natesof acell.

Cells which have beenidentified during preprocessing@s relevant cells are
extractedfrom the volume and storedinto a similar RenderList  structureas
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describedn sectiord.1.2.Cellsaresortedaccordingo descendingell-maximum
(Cinaz) Valueswithin the cell array For every cell its referencecoordinatesare
storedinto the correspondin@2 bit entryin thearray C,,.. IS storedasthe key
attributeat RenderListEntry  s.

Usingthisalternatve storageschemeit is trivial to startMIP with high-valued
cells. Speed-ugactorsof 10-20comparedo otheroptimizedhigh-quality MIP
approachefb, 51, 67] aregainedby justthis partof theapproachin combination
with the usualoptimizationslike evaluatingonly cells with C,,,, >currentray
maximum,andnoiseskipping(seetable4.3,row 3 for detailedresults).

Althoughsortingall cellsby C,,;, would mosteffectively reducethe number
of interpolationsrequired,sortingthem by C,,... hasseveral advantages. The
encodingof C,,., in the RenderListEntry allows to accesst in anefficient
way for testinga cell’s relevanceduring projection. Within a groupof cells with
the sameC,,,, sub-sortingis doneaccordingto descending’,,;,. Due to the
smallrangeof differentvalues,sortingby C,,.. andC,,;, canbe doneusingfast
histogram-basedorting (compleity O(N)). During projection,cells with high
Cinaz @andC,,;, areprocessedirst.

The chosencell orderis alsowell-suitedfor efficiently skippingcells which
have beenmappedto black dueto windowing. If cells aresortedby C,,., and
renderingis startedwith highestvaluesof C,,,,, renderingcan be stoppedafter
reachinghefirst cellwith C,,,.,, mappedo black. For realisticwindow definitions
(asusedby medicaldoctors)this cansignificantly speedup the rendering(up to
severaltimesfaster).

In additionto the fastcomputationof MIP dueto re-sorting,anotherbig ad-
vantagas gained:progressierefinements achiezedautomaticallyascellswhich
aremostrelevantto MIP areprojectedfirst. Projectioncanbe stoppedary time —
the resultwill alwaysbe optimal for the giventime-constraints Also, computa-
tion of cheappreviews is simple. Sinceinteractionis crucialfor usingMIP, this
advantagds alsovery importantfor practicaluse.

In the following a rough comparisorbetweenthe traditionalway of volume
storageand the RenderList -basedrepresentatiorof cells is given: Storing
the positioninsteadof datavaluesdoublesthe amountof memoryrequired. As
roughly 30% of all cells remainafter the preprocessingtep(cell removal), the
amountof memoryrequiredis about0.6 * original volume size (per clusterof
viewing directions). For 12 clustersthis resultsin an approximatelysevenfold
increasein memorysize comparedwith the original dataset. Consideringdata
setsfrom medicalapplicationsand regular hardware resourcesthe storagere-
guirementsarehigh, but acceptablelf, neverthelessthe memoryresourcesrea
limiting factor thedatasetcanalsobetransformednto asinglecell arraywithout
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Figure4.14: Cell projectiontemplates.As the projectionsof cell C' andcell D
(positionof v;) have differentsub-pixel offsets the shapeof pixel-setsaffectedby
thecellsdiffers. ThusC and D requiredifferenttemplatedor projection.

prior view-dependenpreprocessingThis, of course slightly increasesendering
time (seetable4.7),but still gainsresultssignificantlyfasterthancornventionalap-
proache®f comparablémagequality, while requiringjusttwiceasmuchmemory
astheoriginal dataset.

4.2.3 Rendering

To achieve high renderingperformanceprecalculatedemplatesare usedto de-
termineall pixels of the imagewhich are coveredby a cell’s projection. A fast
parallelprojectionis usedto calculatethe positionof a cell’s projectionin theim-
age.Finally, the orderof traversalof the cell arrayanda fastheuristicestimation
of the upperboundfor the maximumvalue alonga cell-ray intersectionreduce
the numberof morecostlyandaccuraterilinear maximumevaluationsrequired.

Template Calculation

The main purposeof the templateis to allow fastidentificationof the pixels af-
fectedby the projectionof a cell. At eachof thesepixels,the cell’s influenceon
the maximumof the ray throughthis pixel andthusto the pixel valuehasto be
evaluated.A sufficiently accuratecalculationof this contrikbution requiresseveral
stepsof trilinear interpolationalongthe ray within the cell. To save time during
cell projection,it is quite usefulto pre-calculateentryandexit coordinate®of the
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ray for eachpixel of the template. Interpolationweights (u, v, w € [0, 1] for
trilinear interpolation)of theentryandexit pointsarestoredfor this purpose.

As only parallelprojectionis used the shapeandsizeof the projectedmages
of all cellsis identicalin a continuousmagespace.Dueto arbitraryscalingand
rotation of the volumefor viewing andthe discretenatureof a pixelizedimage,
imagesof cellsdiffer by anindividual sub-pixel displacementvith respecto the
pixels of theimage(seefigure 4.14), which alsoleadsto differing setsof pixels
coveredby a cell'simage. To accountfor this shift with sufficient accurag, the
projectionhasto be performedwith sub-pixel accurayg, allowing to placeacell’s
imagein betweenimage-pixel positions. The placemenibn a 4x4 grid within a
pixel producessatisfyingresults.

The placemenbf cell imageson sub-pixel positionsleadsto slightly differ-
entshapesf the templatedor differentz/y-displacementandalsorequiresthe
calculationof individual ray entry/it-positionsfor eachof the templates.The
resulting(4x4) arrayof template<anbedirectly accesseduringrenderingusing
the sub-pivel displacementsf a cell’s projection.

To optimizethe renderingperformanceeachelement(=pixel) of thetemplate
storesa setof values:

¢ theoffsetof this elements pixel from the pixel containingthe projectionof
thecell'sorigin (cell vertex v;). As theimageof v; canbelocatedanywhere
within thecell’simagedependingntheviewing direction,the pixel offsets
may alsobecomeneggatie.

¢ theinterpolationweights(u,v,w) for ray entry andexit coordinatesat this
element.

e thenumberof interpolationstepsrequiredalongtheray/cellintersection
e A (du,dv,dw) vectordefiningastepalongtheray.

Before rendering,the templateis optimizedto speed-upaccess. To avoid the
necessityof skippingnon-coseredpixelswithin atemplate justalist of covered
templateentriesis storedinsteadof a 2D array Thus, eachtemplateis just an
array of image offset and ray-informationelementsfor locationscoveredby a
cell’'s projection.

Projection

As theparallelprojectionof apointcanbe performedoy independentlyrojecting
it'sz, y, andz coordinatesthe projectedpositionsz;,,, andy;,,, canbe precal-
culatedfor the projectionof all possiblez, y, and z cell coordinateswithin the

2
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volume. This resultsin six arrays— onefor eachz;,, 4, yimg POsitionof eachz, y,
andz coordinate.

For performancaeasonsjnteger valuesare usedto represenpositions. As
the summationof 3 integer valuesto obtainthe z;,,, or y;,, positionof a cell’s
projectionintroducesanerrorof up to 1.5pixelsin z;,,,, andy;,,,, thearrayshave
to containsub-pi>el coordinatego keepthe errorbelov onepixel.

In combinationwith precalculatedemplatesthe projectionof acell becomes
simpleandefficient. Cmaxis obtainedin a way describedn thefollowing para-
graph,img _width is the width of the imagein pixels. .pixel isthex ory
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 mgoffset] <Cm)
evaluate cell contribution at this pixel

}

Evaluation of the Maximum

Comparedo the otherstagesf a MIP computationthe evaluationof maximum

valueswithin cells (trilinear interpolation)is by far the mostexpensve part. The

reductionof the numberandeffort of evaluationswhich arerequiredto generate
animageis crucial for the performance.Performancecan be improved on the

one handby using a lessexpensve (but usually also lessaccurate)evaluation

methodto approximatehe maximum. On the otherhand,more evaluationscan

be omittedif a goodguessfor the ray-maximumcanbe found early The sorted
cell-arrayallows to accesandrendermostpromisingcellsfirst. If therendering
is startedwith the projectionof cellswhich have the highestcell maximum(and

minimum), the probability of having to evaluatesuccessie cellsprojectedon the

samepixelsis significantlyreduced.As canbe seenin table4.6, only about2—

4% of the cells of the original datasetrequirethe useof trilinear interpolation
to evaluatetheir possiblecontribution to a MIP. The evaluationof the remaining
cellsis stoppedeitherafter checkingC,,,, or after performingthe slightly more

expensyve maximumestimationdescribedelow.

Valuesof pixels which are coveredby the currentcell and which are lower
than the cell maximum potentially have to be replacedby a highervalue. An
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analyticalsolutionfor the maximumalongthe ray throughthe pixel is extremely
expensve,andevena few trilinear interpolationstepsalongtheray arealsoquite
costly A cheapestimationof anupperboundfor theray maximumwhichis more
restrictve thanthe cell maximum<c,,,, cangreatlyreducethe numberof more
costlyandexactevaluationsof the maximum. Thefollowing obsenationscanbe
usedto presensucha heuristic:

e If the maximumis locatedon the entry or exit point of the ray: applying
two bilinearinterpolationson the entry andexit facesof the cell givesthe
exactvalueof themaximum,i.e.,maz(entry, exit).

e If for this ray the maximumis locatedwithin the cell, theremustbe some
positive deviation from a linear evolution betweenrnthe entry andexit point
of theray. If a cheapapproximatve guessfor this nonlinearity within
the cell can be found, the upperbound of the ray can be estimatedas
min(Caz, maz(entry, exit) + deviation).

A fast approximatve estimation of this deviation is deviation =

Max(0, Maz(v; + v;)/2 — ¢) with v;, v; being data values at the vertices
located at the ends of the four space-diagonalsf the cell and ¢ being the
trilinearly interpolatedvalue at the centerof the cell (cheapevaluation, as a
specialcase).Althoughthis estimations notastrictupperboundin all casegjust
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 C,,., asanestimation.Whenusingthis estimation
about 60% less (of significantly more expensve) trilinear evaluationshave to

be performed(table 4.6). As only 25-30%of the trilinear evaluationsactually
lead to a changeof a pixel value, a more tight upperbound estimationcould
gain even more performance.If the estimatedupperboundfor theray is above
the valueof the examinedpixel, several stepsof trilinear interpolationwithin the
cell areperformedutilizing informationstoredin the templatego obtaintheray
maximum.

Projectinghigh-valued cells first and using an additional estimationof the
ray/cell-maximumis very efficient, asthe value of eachnon-backgroundgixel
of theimageis setonly 1.3to 4 timesascomparedo 10-25timesfor MIP using
cornventionalray-castingwith optimizations.

For the following pseudo-codesummaryof the projectionof the cell array
gray[] storesthe mappingfrom data-\aluesto gray levels as definedby the
windowing function.
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levelsof proposed preprocessing memory speed-ugompaedto

approach time factor | brute | + C,... | +ignore
force | > max | noise

RenderList 6s 2.0 1.3-14

+ Crae > max 6s 2.0 6.1-7.4| 3.9-5.3| 3.1-4

+ ignore noise 6s 2.0 2040 | 14-25| 11-20

+ cell elimination 93.6s 3.6-12 | 28-43 | 18-27 | 14-22

Table4.3: Comparisorof ray-castingoasedMIP (trilinear interpolation,columns
4 and5 with optimizations)with the proposedapproach{RenderList  of cells
andoptimizations).

method interpolations| cells | pixelsset
brute-force 100% 100% 24

+ Crpaz > max 26% 29% 24

+ ignore noise 7.7% 7.8% 13
cellarray 1.3% 2.5% 1.65

Table4.4: Comparisorof interpolatiorefficiengy: brute-forcg(row 1) interpolates
atevery stepalongray (col. 1), within every cell (col. 2). Eachpixel change4

times(col. 3). Row 2: interpolationonly if C,,,, > maz. Row 3: alsoignore

low-valuedcells. Row 4 shows theresultsfor the proposedapproach.

cells=get_cell_set(viewmatrix); /[ out of 12 preproc.
calculate_template(viewmatrix);
calculate_projection_arrays(vie wmatr ix);
for Cmax=highest to O
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 implementedas a
Java applet. The applet and further high-resolutionresults are available at
(http://wwwcgtuwien.ac.ateseach/vis/vismed/CMIB/ A C implementations
expectedo exhibit a 30—-40%betterperformance.

Table4.3 depictsthe speed-umchieved by the RenderList  -basedmethod
comparedto brute-forceray castingwith trilinear interpolation (integer arith-

>
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dataset size toler. | sweepl | swee? | total
hand 2562 x 100 | 1% 81% 3% | 84%
hand 2562 x 100 | 2% 93% 2% | 95%
kidngy | 2562 x 69 | 1% 56% 55% | 61%

Table4.5: Cell eliminationresults

metic) andto optimizedray-casting(no interpolationin cellswith C,,,., < mazx,
skip backgroundnoisewhich is windowed to black). The secondrow (sorted
cells, evaluationonly if C,,., > mazx) clearly shovs the advantageof project-
ing high-valuedcellsfirst (factor3—7). Even more performances gainedby the
ability to skip low-valuedcells without ary overhead(row 3). This resultsin a
speed-ugdactorof 11-40. Finally, by eliminatingcells during the preprocessing
step,factorsof upto 43 comparedo brute-forcerenderingandup to 22 compared
to optimizedray-castingcanbe achieved.

Renderingtimes as comparedn table 4.3 may dependon the optimization
of the implementation.To obtaina lessimplementation-dependenteasurdor
the efficiency of the approachthe numberof interpolationgperformedcell-, and
Image-accesstatisticsof the algorithmarecomparedo ray castingin table4.4.
Comparedo even optimizedray casting,the cell-arrayrequiresfive timesless
interpolations Also, updatef ray-maximaandthusof pixel valuesoccursignif-
icantly lessfrequentlyduring the renderingprocess.Due to the differencein the
numberof interpolationsperformed,it canbe concludedthat a speed-ugdactor
of approximatelyfive is relatedto the avoidanceof cell evaluations.Theremain-
ing portion of the speed-ups basedon efficient volumetraversal(strictly linear
accesgo thecell array)andcell skipping.

Table4.5 shaws cell removal statisticsfor the preprocessingf the handdata
setdepictedin figures4.15and4.16 andthe kidney datasetof figure4.17a.As
the seconsweepeliminategust few additionalcells, it canbe optionally omitted
to shortenthe preprocessinglncreasingthe tolerancefor preprocessingnainly
affectslow-gradientareaswvhich usuallydo not containvesseldata(figure 4.16).

Table 4.6 presentsstatisticalinformation on the numberof cellsinvolvedin
theimagecreation,the numberof upperboundestimationdor ray-cellintersec-
tions andthe percentag®f intersectionsvhich requirea moreaccuratetrilinear
interpolationto evaluatethe maximumwithin a cell. Rows 1 and2 representhe
handdatasetfor two differentimagesizes,Row 3 showns datafor thekidney data
set.

Finally, table 4.7 presentgenderingtimes for MIP using the cell array ap-
proach.Therenderingtimeshave beenmeasurean aPIII/750 PC.
AN r
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a)trilinearinterpolation b) n. neighborray castingc) n. neighborshear/varp d) sortedcells

difference

Figure4.15: Quality comparisorof MIP which wasproducedusinga) ray cast-
ing with trilinear interpolation b) ray castingwith nearesheighborinterpolation,
c) shear/varp projectionwith nearest-neighbanterpolation,d) RenderList

and trilinear interpolation. The differenceimagesdepict amplified differences

with respecto ray castingwith trilinearinterpolation.
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difference
tolerance0% tolerancel% tolerance2%

Figure4.16:Resultdor RenderList -basedMIP with differenttolerancevalues
for preprocessinghanddataset). As thetolerances increaseddeviationsappear
mainly within areascontaininglow-valuednoise.

data | imagesize| cellsaccessed approximations| evaluations| pixelset
hand 4652 2.5% 1518k 26% 1.65
hand 5122 4.1% 2439k 27% 15
kidney 4652 3.2% 1077k 29% 1.46

Table 4.6: Efficiency of maximum-alue evaluation: Column “cells accessed”
givesthepercentagef cellsinvolvedin theevaluationprocess:‘approximations”
is the total numberof approximationoperations;evaluations”is the percentage
of approximateday intersectionsvhich requiredmore exact evaluation. “pixel
set”is thenumberof writesto a non-backgroungbixel.
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dataset size imgsize| withoutpreprocessing with preprocessing
hand 2562 x 100 | 256 295ms 215ms

512 615ms 450ms
kidney | 2562 x 69 256 180ms 150ms

512 350ms 315ms
head 2562 x 124 | 256 180ms 170ms

512 380ms 365ms

Table4.7: Renderingimesfor differentdatasetsandimagesizes. All datasets
have beenpreprocessedith al1%tolerancehreshold.Thetimingsdependnthe
usedwindow definition. Someof theresultingimagescanbeseenn figures4.15d
and4.17a,b. Userhardware:Pl11/750PC.

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

The proposednethodprovidesinteractve frame-rateon high-endPCsandstill

severalframespersecondn standardiesktophardware,andis well-suitedto de-
pict small detailswithin the datawhich may be missedor deformedusingother
fast,but lessaccuratemethods Comparedo high-qualityMIP basednray cast-
ing, themethodavoidstrilinearinterpolationsn asignificantlymoreefficientway
and achieves 20 times better performancewhile providing better quality than
other(shear/varpor hardware-basedapproaches.

4.3 Display of Iso-Surfaces

A standardmethodto do surfacerenderingis first-hit ray castingfor depicting
surfaceamplicitly containedn volumetricdatasets(ray terminatesvhenopaque
surfaceis hit). Although (first hit) ray-castings a versatilemethodwhichis able
to provide high-qualityimagesit is notsuitedfor interactve investigatiorof real-
life datasetson consumethardware. Although variousapproacheso improve
efficiency of ray-castingexist, high-endmulti-processohardwareis requiredto
achieve interactve frame-rate§58]. Purelyhardware-basedolutionswhich ex-
ploit either3D-texturesor dedicatedsolumerenderinghardware[48] cannot be
takeninto consideratiorior a portablecross-platformapplication.Dueto thefact,
thatfastpolygon-renderindpardwareis availableon mary platforms,explicit sur
face extraction methodslike marchingcubes[33] becomemore and more the
methodof choicefor commercialapplications.Dependingon the capabilitiesof
the renderinghardware the speedandthe quality of the imagesdiffer from sys-
temto systemand comparablegperformancecan not be guaranteedor different
platforms.Also for storingevenoptimizedtriangle-basedurfacerepresentations
hugeamountsof memoryare required. Mainly the high memoryconsumption
makesa polygonalmodellesssuitedfor surfacerenderingwithin a portablesoft-
ware.

The demanddor a versatileandhighly portablesurfacerenderingalgorithm
canbesummedup asfollowing:

e softwareonly approachensuresighestportability andprovidesa compa-
rablerenderingspeedon comparablelatforms.

¢ low memoryrequirementstow memoryrequirementsor thesurfacerepre-
sentationallow (in combinationwith software-basedendering)to operate
the softwareunderlow-resourceconditions(lik e on notebooks).
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e high renderingspeed:morethen 10 framesper secondson a standard”C
for interactve navigation

e stacledsurfaces:o provide context aroundobjectsof interesthealgorithm
shouldbe capableof displayingseveralsemi-transparergurfaces.

4.3.1 Preprocessing

To achieve real-timeperformanceon affordablehardware, the advantageof ex-
plicit surfaceextractionandrepresentatioareunifiedwith the advantage®f fast
renderingusingshear/varp projection.A voxelizedsurfacerepresentatiors cre-
atedduringthepreprocessingtep,andstoredin aRenderList  for laterrender
ing.

Thecreationof anexplicit surfacerepresentatioprior to renderingeliminates
theneedfor surfacedetectionduringrenderingasrequiredby first-hit ray casting.
To obtainarepresentatiofor theiso-surtice thevolumeis scannedor transitions
betweenvoxelswith avaluebelon andabove thethresholdj.e., theiso-value. If
a voxel hasa datavalue greateror equalto the thresholdandif it hasat least
one 26-connectedheighborbelow the threshold,it belongsto the surfaceandis
consideredo be relevant. The relevant voxels are extractedform the volume
andstoredinto a RenderList / RenderListEntry structure. The voxels
which have beenextractedduring the scancorrespondo a 6-connectedurface
within the volume at the specifiedthresholdvalue. The 6-connectednessf the
surfacevoxelsis requiredto ensurehatno holesappearduringshear/varp-based
renderingdueto displacementf voxelsbetweersuccessie slices.

For eachsurfacevoxel, it's positionandthe gradientvectorare storedas at-
tributes. To obtaina memory-eficient representatiorthe gradientvectoris con-
vertedto polarcoordinatesnsteadof theusual(z, y, z) representatioandstored
usingl14 bits (7 bits perangularcoordinateasatradeof betweershadingquality
andcomputationakffort for precomputingshading).The storageschemeallows
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 the coordinatewhich correspondso the axis mostparallelto

the viewing direction (For simplicity referredto asz coordinate.The procedure

(2
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Figure4.18: Surfacerenderingdepictingtwo surfaces:opaquebonesandvessels
andsemi-transparerskin.

for theotherviewing-axesis analogous)As thesortingproducegroupsof voxels
with equalz coordinatesuchthatthey arestoredat consecutre positionswithin

the array the z coordinatedoesnot have to be storedfor eachvoxel. Instead,
voxelswith thesamez coordinatearegroupednto RenderListEntry swhich

storethe z coordinateoncefor all containedvoxels.

For renderingthe RenderListEntry s of all surfaces(asseveralsurfaces
could be viewed simultaneouslyseefigure 4.18) are meiged and sortedby the
z coordinateinto a single list. To be able to distinguishobjectsduring ren-
dering, additional propertieslik e the opacity of the surface are storedin each
RenderListEntry

During projection,the RenderListEntry =~ sareprocessedn back-to-front
orderandtheirvoxelsareprojectedontothebaseplane.For performanceeasons,
eachvoxel is projectedonto exactly one pixel of the intermediatemageplane,
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,compositings performed blendingthe old pixel value
with thevalueof the currentvoxel accordingo the opacitystoredat the currently
processedRenderListEntry

Clipping planes (see figure 4.19a) which operateon the RenderList
voxel storage schemecan be implementedin a very efficient way. A

(-
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Figure4.19: Interactve clipping planesallowing a) insightinto objectsb) display-
ing densitydatawithin anobject

RenderListEntry storesvoxels with the samedepthwith respecto the in-

termediateéimage plane. The orderin which the voxels are projectedonto the
planeis not relevant, aseachof themis projectedonto a uniquepixel of thein-

termediatamageplane. Thus,if a clipping planeis applied,the voxelswithin a
RenderListEntry canberesortedn away, thatvoxels,whichareclippedand
becomenvisible, aremovedto the endof the arraysectionwhich belongsto this

RenderListEntry . By settinga pointerto thelastvoxel whichis notremoved
attheRenderListEntry , theclippedvoxels canbe efficiently skippedduring
rendering. The resortingof the voxels into clipped/non-clipped/oxels requires
justasinglescanof the arraywith swappingof pairsof voxels. This approachs

ableto handleclipping atarbitraryplanesor evennon-planaiobjects.

Commonvisualizationscenariogequire not only the clipping and removal
of partsof the data,but alsoto displayoriginal datavaluesat the clipping plane
within the context of the 3D object (seefigure 4.19b). The display of original
dataon planarsectionsthroughthe scenecan be easily integratedinto the pre-
sentedsurface-rendering@pproach. Usually, only voxels with valuesabove the
thresholdwhich definesthe surfacehave to be displayed ,providing information
on datawithin the object. Whena new positionfor a clipping planeis defined,
voxelswhich containthe planeandhave avalueabove thethresholdareextracted
from the volume and storedin a similar way assurfacevoxels. Insteadof stor
ing gradientvectors,the datavalue at the voxel is storedas an attribute. The
extractedvoxels are againsortedaccordingto their z coordinateand grouped
into RenderListEntry s, which aremeigedwith the remainingobjectsof the
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57

Ab



fig. | volumesize| voxels| shear| warp | frame | extract
4.18 | 256 x 232 | 232k | 18ms| 15ms | 50ms | 2.0s
4.19a| 2562 x 158 | 376k | 30ms| 15ms | 61lms | 2.2s
4.19b| 256% x 147 | 253k | 20ms| 15ms | 53ms | 1.8s
4.19a| 5122 x 316 | 1.8M | 90ms| 100ms| 220ms| 15s

Table4.8: Renderingimesfor iso-surficerendering(rows 2 and4 show the re-
sultsfor the samedataset,with andwithout downsampling)

scene.During rendering a flag at eachRenderListEntry is evaluatedto de-
cidewhethertheattribute storedatit’ s voxelsis a gradientandshouldbe usedfor

shadingor if it is a datavaluewhich shouldbe immediatelywritteninto the base
plane.

4.3.3 Results

Thetime neededor renderingandsurfaceextractionhave beenmeasurecn an
P11/400PCusingtheJavavirtual machinel.1.8from Sunwith a Symantegust-in-
time compiler(for rows 1-3 of table4.8). The correspondinglatasetshave been
resampledo fit into a 2562 cube. The size of theimagesis 5122 pixels. While
the time requiredfor the shearstepdependsonly on the numberof projected
voxels, thetime requiredfor warpingthe intermediatamageplaneinto thefinal
imageandalsothetimerequiredby Jarato transfertheimageto the screerbuffer
(includedin the overall frametime in column6) dependsnainly on the size of
theimage.As interpolationis only performedduringthe warp step,largeimages
(10242 for example)generatedbut of 256 datasetsare blurred due to strong
scalingduring interpolation. Row 4 of table 4.8 shaws the time for rendering
a datasetat original resolution(512% x 128) on an AMD Athlon 600 PC. As
equalvoxel sizeis requiredin all dimensionsthe datasetis treatedasa 5122 x
316 volumeduring surfaceextraction. Using dataat the original resolutiongives
satishictoryresultsfor 10242 images.Thetime requiredto recomputehe shading
tableis negligible.

In table 4.8 the column*“voxels” givesthe numberof voxels extractedfrom
the volumeto representhe surface(s). Thetime requiredfor extractionincludes
the computatiorof gradientvectorsusingthe centraldifferencemethod.

Thememoryrequirementsor storinga surfacearemoderate For eachprinci-
pal viewing directioneachvoxel storesthe two othercoordinateg?2 * 8 bits) and
the gradientvector(14 bits). For all threeprincipal directionsthis sumsup to 90
bits pervoxel. This canbe comparedo the requirement®f a polygonalmodel

-
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of a surfacewhich usestriangle strips: Making a fair assumptionthat after an
optimizationof the surfacerepresentatiothereare approximatelyjust as mary
verticesin themodelasvoxelsin the presentedgurfacerepresentatiorthe model
requiresat least24 bytes(192 bits) for eachvertex (3*float coordinates3*float
normalto allow handlingby graphicshardware). Additional memoryis required
for referencinghe verticeswithin the strips(indexedtrianglestrips). Evenwith-
out consideringhe memoryrequiredto storethis connectvity informationfor a
geometricmodel,RenderList  srequiresignificantlylessmemory

4.3.4 Discussion

The RenderList -basedalgorithm for surface display has beendesignedfor
providing real-timeframeratesfor viewing medicaldatawithin a Java-basedli-
agnosticapplication. By using purely software-basedendering,the algorithm
achievessimilar performanceon differenthardwareplatforms. By exploiting the
advantagef explicit surfaceextractionand shear/varp projection, high frame
ratesareachievedat low memorycost. The only non-interactre stepof thevisu-
alizationprocesss the extractionof surfacevoxelsduringthe preprocessingtep
(1-2 seconddor atypical 256 dataset). Surfaceextractionhasto be repeated
eachtime anew iso-valueis specified.

Comparedwvith a polygonalrepresentationf the boundarysurfaces this ap-
proachpreseresthefull accurag of thedatasetat muchlowermemorycost,and
allows interactve renderingon low-endhardware.

4.4 Extendedshadingmodels

As alreadymentionedbefore,variousshadingmodelscanbe appliedat interac-
tive frameratesto renderthe RenderList -basedvolume representationif a
quantizedepresentationf the gradientis storedasanattribute with every voxel.
Gradientswhich areusuallygivenusing3 float (=96 bit), or at leastbyte coordi-
nateq=24bit), arefirst quantizedo 12—-16bit to obtainacompactepresentation.
As the numberof distinct gradientdirectionsis ratherlow after quantization,a
gooddistribution of the quantizedirectionsover the unit spherds necessary

If parallelprojectionis performedandonly directionallight sourceqlocated
atinfinity) areused,the evaluationof commonlighting modelslike Phongshad-
ing doesnot dependon the positionof the voxel, but only on the gradientvectot
viewing direction,andlight direction.For shadingnodelswherethisassumptions

-
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after each view/light change for each voxel

gradient shaded shaded
dictionary value value
X|y|z - -
. ] | | color
shading || quantized ||
L gradient L
computatio | |
a) b)

Figure4.20: Shadingook-uptablecreation(a) andapplication(b)

hold, thequantizedgradientcanbe usedasindicesto accesanarrayof precom-
puted shadingvaluesduring rendering(figure 4.20). The table hasonly to be
recomputedif oneof theinfluencingfactors(light or viewing direction)changes.
A gradientdictionarytableis usedto storenon-quantizedepresentationsf each
possiblequantizedyradient(requiredfor thecomputatiorof tablecontent).To up-
datethe table,the specificlighting equationis evaluatedfor eachgradientvector
in the gradientdictionaryandthe resultis storedinto the correspondingentry of
thelook-uptable. Thevaluestoredin thelook-uptableis the shadedsoxel color.
A moreflexible approachpasedon storinganintensityvalueinstead which can
beusedto modulatethe color of voxelsis describedn chapter®.

Thelimited numberof evaluationgequiredto updatethelook-uptable,allows
to apply even complex shadingmodelswithout impacton the interactvity. The
simplestmodelusedis the Phongshadingmodel,with theintensity I, depending
on gradientdirection,viewing directionandlight sourceposition

L(P,V,L) =1, + ,G(P) - L+ I,(R- V)"

with G(P) = Vd|p beingthe gradientat voxel P, L beingthe directionalvector
of thelight andV theviewing direction. R is themainreflectiondirection

R=2(G(P)-L)G(P) - L

1,, 15, and I, arethe coeficientsfor ambientlight, diffuse,andspeculareflec-
tion, respectiely, n controlsthe sharpnessf the specularighlight. Dueto the
quantizationof the gradientvectordirections,n shouldbe ratherlow to prevent
visible artefactsof a very narrawv highlight — valuesof 4—8 provide goodresults

(figure4.21ab).
-

60



The look-up table basedshadingalso allows to implementvarious non-
photorealisticshadingmethodsfor example,contourenhancemeriiL1, 10. The
modelassignshigh intensity (and opacity) valuesto voxels with gradientsmost
perpendiculato the viewing direction. Lower valuesareassignedo voxelswith
gradientvectorsfacingtowardsor away from the viewer:

I(P,V) = g(|G(P)])- (1 = [G(P)- V)"

¢() modulateghe intensity dependingon gradientmagnitudeto provide higher
valuesfor voxelsin regionsof high gradientmagnitude which areusually parts
of a surface. The exponentn controlsthe sharpnessf the contour and should
(dueto the quantizatiorof the gradientshot exceed8. Theresultof this shading
techniquecanbeseenin figures4.21eandf.

As the applicationof the pure contourenhancemeninethodprovides only
a sketch-like representatiomf the objects,without muchinformation on shape
details, both approachesiPhongand contourenhancementan be combinedto
obtainacolor C' which depend®n bothmodels:

C=C.l.+Cpl,(1-1,)

C. is the color to be usedfor the displayof contours,C, is the color to be used
for Phongshading. I. and I, areintensitiesobtainedfrom the above lighting
equations. The overall color is a weightedsum of the contourand the Phong
color. Voxelslocatedat objectcontoursarerenderedisingthe contourcolor only,
voxelsfacingto the viewer arerenderedvith Phongshadingonly. If the contour
coloris setto black,thisresultsin adarkeningof objectcontourswhich allowsto
distinguishinternaledgesf anobjectmoreeasily(figure4.21c,in comparisorto
pure Phongshadingin figure 4.21a). Choosingwhite ascontourcolor, brightens
thecontourswhichis especiallyusefulif theobjectis renderegemi-transparently
(figure4.21d,in comparisorto purePhongshadingn figure4.21b).

4.4.1 Optimized Preprocessingor Contour Rendering

In the following, two approache$or volume preprocessingndvoxel extraction
arediscussedwhich areoptimizedfor contourrendering.

MIP of Contours

If contoursshouldberenderedyoxel intensitiesarenot constantdatavaluesfrom
the volume as commonlyusedfor MIP projection. Intensities/, resultfrom a

)
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a) Phongshading b) Phong,semi-transparent

c) Phong,darkenedcontours d) Phong Jlightenedcontours

e) contourenhancement f) contoursonly

Figure4.21: Differentlighting modelsappliedto a scanof humanvertebrae
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viewing
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Figure 4.22: Voxel orderingfor MIP (2D). Voxels are groupedby (quantized)
gradientdirectioninto RenderListEntry s. Within agroup,voxelsaresorted
by gradientmagnitude.Only groupswith (1 — |G(P) - V|)™ > ¢ arerendered,
within agrouprenderings stoppedafterthefirst voxel with 1. < ¢ isencountered.

function which depend=n the viewing directionand gradientmagnitude. This
propertymakesa global pre-sortingof voxels by intensityimpossible.However,
properorderingof the voxels canbe usedto groupandefficiently skip groupsof
voxelsmappedo blackeitherby windowing of the gradientmagnitudeg(modify-
ing ¢()) or by theinfluenceof the currentviewing direction.

For maximumintensity projection,the order of projectingvoxelsis not rel-
evantasmaz(a,b) = maz(b,a). Thus,voxelsdo not have to be orderedand
projectedin spatialorder Instead,voxels with the sameor a similar gradient
direction are grouped. This exploits the fact, that voxels which are not part of
a contourfor the currentviewing direction,are mappedto low-intensityvalues.
Entiregroupsof voxelswith a similar gradientdirectioncanbe skipped,f thein-
tensity(1 — |G(P)-V|)" of arepresentatie of this groupis belon somethreshold
¢ (seefigure4.22). The quantizatiorof gradientvectorsfor renderingeadsto the
requiredclusteringof voxels into groupswith the samegradientrepresentation.
For typical datasets,over 75% of all voxelscanbe skippedby exploiting just this
scheme Furthermorewithin a groupof voxelswith the samegradientrepresen-
tation (a RenderListEntry ), voxels canbe sortedby gradientmagnitude.If
projectionof voxels within a group startswith voxels with the highestgradient
magnitudeprocessingf theRenderListEntry canbestoppedassoonasthe
first voxel with anintensity I, belon £ hasbeenprojected. This arrangemenof
voxels allows to skip non-contriluting partsof the datawith utmostefficiengy.
The disadwantageof 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
mappedo 0 by ¢(|G(P)|) canbe skippedefficiently.

cessto maximumintensityselection.Due to the arbitrary spatialorderingof the
voxels, blendingof voxel contrikbutionsis notfeasiblewith this scheme.

Back-to-front Compositing of Contours

To maintainfull flexibility in the choiceof compositingoperationslik e local MIP
or alpha-blendinga spatially consistentorderingof the projectedvoxels hasto
be maintained. Voxels with a gradientmagnitudebelow a specificthresholddo
not provide a usefulcontribution to animagerenderedisingthe contourshading
model.Only about25% of all voxelshave a sufficiently high gradientmagnitude,
andarethusincludedinto theRenderList  structurethuskeepingthe memory
requirementst areasonabléevel (For back-to-frontrenderingusingshear/varp,
threecopiesof the dataarerequiredthe MIP approachdescribedeforerequires
justonecopy, asspatialorderingis notrelevant).

Within aRenderListEntry , 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 dueto the currentlyusedg(|G(P)|) arelocatedat the end of
aRenderList ’'svoxelsandcanbe efficiently skipped. Comparedo the MIP-
only orderingof voxels describedearlier significantly more voxels have to be
rendered Voxel skippingis only basedon the gradientmagnitudeof a voxel, but
not on the view-dependenpropertyof beingpartof a contour
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volumesize| voxelsrendeed | time

head/MIP 2562 x 225 102k 85ms
head/backo front 366k 150ms
screvs/MIP 2562 x 241 337k 130ms
scravs/backto front 942k 270ms

Table4.9: Renderingimesfor contourrendering

4.4.2 Resultsand Discussion

Themostimportantfactorfor thequality of contourimageds theaccurayg of gra-
dientvectors. Quantizinggradientso a few bits for interactve rendering Jimits

the size of exponentn. High valuesof n resultin very sharpandthin contours.
The quantizatiorerrorof gradientscloseto the contouris thereforeamplifiedand
resultsin too bright or too dark voxel contritutions. For a quantizatiorto 12 bit,

an exponentof approximately4 providesa sufficiently narrov contourwithout
producingdisturbingartefacts(figure4.24).

Dueto moreefficient skippingof black voxelsanda simplercompositingop-
erationfor projectinga voxel, renderingusingMIP is faster(seetable 4.9) than
whenblendingof voxel contributionsis used.Although MIP allows to depictthe
mostsignificantfeaturesof a volume (seefigure 4.24e,f), the lack of occlusion
anddepthinformationin MIP imagesnaybeadisadwantage Thehighinteractv-
ity of non-photorealisticenderingusingMIP compensate®r this disadwantage
by addingtime asanadditionaldegreeof freedomfor thevisualization(i.e., inter-
active view-pointchanges).

More flexibility is gainedby usingDVR (backto front compositing).Theren-
deringtimesareacceptabld¢table4.9), althoughslower thanfor MIP. Depending
on the choicefor voxel opacity differenteffectscanbe achieved. By settingthe
opacity equalto 1. (figure 4.24a)an effect similar to MIP is achiered, with the
differencethatocclusionandspatialorderingof the voxelsis takeninto account.
Contoursin areaswith a higher gradientmagnitudeare depictedbrighter than
in areaswith lower gradientmagnitude. If opacityis derived from g¢(|G(P)|)
only, the resultingimage displaysa blendedset of surfaceswith lighted con-
tours(figure4.24b).This approaclkcanalsobe usedwith goodresultsto enhance
contours[11] in additionto Phongshadingfor surfacerendering(figure 4.24c).
For sggmenteddatawhich allows to distinguishbetweendifferentobjects,non-
photorealistiomethodscanbe easilycombinedwith otherrenderingmethodsfor
examplewith corventionalsurfacerendering(figure 4.24d).

Therenderingtimesin table4.9 have beenmeasuredisinga Javaimplemen-
tationof thealgorithmson a P1I/400MHz PCwith SunJDK 1.3for Windows.
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a) opacity=, b) opacity=(|G(P)

)

e)MIP of I, f) MIP of I, with colortransferfunction

Figure4.24: Interactve non-photorealisticenderingresults
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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 variousrenderingtechniquesDependingon thedesiredcom-
positingtechniquelighting model,andtransferfunctionsetup differentoptimiza-
tions andvoxel orderingschemesanbe appliedto optimize performance.The
bit resolutionusedto storevoxel coordinateg8-11 bit per coordinateandquan-
tized gradientvectors(12-16 bit) for shadingalsovariesbetweenthe described
techniquesto optimizeperformancdor agivenapplication.

In chapter6 a unified implementatiorwill be presentedvhich combinesthe
presentedechniqueswithin a singleframework, usingsimilar bit resolutionand
voxel orderingfor all techniquego allow fastandflexible parametemodification
andrenderingnodechangesAlthoughthe unifiedimplementatioris achieved at
the costof slightly lower renderingperformancehanhighly optimizedspecial-
purposamplementationstherenderingspeeds still interactve evenon standard
desktophardware.
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Chapter 5

Space-EfficientObject
Representationfor Network
Transmission

Onemajor challengeof visualizationin generalis to dealwith large amountsof
data. Especiallyin volume visualization,sizesof commondatasetsrangebe-
tweenseveralhundredof Kilobytes,atthe minimum,up to Gigabytesof uncom-
presseddata. In medicalvisualization,for example,volumetricdatasetsof size
256° x 16 bit, i.e., 32MBytes in total, are quite usual. If standardcompression
like gzip [18], for example,is applied,datasetsusuallyshrink to about30-60
percenif theoriginal size—whichis still in therangeof MBytes.

Processindiugedatasetsitself poseshigh-performanceequirement®n the
visualizationsoftware, but also storageandtransmissiorof volumetricdatasets
easily producebandwidth problems, especiallyif multiple datasetsare to be
treated Frommedicalapplicationsfor example,we know thatarchving 3D data
sets,which accompan diagnosisdata,significantly stressestoragedevicescur-
rently availablein commonclinical setups.

Visualizationover the Internetis even more critical, concerningthe size of
volumetric datasets,and concerningstorageproblems. Web applicationslike

remotediagnosissuffer from low transmissiorrates,even over local networks
(LANS).

The applicability of the more flexible fat-client solution to volume visual-
ization strongly dependson the effectivity of the compressiortechniquesused
for transmissiorof the dataset. Losslesscompressiontechniques- for general
data[18] aswell asespeciallyfor volumetricdata[17] — usually achieve rather
low compressiomatios (around2), which is not sufficient to significantlywiden

/Y
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the bandwidthbottleneck.Using lossy compressionj7, 32, 46], reductionratios
in therangeof 5:1 to 50:1 canbe achiezed while maintainingacceptableuality
of the visualizationresults. On the other hand, medicalapplications,typically
prohibit changedo the accurag of the data,asinducedby lossy compression
methods. Hierarchicalmethods lik e wavelet compressiorj32] combineadwan-
tagesof lossyandlosslesscompression By transmittingand consideringjust a
small fraction of the coeficients (around5%) imagesof acceptableguality can
be generatedOn the otherhanddatavaluesof the original volumecanberecon-
structedif all coeficientsareconsideredA usefulpropertyof waveletcompres-
sionandmary lossycompressiortechniquess the ability to rendercompressed
datadirectly, without prior expansionanddecompression.

Polygonal representation®f structureswithin the volume (e.g., of iso-
surfaces)canbeusedto realizesolutionswhich area compromiseoetweera pure
thin- andfat-clientapproach.The volumeis kept at the sener, just the polygo-
nal surfacemodelis transmittedandrenderedat the client. Changeof viewing
parametersequirelocal renderingonly, just changesaffecting the shapeof the
modelrequirearecomputatiorat the sener andtransmissiorof suriacedataover
the network. To reducethe bandwidthrequiredto transmitthe modelandto im-
prove the interactvity of renderingat low-endclients,progressie refinementas
well asfocus-and-contd techniquesanbe used[15], trading quality of repre-
sentation(in lessrelevantregionsof thevolume)for speed.

Purethin-clientsolutionson the otherhand,allow to performvisualizationon
low-endclientsmakingat the sametime shareduseof specialpurposehardware
atthesener (multiple CPUsand/orVolumeProboard[48], for example).

One approachto determinethe effectivenessof compressiortechniquedor
volumetricdatasetsandtheir suitability for Internet-baseuisualizationis to com-
parethe sizeof compressedolumesversusthe sizeof imagesof the samedata.
This comparisoris usefulasit directly correspondso thetrade-of betweerthin-
andfat-clientsolutions. If sizesof compressedolumedatasetsarein the same
rangeassizesof imagesthereof,andgiventhe client to provide sufficient com-
putationalperformanceo carry out most of the visualizationstepsitself, then
fat-client solutionsbecomefeasibleeven via the Internet. The proposedtech-
nigue [40] achiezes compressiorratessuchthat, given a 256 datasetas well
as 5122 images(24bits per pixel) in compressedIF-format, about2-5images
alreadyarebiggerin sizethanthe compressegolumedataset.
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Figure5.1: Boundaryextraction,compressionandvisualizationpipeline

5.1 The Basicldea

The effectivity of the presentedpproachs basedon the obsenationthatfor the
vastmajority of applicationsgspeciallyin medicalvisualization,volumetricdata
is renderedy displayingeitheriso-surticeq33] or surface-like structureslefined
by areasof high gradientmagnitudeg29]. In both casesthe resultof the visual-
izationis determinedy contributionsof justasmallfractionof all datasamples.
By just codingthosevoxels of an object, which actually contribute to its visual
appearancd,e., the voxels storedwithin the RenderList , the sizeof the data
setis greatlyreduced.Therebyasmall-scaldoundaryepresentationf volumet-
ric objectsis generatedfigure5.1, Sect.5.2). Compressiomf the RenderList
representationyhich exploits spatialcoherenceamongneighboringvoxels, pro-
ducesa very compactobjectrepresentatiorfSect.5.3) which is well-suitedfor
network transmissior{Sect.5.4). Theinformationcontainedwithin thisrepresen-
tation of objectsallows interactive renderingat a client without ary dependeng
on hardware-supportandwith moreflexibility regardingvisualizationparameters
thanpolygonalsurfacerepresentationg demonstratiorppletis availablefrom
http://bandviz.cg.tuwien.ac.at/ basin viz/ compressi on/).

Thefirst stepto obtainan efficient representatiof boundedobjectswithin
a volumetric datasetis the identificationand extraction of voxels which con-
tribute to the object’s visual representation,e., the boundaryof the object. This
is performedduringa preprocessingtepusingoneof thetechniqueslescribedn
chapter4. Bestcompressionesultsare obtainedif objectsurfaces(iso-surices
in generaljarecreatedandstoredinto RenderList  s. Usuallyjust 5—-10%of all

voxelsbelongto the boundaryrepresentation.
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Within theRenderList , voxelsaregroupedinto slicessharingthe samez co-
ordinate(seefigure5.1). Within aslice,theboundarywoxelsform contoursof the
object— a setof connectedsequencesf voxels. Exploiting spatialcoherencef
the contour the positionsof voxelswithin the slice areefficiently encodednto a
compressedatastream.Voxel gradientsarecompresseth the sameorderasthe
correspondingositions,usingaspecialcompressioschemeAdditional streams
of voxel attributes(= datachannels)lik e datavalue,gradientmagnitudegtc.,can
be optionally encodedn a similar way. The outputof the compressiorstepis a
boundaryrepresentationf volumetricobjects,typically compressedby a factor
of 10—100comparedo the original volume.

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

The decompressetoundaryrepresentatiorcan be directly corvertedto a
RenderList andrendered.Comparedwith a polygonalrepresentationf the
boundarysurfaces,this approachpreseresthe full accurag of the datasetat
muchlower memorycost,allows interactve renderingon low-endhardwareand
providesmoreflexibility with respecto renderingparametersTranspareng non-
photorealistishadingandthefusionwith truly volumetricobjectsareeasilypos-
siblewithout performancealegradation(seefigure 5.2 for examples).

5.2 Extraction of Boundary Voxels

For boundaryoxel specificationgithertheiso-surcemetaphoyror a predefined
andexplicit sggmentatiormaskis used.In thefirst casethetechniquedescribedn
chapterd.3is used.The 6-connectedness theresultingsetsof boundaryoxels
is usefulfor exploiting coherenceluringcompressiof thecontours.Boundaries
of objectswhich are definedusing a segmentationmask, can be extractedin a
similar way andalsoresultin 6-connectedetsof voxels.

Although bestcompressiorefficiengy is achieved for surface-like voxel sets,
truly volumetricobjectscanbe extractedandcompresseth the sameway. This
is especiallyusefulfor the visualizationof spatiallycomplex structureslik e ves-
selsin medicalangiographydatasetsor complex chaoticattractordn thefield of
dynamicalsystemd4].

71




(b)

Figure5.2: a) By adjustingthe visualizationmappingsat the client, the skin sur
facehasbeenrenderedisinga non-photorealisti¢echniqueon top of the Phong
shadedskull. b) A datachannelcontainingdistanceinformation hasbeenused
to modulateopacity of the basinsurfaceto emphasizeareasof almost-contact
betweerthe surfaceandthe attractorcontainedwithin.

For the extractedvoxels, attributeslik e voxel position,datavalue,gradientdirec-
tion andmagnitude andapplicationspecificattributesarestored.Whenonly the
displayof shadedurfacess desired storingvoxel positionandgradientdirection
is sufficient.

5.3 Data Compression

Individual objectswithin the volumearecompressedeparately Voxels of each
objectaregroupednto slicesof voxelswith thesamez coordinatewvhicharepro-
cessedequentially(seefigure5.1). To ensureeffectivity, differentdatachannels
(attributes)have to be compressedsingspecializeccompressiomethods.

5.3.1 Compressionof Position Data

Boundaryvoxels within a single z-slice form object contourswhich consistof

face-connectedoxels (seefigure 5.3). Exploiting spatialcoherenceindconnec-
tivity, voxels canbe groupedinto “sequencéswhich spatiallyfollow the object
contour Duringcompressiornthesliceis scannedor non-encodedoxels. When-
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Figure 5.3: Encodingof voxel positions: slice scannedrom top left to bottom
right a) long sequenceandsequenceontinuationd) re-encodingf voxelsand
non-de&ult steppingdirectionto reducenumberof sequencstartsandthusposi-
tion specifications

ever oneis found,anew sequencés startedandthe positionof thevoxel (P,, P,)
is stored.Thesequencés continued py selectingandappendingneof theneigh-
bor voxelsatit's end. As the contourvoxels areface-connectegotentialcandi-
datesfor continuationarelocatedat (P, + dz, P,) or (P, P, + dy) with dz, dy
beingrespectrely -1 or 1. Encodingthe selectionof one of the four neighbors
asa successowould require2bits. If the choiceis restrictedto two neighbors
by using constantvaluesof dx anddy for a whole sequencegachvoxel contin-
uing a sequencean be specifiedby a single bit, which defineswhethera step
by dx or dy is used.Althoughthis restrictionreducegheflexibility andthusthe
averagelengthof sequencedhe costpervoxel within a sequences cut by half,
outweightingthe disadantageof shortersequences.

In casesvhereadirectneighborof thetrailing voxel of a sequencés present,
but can not be reachedusing the current(fixed) dz and dy values,a sequence
restart can be performed,continuingthe sequencat this neighborwith a new
valuefor dx or dy. To realizethis, eachsequencés followedby acommandcode
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which specifieswhetherthe sequencends,or restartswith a differentstepping
direction. Thepresencef arestartcodeimplicitly defineghepositionof thestart
voxel of the new sequence As the previous sequencénadto be terminated,no
successorsf it's last voxel are presentin it's dx anddy direction. One of the
remainingtwo neighborgs the secondout lastvoxel of theinterruptedsequence,
sothe otheronenecessarilys the startingvoxel of the new sequenceThe new
valuesof dz anddy arederivedfrom dz anddy of the old sequenceDepending
on whetherthe laststepof the sequencevasdz or dy eitherdz or dy is inverted.
Although beingmorerestrictive thanwith anexplicit specificatiorof dx anddy,
this strateyy still allows encodingof cyclic structureswith a singlepositionspec-
ification andrestartcommandswithin a chain of sequences

For eachcombinationof dz anddy values,oneof the possiblesteppingdirec-
tionsis preferredwheneer bothwayscanbetaken. The preferences chosenn
away, thata clockwiseprocessingf closedobjectswill stayascloseto theouter
borderaspossible.For example,for dz = 1 anddy = 1 likein thefirst sequence
of figure5.3a,stepsby dx arepreferred.

After thecreationof long sequencesisuallygroupsof shortsequencesr even
non-connectedoxels remain. Startinga nev sequencdor eachof thesevoxels
is expensve. Usually mostof thesevoxels canbe encodedat a lower costby
joining theminto sequencere-usingvoxelsalreadyencodecearlierin theprocess
(figure5.3b).In generalasequencéasto becontinuedyeusingalreadyencoded
voxels,if this allowsto reachnon-encodedoxelsata costwhichis lowerthana
“sequence=nd” andthe startof anew sequence.

As the scanfor non-encodedoxelswithin a sliceis performedin ascending
x andy direction,usingdz = 1 anddy = 1 asa default steppingdirectionfor
newly startedsequencess usuallya goodsolution— voxelswith smallerz andy
coordinategomparedo thecurrentonearealreadyencodedn this case.ln some
caseowever, keepingdz = 1 anddy = 1 asdefaultdirectionstendsto generate
alot of shortsequence$sequencdrashing” (figure 5.3b). Insteadit is betterto
first searchbackwards”from the identifiednon-encodedoxel (usingdz = —1,
dy = 1) andto startthe new sequenceaisingdz = 1 anddy = —1 atthelast
voxel found (for reasonf simplicity no backward scanwas performedfor the
sequencesf figure 5.3a).At eachsequencstartonebit is usedto store,whether
the default steppingdirection(1, 1), or thedirectionof thebackwardscan(1, —1)
is used.

For furthercompressionthe sequenceéatais separate¢hto four streamsThe
position stream storesstarting positionsand steppingdirections. Positionsare
storedusingHuffman encodedlifferencesetweensuccessie coordinatevalues
(Typically 12bits per startingcode). The lengthstreamstoresinformationabout
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sequencéengths(Huffmanencoded5 bits persequence)The stepstreamstores
theinformationfor building up sequencenebit pervoxel). As dz anddy steps
tendto clusterdueto the presenceof a preferredsteppingdirection, this infor-
mationis run-lengthencodedusingagainHuffmanencodingfor therun-lengths.
The control streamis usedfor the sequenceontrolinformation(end/restart] bit
persequence)As mary restartsat the beginning of encodinga slice arefollowed
by shortsequencesollectingisolatedvoxelstowardsthe endof encodingwhich
leadsto clusteringof restartandend commandsrun-lengthencodingcombined
with Huffmanencodings alsousedhere.Combiningall thosestreamsanaverage
of 2 bitsis requiredto encodethe positionof a singlevoxel.

Within all otherdatachannelsyoxelsareencodedn the sameorderastheir
positiondata. This orderingallows to exploit spatialcoherencavithin voxel se-
quencesalsofor attribute encoding. For subsequenbccurrence®f re-encoded
voxels,of course no attribute informationis stored.

5.3.2 Compressionof Gradient Direction Data

As afirst step,gradientvectorsarenormalized transformedo polar coordinates
andquantizedo 2x6bits. The samerepresentatiors usedby therenderingalgo-
rithm for interactve shading.By exploiting spatialcoherencevithin theencoded
streamof voxelsthe gradientinformationis reducedo 3—8bit pervoxel, depend-
ing on the smoothnessf the boundary Both polar coordinatesareencodednto
separatestreams storing differencesbetweencoordinatesof successie voxels.
As most of the differencedataconsistsof sequencesf valuesin the rangeof
[—1, 1] which areoccasionallyinterruptedby largervaluesor clusterghereof,the
encodeswitchesbetweertwo differentcodingschemesThefirst schemas used
to encodesequencesf differencesn therangeof [—1, 1] using1bit for O (most
common),2 and3bits for -1 and1, anda 3 bit codeto switchto the otherencod-
ing scheme Larger differencesareencodedisingHuffman codingwith anextra
symbolto switchto the encodingschemeor smallvalues.A switchto the code
for smallvaluesis only performedo encodesufficiently long sequencesf small
values(keepscostof switchinglow).

The useof predictiontechniquedor estimatinggradientsand the encoding
of the predictionerrorinsteadof encodinggradientdifferencesseemdo promise
good resultsat first glance. Neverthelesstestsperformedusing linear regres-
sion[45] with a diameterof influenceof 3 and5 for gradientestimationjndicate
thatcompressiomatesobtainedusingthistechniqueareworsethanwith theabove
approach.Oneexplanationof this obseration might be thatthe givendifference
dataactuallyexhibits very little spatialcoherencén thedatastream.

et '
ol >4
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(@) (b)

Figure5.4: Estimatedgradientya) areusedfor shadinguntil theoriginal gradient
datahasarrived(b)

5.3.3 Compressionof Other Data Channels

Additional data channels,like gradientmagnitude,datavalue, etc., are com-
pressedn thesameorderasthepositionsof thevoxelsto exploit spatialcoherence
also. Huffmanencodingof differenceof successie valuesandadditionalzlib
compressiorffor furtherreductionof uniform areas)s used.

5.4 Data Transmissionand Decompression

The compressedatasetconsistsof two parts: a headerwhich containscontrol-
informationaboutthe objectsandtheir positionwithin thedata,informationabout
additionaldatachannelsandhow to usethemfor rendering. The body contains
voxel positionsandotherdatachanneldor all objects. The datawithin the body
is arrangedn a way which allows to obtaina view on the dataasearly aspossi-
ble duringloading. Objectsanddatachannelsvhich aremoresignificantfor the
presetvisualizationmappingsare storedandtransferrecearlier thanlesssignif-
icant data(like actualgradientinformation). Datachannelsare subdvided into
blocks of a few Kilobytes each. As soonasan entire block hasarrived, it can
be decompressednddisplayedwhile the following datais arriving. This allows
voxel datato berapidly updatedwithouthaving to wait for thearrival of theentire
channel.Finally, asgradientinformationusuallyaccountdor mostof the datato
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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-bong 2562 | 378k | 2.0 7.0/ 9.0 430k 1:22

x 158 (95k) (1:97)

head-skin| 2562 | 231k | 2.1 58| 7.9 229k 1:40

x 158 (60k) (1:154)

hand-bone 2562 | 191k | 2.5 7.8 10.3 246k 1:45

X232 (60Kk) (1:186)

hand-skin| 256> | 170k | 2.0 40| 6.0 126k 1:89

X232 (41Kk) (1:273)

engine 2562 298k | 1.7 51| 6.8 253k 1:13

x110 (64Kk) (1:51)

teapot 256° | 152k | 1.7 34| 5.1 80k 1:4

(28Kk) (1:11)

attractor | 2563 | 769k | 1.8 49 | 6.7 639k —*
(170k)

basin 256° | 292k | 2.2 0.6 2.8 104k —r
(80Kk)

Table5.1: Compressiorsurwey. * Scalarvalue channelinsteadof gradients.**
Theattractorandbasindatasetshave beenextractedfrom avolumewith avector
of several scalarvaluesat eachvoxel directly within the simulationapplication.
No explicit volumetricrepresentatiors availableoutsidethe application.

be transmittedSeetable5.1), for boundaryobjectsa locally computedgradient
approximation(linearregression45] with afilter sizeof 5 while interpretingthe
dataasa binary object)canbe displayedbeforethe original gradientdataarrives
(seefigure5.4). For inherentlybinary objects lik e basinsof attractionwithin the
phasespaceof a dynamicalsystem[4] the locally computedgradientscan en-
tirely replacethe transmissiorof gradients significantly decreasinghe amount
of transmitteddata.

5.5 Results

Table5.1 presentghe compressiomatesobtainedby applyingthe techniqueto a
collectionof datasetsfrom differentapplicationfields. The headandhanddata
setsare CT scanscontainingobjectstypical for medicalapplications.Boneand
skin surfacesextractedfrom the dataareusuallymadeup from 1-4%of all vox-
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els. Usingourcompressioischemeheboundarydatais compressebty afactorof

20-90comparedo theoriginal volumewhencompressewith gzip . If gradient
informationis not storedbut approximatedatthe clientthecompressioffiactorin-

creases$o 100-270.Thecostof compressingoxel positionswithin suchdatasets
isrelatively independendf thesurfaceshapgapproximatel\2—2.5bit/voxel). The
costfor storinggradientsddepend®n the smoothnesandcunvatureof the surface
andvariesbetween and8bit/voxel. For objectswith artificial, “well-behaved”

surfacedike the CT scanof anengineblock or the voxelizedteapot,bettercom-
pressionis achieved for both voxel positionandgradientdata. The attractorand
basin-of-attractiordata,obtainedfrom the simulationof a dynamicalsystem,is

alsoeffectively compressed especiallyasthe basinboundaryis dervedfrom a
binary classificatiorof spaceandno gradientinformationhasto be stored- it can
be reconstructedrom the surfaceshapeat the client. Compressiorfor eachof

theexamplesmentionedabove takesapproximatelyonesecondonaPll1/733 PC.
Decompressiornimings for locally storeddataare similar on the samePC. An

appletwhich implementsthe describedechniquesandall compressedatasets
discusse@nddepictechereareavailableat

(http://bandviz.cg.tuwien.ac.at/b asin viz/c ompressio n/).

5.6 Discussion

Many applicationsof volume visualizationrequirethe display of objectbound-
aries. Using the presentecdompactvolumerepresentationvolumevisualization
becomedeasibleavenoverthelnternet,while still providing full spatialaccurag
of thedata.Representingusttheboundaryoxelsof objectsdramaticallyreduces
the amountof datato be transmittedor stored. By exploiting known properties
of the boundaryvoxels (like spatialcoherenceandinter-voxel connectvity) the
datais furthercompressedT heresultingdatarepresentatiors smallerby afac-
tor of 20-250thanthe volume compresseavith gzip . The locationof voxels
within the volumeis compressedery efficiently to about2 bit/voxel. The com-
pressiorratesfor gradientdataarelower, in therangeof 3-8 bit/voxel, asgradient
datais derwative informationcomparedo the original data,andthuscontaining
lessspatialcoherencelUsing a propergradientreconstructiorschemegradients
canbe estimatedrom voxel positionsonly, allowing to displayobjectsjust after
thewell-compressegositiondatahasarrived, insteadof waiting for the original
gradientinformation.
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Chapter 6

RTVR —aFlexible Java Library for
Interacti ve Volume Rendering

Dataexplorationandinteractve presentationvith low demand®n computational
and/ornetworking resource$iave beenthe driving factorsfor the developmentof
the RTVR (Real Time Volume Rendering)ibrary [39]. It unifiesthetechniques
describedn the previous chapteranto a flexible framewnork which canbe used
to provide volume visualizationon PC-hardvare and can be easily extendedto
includenew approacheandtechniquesln this chapteisomeof thedistinguishing
designissuef RTVR aredescribedvhich areresponsibldor its high efficiency
with respecto real-timevolumerenderingandflexibility .

In contrastto establishedvolume visualizationtoolkits like VolVis [2] or
VTK [53], which cover a very broadrangeof datarepresentationandapplica-
tions, RTVR is focusedon providing interactve visualizationfor rectilinearvol-
umeson desktophardwareby relying on preprocessingyoxel extraction,andthe
RenderList asa flexible internal datastructurewhich is well-suitedfor fast
rendering[42, 43, 44]. Thedatastructureitself andalsothe fastsheafwarpren-
deringwhich is usedby RTVR arenot suitedto performhigh-qualityrendering.
On the otherhand, z-buffer outputfrom the methodcould be usedto accelerate
high-qualityrenderingwhich is basedon ray-casting.

The memory-eficient way of handlingvolumetric datamakes RTVR well-
suited for remoterenderingof volumetric data even over low-bandwidthnet-
works[40], eitherfor interactve presentationf datawhich hasbeengeneratedf-
fline, or within asplit client/sererapproacHor onlinevisualization.Theamount
of datawhich actually is transmittedto the client for visualizationis very low
(aboutthe size of severalimages,seechapter5). The useris not restrictedto
pre-computediiews andhasfull controlover visualizationparametersThe only
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restrictionfor renderingis that just thosepartsof the volume which have been
pre-selectedor presentatiomndtransmissiorcanberendered.

Whenusedin adistributedclient/sener scenariothe software-onlyrendering
approactof RTVR providesmuchmoreflexibility in termsof renderingparame-
tersthanvolumepreviewing usingtexture mappinghardware,still at comparable
or evenlower costsin termsof bandwidthrequirements.

In the following, visualizationcapabilitiesand the internal structureof the
RTVR library arepresentedSection6.1 givesa shortoverview over therender
ing featuresandvisualizationtechniquesvhich areimplementedy RTVR. Sec-
tion 6.2 presentdRTVR’s internaldatastructure jts handlingof userinteractions,
andtherenderingalgorithmsused. Timingsfor typical applicationscenariosare
givenin section6.3.

6.1 Featuresof RTVR

Onecharacteristideatureof RTVR is its way of handlingandrenderingof vol-

ume data,which is highly optimizedto provide interactve feedbackduring the
manipulationof viewing, rendering,and datamappingparameters A high ren-
deringperformancas achiezedby efficiently excluding non-releyant partsof the
datafrom the renderingprocess.In commonapplications/ik e the visualization
of medicaldatafrom CT or MR scannerspsually only a small portion of the
dataactuallybelongsto the objectof interest. Furthermore meaningfulsettings
for renderingparametersnayrendertheinnerpartsof objectsopaque- afactex-

ploitedby earlyrayterminationtechniquesndalsoby thepreprocessingcluded
in RTVR.

RTVR interpretsthe input volumeasbeingcomposef objects,like bones,
vessels,and other tissuemaking up, for example, a dataset of a humanhand
(figure 6.1). The necessargegmentationnformationis eitherobtainedtogether
with the volumedataitself from an externaldatasource or is interactvely com-
putedusing simple threshold-basedeggmentation. For rendering,datamapping
andrenderingparametersanbeindividually assignedbjectby object. Besides
the usualmanipulationof objectpropertiedik e opacity andcolor transferfunc-
tion, alsothe shadingmodelwhich is usedfor renderingcanbe definedindivid-
ually for eachobject. This allows, for example,to combineobjectswhich are
renderedvy usinga standarcgshadingmodellike Phongshadingwith objectsthat
arerenderedyy the useof non-photorealistishading[10, 11]. In additionto the
shadingmodel, the way in which voxels are blendedto the imageplanecanbe
definedin anobject-avareway. Most volumerenderingpackage®nly allow to
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Figure6.1: Visualizationof a humanhandcreatedwith RTVR: surfacerender
ing of vesselscombinedwith direct volume renderingof bones,and a surface
renderingof the skin. The skin is clippedinto two parts,one part shadedusing
Phongshading the otherpart usinga non-photorealisticenderingmodelwhich
emphasizesontours.

renderawhole datasetusingeitherthe usualopacity-blendedompositing[26],
or surfacerendering[29, 44], or maximumintensity projection(MIP) [42]. In
RTVR, compositingmodescanbe selectedon a perobjectbasisand combined
with anotherinter-object compositingmode (two-level volume rendering[22]).
This allows to choosethe mostappropriaterenderingand compositingparame-
tersfor eachobject, dependingon the structureof the dataandthe goal of the
visualization.

Anotherfeatureof RTVR is to supportthe visualizationof time seriesof vol-
umetricdataandof multi-dimensionaparameteseriesof volumesfrom simula-
tion. Thelarge memorydemandsf suchdataare compensatedyy the fact, that
dataextractedfrom a volumeandusedby RTVR for renderingis usually much
smallerthantheoriginal volume. Only extracteddataof the currentvolumehasto
be keptin memoryfor renderingremainingpartsof the volumeanddatawhich
belongto othertime (parameterkstepsare placedinto a combinedmemory/disk
cache.

Amongother“standardfeaturesof volumevisualizationsystemsRTVR pro-
videsthe ability to display dataon planarsectionsthroughthe volume, enables
object and position picking by clicking into the renderedmage, and supports
the clipping of volumesor setsof individual objectsat planesandmorecomplex
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Figure6.2: Volumedataflow within RTVR: first, voxelswith actuallycontribute
to thevisualizationareextracted thenthis representationf volumetricobjectsis
usedfor fastandflexible rendering.

structures Datawhich hasbeen“clipped away” canbe omittedfrom rendering-
which is the mostcommonapproach- or renderedusingdifferentrenderingpa-
rametersfor example,moretransparenthanthe non-clippedpart of the object,
or usingadifferentshadingmodel,which for example,displaysjust contours.

6.2 RTVR Intrinsics

The basicobjectandrenderingprimitive of RTVR is avoxel, i.e., a singledata
samplewithin the volume. During a sggmentationand dataextractionstep(fig-
ure 6.2), voxelswhich actuallyarerelevantfor the userdefinedvisualizationare
extractedand stored (object by object) within a RenderList  datastructure.
Thevoxel extractionstepusuallyleadsto a significantdatareduction.First, only
a portion of the original volume actually belongsto objectsof interest. Second,
dependingon the desiredvisual representationf the object,only a subsebf the
object’s voxels hasto be consideredor rendering.If surfacerendering(usinga
fixediso-value)is performedfor example,athin layerof voxelsis sufiicientasa
representationf the object. Whenrenderingan objectby usingopacitytransfer
functionswhich dependon gradientmagnitude[29], voxels with a low gradient
magnitudedo not noticeablycontributeto animageandthereforecanbe omitted.

Thevoxel setswhich resultfrom objectextractionarethebasicdatastructures
of RTVR. For visualization this datais insertedinto a scenegraphandrendered.
An intermediaterepresentationwhich canbe usedto storevisualizationresults
for laterinteractve viewing is produceddy transformingextractedvoxel datainto
a space-dfcient compressedormat (seechapter5) [40] and storingit on disk
togethemwith the currentlyusedvisualizationandrenderingparameterskor ren-

82




dering, RTVR usesfastshear/varp projectionas describedn chapter4, which
requiresthe datato be givenasisotropicallyspacedsoxels. Fortunately this does
not really restrictthe use of RTVR for visualization. Data which is given on
non-Cartesiamgrids, canbe resampledn-the-fly during the extraction of object
voxels.

After extraction,the next stepin the visualizationprocesss the assignment
of voxel attributesto optical propertieqtransferfunction mapping). Oneor two
voxel attributescanbeselectedo influenceavoxel’s contritutionto thevisualiza-
tion result. This attributesusuallyarethe datavalue,thegradientdirection,and/or
the gradientmagnitude.Therestrictionto two argumentspertransferfunctionis
imposedfor performanceeasons.For rendering,both valueshave to fit into a
16 bit field, which is typically subdvidedinto a 12 bit main channelfor a more
significantdatavalue,anda 4 bit channelfor a secondadditionalvalue.

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

Dependingnthevisualizationparameterg use,someobjectvoxelsmaynot
contrikute to a visualizationat all — asthey may be, for example,totally trans-
parentafter applicationof the transferfunction. A backgroundhreadidentifies
thosevoxelsduringidle-time andrearrangeshe datain away thatlaterno effort
is spenton skippingthemduringthe next renderingpass.This is especiallyuse-
ful for acceleratinghe renderingof “fuzzy” objects,whereno exactinformation
aboutobjectshapes availableat thetime of extraction.

The objectdatacontainedwithin a singlescenegraphcanbe simultaneously
displayedin severalviews — a 3D view andseveral sectionghroughthe volume,
for example. Parameterchangesvhich influencethe resultsof the visualization
canbecarriedouteitherby usingGUI componentsor by directly interactingwith
objectswithin therenderedriew. GUI componentgor parameteadjustmentsre
automaticallydervedfrom thevisualizationpipelineandgroupednto a “control
panel”. Within a (3D) view, objectscanbe selectedy clicking onthem,parame-
terslik e the camergposition,zoomfactor light sourceposition,or objectopacity
andtransferfunctioncanbe manipulatedy draggingthe mouse.

6.2.1 RenderList asData Representation
During theobjectextractionprocessthevolumeis scannedalice by slice,produc-

ing for eachobjectwithin thevolumeadistinctRenderList ~ whichisin factan
array of RenderListEntry objects,eachone containingthe object’s voxels
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Figure 6.3: Volumetricobjectrepresentationvoxels which arerelevantfor ren-
dering an object are extractedslice by slice from the volume and storedinto
RenderList  s.

within a slice (figure 6.3). Note, thatthe original (implicit) spatialarrangement
of datavalueswithin the 3D arrayis sacrificedfor an object-avareenumeration
schemeof arbitrarily arrangedsoxels. For eachvoxel it’ s positionwithin theslice
and a userdefinablesetof attributesare stored. As gradientcomputationfrom
extractedvoxelsis not trivial dueto the lack of connectvity informationwithin
the RenderList  structure gradientdirectionand gradientmagnitudeare usu-
ally precomputediuring the extraction stepand storedwith the RenderList
Typically, alsothe original datavalues(one or more scalarvalues)areaddedas
attributeshere. All the attributesof a voxel are storedin separatearrays,the
RenderListEntry just storesinformationwhich is requiredfor rendering:

object-lerel opacityfor clippedandnon-clippedvoxels

look-uptablesfor clippedandnon-clippedvoxels

specificatiorof renderingmodefor clippedandnon-clippedvoxels

a referenceto an array which containsa renderablerepresentatiorof
voxel data(derived from voxel attributes). Within this array voxels be-
tweenfirst  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  andlast , respectie
firstClipped andlastClipped haveto berenderedyoxelsbetween
last and firstClipped , and lastClipped and lastInSlice

have beenidentifiedby the optimizerthreadasnon-contrituting for thecur

renttransferfunctionsettingandarenotrendered.

The “blocking” of voxels into non-contriluting, clipped, etc., as showvn
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/varpalgorithmin usefor rendering.

For fastrendering,positionand attribute informationfor eachvoxel is fitted
into asingle32bit integer Thex andy coordinate®f thevoxel arestoredusing8
bit eachthez coordinatas identicalfor all voxelswithin aRenderListEntry
asthey areall extractedfrom thesamesliceof thevolumeandthusit is storedjust
once. Using just 8 bits per coordinatelimits the maximumextent of an object
to 2563 voxels. Larger volumesand objectsareinternally split into 256 pieces
andthe missinghigh bits of the coordinatesareencodednto an offset, which is
alsostoredonceatthe RenderListEntry . Theremainingl6 bits aretypically
splitinto a 12 bit anda 4 bit field which storethe dataattributesusedfor render
ing aspreviously describedThis “renderable’voxel representatiors attacheds
anadditionalarrayto eachRenderListEntry . Reorderingof voxel datadur-
ing clipping andoptimizationhasto be performedsynchronouslhon all attribute
arraysaswell asonthederivedrenderablelataarray

Although the commoncoordinatestoredat the RenderListEntry for all
voxelsis referredto asz for reason®of simplicity, in factthreecopiesof the data
andthusthreeRenderList sarerequiredfor the shear/varp algorithm— each
onegroupedandsortedby oneof thethreecoordinates.

Althoughthelimitation to two voxel attributeswith anoverall of 16 bit for ren-
deringis clearlyalimitation with respecto flexibility andaccurag, the compact
representatiors perfectlysuitedfor very fastrendering.Togethemith theability
to re-ordervoxelswithin aRenderListEntry therenderingorocesgurnsinto
a “streaming” of sequentiachunksof voxels — an optimal scenaricfor caching
andprefetchingasimplementedy recentprocessorsThe problemof thelow bit
resolutionof dataattributesfor renderingcanbe addressebly applyingintelligent
remappingwhen copying voxel attribute datainto it’s renderabldorm: instead
of clipping low bits of an attribute, a logarithmicremappingcan be performed,
or a certainsub-rangeof attribute valuescanbe mappedto the rangeof values
availablefor rendering.
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Java Peculiarities

Due to the specificway of memorymanagemenas employed by currentJava
virtual machinegVM), a specialdatahandlingandcachingfunctionalityis used
by RTVR to supportthe visualizationof hugedatasets(dozensto hundredsof
volumes),which are produced for example,by numericalsimulations[4]. The
maximumamountof memorywhichis availableto aVM hasto befixedatinitial-
izationtime. As the garbagecollectionandobjectallocationmechanisnsweeps
throughthe entireaddresspaceof the VM, allocatingmorememoryto the VM
thanphysicallyavailablewould leadto excessve pagingandstrongperformance
degradation. Insteadof allocatingsufficient memoryto fit eventhe largestdata
sets,RTVR usesa separatenemoryanddisk cachefor space-demandingartsof
it's datastructuresj.e., the original volume data, the extractedvoxel attributes,
andtherenderablevoxel data. Data,which is currentlynot usedfor renderingjs
placedinto the memorycacheandtherebypotentiallywritten to disk by a back-
groundthread.Requestdor recentlyuseddatacanusuallybe satisfiedout of the
memorycache whereageadinglessrecentlyaccessedatamay requireto fetch
it from disk. The cachefeatureis usedwhenlarge datasetsarevisualizedlocally,
andis disabledvhenRTVR is usedwithin aweb-bravser

6.2.2 The RTVR SceneGraph

After extraction,the RenderList s andattribute dataof volumetricobjectsare
encapsulatednto so-calledVolumeObject s and addedto a commonscene
graphfor rendering(figure 6.4). A commontask of all typesof nodeswithin

the scenegraphis to deliver up-to-dateRenderList  swhich representhe con-
tentof their subgraphsin the following a shortovervien on the mostimportant
nodetypesis given:

e VolumeObject : Holdsthe RenderList of a singleobjectaswell as
informationonall parametersvhich affecttheappearancandvisualization
mappingdor this object.

e GroupNode : Theshear/varprenderemperformsa back-to-frontrendering
of RenderListEntry s. In additionto providing a simpleway of han-
dling multiple objects,the main purposeof the GroupNode is to memge
andsortthe RenderList s of it's sub-graphsnto a singlelist which is
sortedby the currentmainviewing axis(z).

¢ Dependingon the value of a selectionparameterthe 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
parametedependensimulationresults.

e ClipNodes filter andreorderthe voxelsof it’s child nodesto implement
clipping.

Eachnodeis responsibldor trackingchange®f parametersvhich affectit’s con-
tent and for performingappropriateactionsaccordingto changes. The actual
updateof renderabledatato reflect parameterchangess carriedout as late as
possible,i.e., whena requestfor the affectedvoxel datais issuedfor rendering
(lazy evaluation).Keepingjust the currentlyvisible dataup-to-dateémprovesthe
responsienesof the visualizationduring interactve parametechangessignifi-
cantly Furthermorekeepingeveryvoxel whichis affectedby a parametechange
immediatelyup-to-datenvould spoil the efficiency of any cachingschemeAn ex-
amplefor this would be a clipping operationappliedto the representationsf an
objectin 100time stepsof thedata.

The volumeinformationwhich is containedwithin a single scenegraphcan
be displayedwithin multiple views. For multiple 3D views just the viewing pa-
rameterslik e cameragpositionmay vary, remainingparametergare encodednto
theRenderList , whichis sharedamongall views. Additional 2D views onthe
datamaydisplaysectionghroughthe volume,histogramsetc.

6.2.3 UserInteraction

The philosophyof datamanipulationwithin RTVR is object-orientedOneof the
objectswithin the currently displayedvolumeis selectedo be the “active” ob-
ject. Theselectionis doneby clicking on the objectwithin therenderedmage,or
by selectingt throughthe GUI. From practicalexperiencejt appearsthatdirect
interactionwith an objectwithin the 3D scends the mostefficient way of work-
ing with data. Especiallyexpertuserspreferthis way of interacting,comparedo
usingstandardsUl componentsThe mostimportantpropertiesof the active ob-
jectcanbechangedy pressingoneof the mousebuttonsanddragging.Transfer
function shape(contrast),opacity and color canbe changeddirectly within the
3D view. Furthermoregcameraposition, light sourceposition,andzoomfactor
canbesetwithin theview. Themappingof mouseactionsto parametechangess
performedby anInteractionHandler componentwhich canbe adaptedo
meetthe needsof specificapplicationgfor exampleto implementstreamline in-
tegrationfrom the positionof a mouseclick for aflow-visualizationapplication).

As a supplemento parametemanipulationwithin therenderedview, all pa-
rametersof the active objectcanbe adjustedusing GUI componentsvhich are
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automaticallygeneratedy RTVR. This parametepanelallows anexplicit selec-
tion of the active objectandadjustmenbf it's parametersand can(but doesnot
have to) be usedwithin ary applicationwhich utilizes RTVR for visualization.
A real-timescreercaptureof aninteractve visualizationsessionwhich wasper

formed by a viewer basedon the RTVR library, can be downloadedfrom web
pagehttp://www.vrvis.at/vis/researc hirtv 1/ .

Java Peculiarities

for Java-basedgraphicaluserinterfaces,basicallytwo APIs are available: the
AWT, availablein it's presentform sinceJava versionl.1, andthe moresophis-
ticatedSWING 1.1, which is part of the Java runtime systemsinceversion1.2.
The front end (GUI andrenderingoutput) of RTVR is provided usingboth, ei-
ther AWT or SWING. As mostweb-bravserscurrentlyprovide a 1.1 virtual ma-
chineonly, an AWT implementationis provided for compatibility reasonsde-
spite of all it's incorveniencesand deficiencies. The renderingperformanceof
the SWING implementatiorbenefits for example,from a fasterimagehandling
(Bufferedlmage ) introducedn Javal.2.

6.2.4 Rendering

To achieve interactve renderingrateseven on standarddesktophardware, fast
shear/varp-basegarallelprojectionis used.Renderingo the base-planés per
formedusingaback-to-fronttcompositingof voxelsby theuseof nearest-neighbor
interpolation. In comparisorto previously presentedrersionsof this fastalgo-
rithm [44], RTVR includesan extendedversion,which provides moreflexibility
for mappingvoxel attributesto color and opacity Threelook-up tables(typi-
cally 1 x 4 bit, 2 x 12 bit) are available at eachRenderListEntry for im-
plementingshadingandtransferfunctions. A setof combinationpatterngor the
voxel attributesandlook-uptablesis providedby RTVR (Seefigure 6.5) andse-
lectedby choosingan appropriaterenderingmodefor an object. This scheme
of combiningLUTSs allows efficient processingvhile still enablingvariousways
of selectvely applying visualizationtechniquedo objectswithin the data. The
RenderListEntry can also be extendedto provide userdefinedrendering
functionality for it's voxels, which finally allows to implementary desiredop-
erationon voxel attributesandlook-uptables.

Shadingoperationsareperformedusingalook-uptablebasedapproachwith
a 12-bit representatiomf the gradientvectorasanindex. Using this approach
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Figure 6.5: Voxel renderingwithin RTVR: LUT1 can be usedeither for color
or opacity computations.For color computationsit canbe indexed by the 4 bit
attribute or by the upperbits of the 12 bit attribute. LUT2 is addressedyy the 12
bit attribute. LUT3 is addressedisingthe outputof LUT1 or LUT2 (which may
be anidentity mapping),or acombinationof both.

variousshadingmodelscanbeimplementecefficiently andwith acceptableual-
ity and appliedeven on a perobjectbasis. Two shadingmodelsare provided
by RTVR: a Phongshadingtable (figure 6.6a)and a non-photorealistichading
table(figure 6.6b)which enhanceshe contourof anobject[11]. Theshadingta-

bleshave to bere-computedfterevery changeof viewer or light sourceposition,
which is not time critical due to their small size (4096 entries). For rendering,
theshadingtableis placedinto LUT2 (figure6.5),andindexed by the 12 bit data
channelwhich containsthe gradientvector The outputof the look-upis not an
RGB color but an intensity value, which is thenusedto accesghe color trans-
fer functionin LUT3. Although it would be possibleto combinelighting and
transferfunction mappingwithin a singlelook-up into LUT2 (like describedn

sectiond.4), splitting it into two stagesallows to reusethe sameshadingtablefor

objectswith differentcolor transferfunctions.

The opacityof a pixel is influencedby severalsources An all-objectopacity
valueis alwaysincludedinto the computatiorandcanbe usedto tunethe overall
opacity of entire objects,independentlyof individual pervoxel opacity calcula-
tions. Theindividual opacity of eachvoxel canbe derived from variouscombi-
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a) surfacerepresentatiorof a skull b) contourenhancedrertebiae

Figure6.6: RTVR renderingexamples

nationsof datachannelandlook-up operations.In the following, a few sample
colorandopacitycalculationsetupswill bediscussedwhichimplementdifferent
volumerenderingapproaches.

e displayof (iso-)surfacesthe surfacevoxels of anobjecthave to be shaded
and blendedusing the objectopacity A Phongshadingtableis put into
LUT2, theresultingintensityvalueis usedto access colortransferfunction
in LUT3. Thetransferfunctionis arampof objectcolorvaluesstartingwith
maximumlightnessandminimumsaturationwhite, or moregenerally the
color of the light source)and evolving towards maximum saturationand
minimum lightness(object color, ambientlight, seefigure 6.6a). By just
renderinga thin layer of voxelswhich form the surface,the objectopacity
canbeusedto influencethetranspareng of the surfacein the sameway as
analpha-alueinfluenceghe appearancef a polygonalsuriacemodel.

e Opacity weightedby gradient magnitude if voxels in areaswith high
gradientmagnitudeare renderedas being ratheropaque , material transi-
tions becomeuvisible as surfaces. The usualapproachfor volumerender
ing with this type of transferfunction requiresaccesgo threevaluesfor
eachvoxel: datavalue (for color and opacityfrom transferfunction), gra-
dientdirection (for shading)andgradientmagnitude(for opacity modula-
tion). As only two attributescanbe storedin the renderabledataarray of
a RenderListEntry , two of the above threevalueshave to be chosen.
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If thevoxel datavalueis storedin the 12 bit channelanda properlytrans-
formed gradientmagnitudein the 4 bit channel,an unshaded/olume can
be rendered.LUT1 is indexed by gradientmagnitudewhich yields voxel

opacity the datavalueindexesLUT3 which holdsthe color transferfunc-

tion. As analternatve, the gradientdirectioncanbe storedinto the 12 bit

channelinsteadof datavalue,andusedto computeshadedvoxels usinga

shadingtablein LUT2 anda color transferfunctionin LUT3. The result
is atransferfunctionwith opacitysolely dependenbn gradientmagnitude,
andnot on datavalue. To obtaina bettercontrolover theappearancef the

rendereddata,a threshold-basedre-sgmentationrcanbe appliedto obtain
independentontrolover the parametersor differentvoxel valueranges.

e Brightobjectoutlines LUT2 is loadedwith ashadingablewhich mapsthe
anglebetweenviewing directionandgradientdirectionto intensity LUT3
containsa transferfunctionwhich is usedto tunecontrastandcolor for the
specificobject. Resultsof this techniquecanbe seenin figure 6.6h If the
resultof theLUT2 look-upis alsousedasvoxel opacity theobjectbecomes
almostentirely transparent exceptfor the contourswhich remainopaque
(figure 6.1, clippedskin).

e Coloredcontouroutlines contoursarecoloreddifferentlyfrom theremain-
ing (Phongshaded)artsof the object(similar to the methodpresentedy
EbertandRheingang11]). A specialshadingtablewhich encoded”hong
shadinginformationinto lower bits, andthe “contourness’of a voxel into
higher bits of the resultingvalue, is generatedand placedin LUT2. An
accordinglydesignedolortransferfunctionis placedinto LUT3.

In additionto color and opacity values,alsothe compositingmodecanbe indi-
vidually definedfor eachobject— for example, maximumintensity projection,
or the usualopacity-weightedlending(DVR). The actionto be performedfor
compositingin-betweenobjectscan be definedindependentlyfrom the object-
compositingmodes(two-level volumerendering[22], figure 6.7a).Object-avare
compositingrequiresthe useof two separategixel buffers, onefor compositing
within anobjectandonefor compositingof the globalimage(figure 6.5).

Clipping of objectsis handledn away which differsfrom theusualapproach.
Insteadof simply notdisplayingpartsof objectswhich have beenclipped,clipped
datais renderedusing a different set of attributes. Separatevaluescan be set
for clipped-objecbpacity renderingnode(LUT configurationjandlook-uptable
content. The compositingmode hasto remainthe samefor clipped and non-
clipped partsof an object. By settingclipped objectopacityto zero, the usual
effect of removing clippeddatais obtained(figure 6.7b). By using,for example,
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a) MIP for bone DVRfor screws b) object-awae clipping of skinsurface

Figure6.7: RTVR renderingexamples

Phongshadingfor non-clippedvoxels and a contouronly renderingfor clipped
parts,insightinto an objectcan be given, while still providing a sketch of the
mostsignificantfeaturesof the clippedpartasa context (figure6.1).

To obtainhigh framerates,despiteof the flexibility of color andopacitycal-
culationandcompositingnodeselectionpptimizedroutinesareimplementedor
frequentlyusedrenderingmodesand compositingmode combinations. Scenes
whichrequireonly MIP or DVR (within andin betweerobjects),canberendered
with theusualapproacranddo not requiretwo pixel buffers. If pureMIP is used,
voxelscanbesortedandgroupednto RenderListEntry sby valueinsteadof
the z coordinatd42]. In this case projectingsortedvoxelsfrom lowestvaluedto
highestvaluedoneseliminatesthe needfor maximumsearch.However, if MIP
is combinedwith other compositingtechniqueswithin the scene back-to-front
renderingandthussorting by the z coordinateis requiredalsofor objectscom-
positedby MIP, asthey may interlease with otherobjectsrenderedvith different
techniques.

6.2.5 Data Optimization
Dependingon the compositingmethodin use,on the contentof look-up tables,
and on the renderingmodewhich definesthe usageof the tables,a significant

percentagef an object’s voxels may not contribute to a renderedmageat all.
For example,whenMIP is usedfor compositing black voxels (afterthe transfer
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dataset size scene| MIP DVR | DVR/ mixed
voxels mono | MIP/DVR
hand& vessels | 256x124 | 380k | 80ms | 135ms| 80ms | 170ms
head& vessels | 256°x158 | 640k | 100ms| 185ms| 110ms| 290ms
attractor& basin 256° IM | 130ms| 250ms| 140ms| 333ms

Table6.1: Timingsfor variousdatasetsandrenderingmodes

functionmapping)do not contributeto theresult.If DVR is used,(almost)totally
transparentoxels provide no visible contribution. RTVR utilizes a background
thread,which is actvatedwheneer the applicationis idle, to identify thosevox-
els andto reorderdatain a way which allows to simply skip non-contrituting
partsfrom rendering.Thecurrentlyvisible RenderList  is scannegeriodically
for RenderListEntry s which have not beenoptimizedyet (or which have
changedincethelastoptimizationandthusmayhave to beoptimizedagain).De-
pendingontherenderingparametersf the RenderListEntry aclassification
of thevoxelsis performed.Voxelswhich have beenidentifiedasnon-contrituting
aremovedto theendof thesequencef clippedrespectie non-clippedvoxels,two
pointersaresetto indicatethe end of voxels which actuallyhave to be rendered
(seefigure 6.3). For somerenderingmodes lik e the renderingof contoursonly,
opacityand color of voxels changefor every new viewing position. In this case
the contentof the shadingLUT is notconsideredsa criterionfor optimization.

6.3 Performance

High responsienes®f avisualizationsystento useractionsis acrucialfactorfor
theeffectivity of dataexplorationandanalysis.Therenderingimesfor thesurface
rendering[44], MIP [42] andtwo-level volumerenderingapproach22] usedby
RTVR canbefoundin chapter. Thus,insteadof broadlysureying thebehaior
of eachmethod,a comparisorof the measuredimesfor renderingthe samedata
setwith RTVR usingvariousmethodsis givenin table6.1. The measurements
have beencarriedout on a PII/400MHz PC usingthe virtual machineof JDK1.3
from Sunandthe AWT frontendof RTVR. The size of the renderedmagesis
5122, The first row shaws timings for the datasetshown in figure 6.1. Skin,
bonesandvesselarerepresentely theirsurfacevoxels. Therenderings carried
outusingMIP, DVR, a gray-scaledDVR view, anda combinationof DVR for the
vesselandMIP for bonesandskin. Thesecondow displaystimingsfor thehead
datashawvn in figure 6.7b, with bone, skin and vesselsrepresenteas surfaces.
The datasetin row 3 is similar to the one depictedin figure 6.8h The basin
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a) basinsof attraction b) contactbifurcation—
anda critical surface(green) oneoutof a sequencef 40 volumes

Figure6.8: RTVR renderingexamples

is representedy it’'s surface voxels, the chaoticattractoris a highly comple
structure andis thustreatedasatruly volumetricobject.

The pure renderingtime reflectsthe renderingperformancefor mostinter-
actions. Theseinclude interactve changesof the viewing parametergviewer
positionand zoom), changego contentof look-up tables(moving light source,
changingtransferfunction),andchangego the parameterandrenderingmodes
of objects.Clipping operationgequirescanningandreorderingof objectvoxels.
During simpleclipping of all objectsat an axis alignedplane,the response¢ime
increasedy approximately40% comparedto when changingviewer position.
Time requiredfor clipping atmorecomplex objectsdepend®nthe compleity of
the testwhich hasto be performedfor eachvoxel. Clipping of a complex scene
atanobligueplane,for example,canbe donewith 1-2framespersecond.Dur-
ing browsingthroughlarge (time or parameteryeriesof volumes voxel datamay
have to befetchedfrom disk cachethusincreasingheresponséime by thetime
requiredto readthedata.Dependingonthesizeof the scenethis mayrangefrom
few milliseconds,to morethanonesecond.The time for extractionof new ob-
jectsfrom a volumedependsn the complity of the segmentationcriteriaand
on the amountof voxels selectedgradientcomputation). The extraction of an
iso-surficefrom a 2562 volumefor examplerequiresapproximatelyl.5 seconds.

The choiceof the virtual machineusedto executethe applicationhasserere
impacton the performance Among the testedruntime ervironments fastestex-
ecutionandrenderinghasbeenobsenred for the VMs (1.1.6++,1.2, 1.3) from
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SunonWindowsand(1.1.8,1.2,1.3) from IBM on Windows andLinux. Virtual
machinegrovided by web-bravsersarein generaklower, probablydueto addi-
tionally performedsecuritychecks.Worstresultsareobtainedby the VM which
is usedby Netscapdrowsers(Version<= 4.7.4)on Linux — theresultsaremore
thantentimesslower thanthetimingsin table6.1.

6.4 Discussion

Using an efficient datarepresentatiorand a fast renderingmethodvolumetric
datacan be displayedat an averagedesktopPC at frame rateswhich are com-
parablewith thosewhich are achiezed 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 standarddesktophardware usingdifferentoperatingsystems.Us-
ing a compactvolume representationthe RTVR library can be also exploited
to provide highly interactve and flexible presentation®f visualizationresults
over networks, like the Internet. For samplevisualizationsusing RTVR see
http://lwww.vrvis.at/vis/researc hirtv /.
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Chapter 7

SampleApplications

The presentedechniquesave proventheir usewithin several projectsfrom the
fields of medicaldatavisualizationand the visualizationof dynamicalsystems
(discrete3D maps).

7.1 Interactive Surface Rendering for Java-Based
Diagnostic Applications

The surfacerenderingandMIP approacheslescribedn chapterd have beenim-
plementednto the Java-basedliagnosticsoftware called J-Msion/Diag by Tiani
Medgraph[44]. As puresoftwareapproacheghey arenotlimited to specialized
hardwareandrunonary platformwhich providesaJava1l.3runtimeervironment.

7.1.1 SystemOverview

J-Msion/Diagis aJava-basediewing anddiagnostionvorkstationfor a Tiani Med-
graphPACS (Picture Archiving and CommunicationSystem). The software is

usedby radiologiststo view anddiagnoseémagesfrom differentmodalitieslike
computetomographsmagnetiaesonancéomographsndultrasonicdevices.In

additionto basictwo-dimensionaviewing featuresg.g.; zooming,filtering, and
windowing, the softwarealsointerpretsstacksof imagesasvolumesanddisplays
arbitrary cuts throughthe volume (MPR = multi-planarreconstruction) maxi-
mum intensity projections(MIP) and surfacerenderings.Efficient work flow is

achieved by a userinterfacewhich makesextensve useof so calledhot-regions
(clickable areaswithin the imagedisplay areawhich directly invoke frequently
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Figure7.1: J-Vision userinterface

usedoperationson the data). Figure 7.1 shaowvs a screenshobf a typical work
benchwith simultaneousiews of adatasetasasetof slices(top left), usingMPR
(top right), the surfacerenderingalgorithm (bottomleft) andvariousvariantsof
MIP (bottomright).

7.1.2 Interaction Techniques

After loadingtheimagesfrom the PACS system a volumeof interestfor surface
extractionshouldbe definedwithin the dataset. This canbe intuitively achieved
by zoomingand panninginto the desiredsectionof the original imagesand by
deselectinghoseslices,which shouldnot be involvedin the 3D displayprocess.
If novolumeof interestis definedthewholeimagesequencés used.Thesurface
displayis initialized by selectingthe correspondinglisplaymode.As nointerpo-
lationis usedduring projectionto theintermediatemageplane thevoxelsshould
be equal-sizedn all dimensiongo avoid blurring due to strongerstretchingin
onedirectionduring the warp step. If necessaryto ensureequally sizedvoxels
andinteractvity, thevolumeof interestis resampledo obtaina new volumewith
a sizeof at most256® voxels. If a moreaccurateview of somepart of the vol-
umeis requiredanothewolumeof interestcanbe constructedtthis positionand
displayedwithin anothewiew of theworkbench.
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To improvetheefficiengy of workingwith thedataall frequentlyusednteractions
canbe carriedout by clicking into specificportionsof theimage.For supporting
novice usersgraphicatool tipsappeaif themouseas movedoversuchasensitve
“hot region”. Figure4.18shaws, for example,the looking-glasssymbolfor the
zoomingregion. Clicking onit anddraggingthe mousezoomsinto andout of the
dataset. To avoid to distractexpertusersthe displayof the hot-region symbols
canalsobedisabled.A large region at the centerof the imagecanbe clickedto
rotatethe object, regions at the top of the imageallow to specifythe threshold
andopacityfor the surfaces.As the extractionof a new surfaceis the only non-
interactve operationon the scene(seesection4.3.3for details)the thresholdis
displayednumericallyuntil the interactionis finished,the correspondingurface
appearsshortly after finishing the interaction. As mostly CT-data, which hasa
well-definedtissue-to-aluecorrespondences visualizedusingsurfaces provid-
ing feedbackonly after the interactionhasbeenfinishedposesno big problem.
In addition, the surfacethresholdcanbe exactly specifiedusinga numericalen-
try field. Currently the parametersor two simultaneousurfacescanbe defined
usinghot-regionswithin theimage,which s sufficientfor mostapplications.

Clipping planescanbedefinedandmovedusingsix hot-regionsat the bottom
of theimage.Two clipping planesperpendiculato eachaxisaredefined,onefor
clipping dataabove,andonefor clipping databelown a specificcoordinatevalue.

In addition,the windowing mechanismyvhich is familiar to radiologists,can
be usedto enhancecontrastand emphasizdeaturesof the original volume data
whichis displayedon the clipping planes.z /y-movementf themouseareused
to defineandmodify thewindow (¢, w) which mapsall datavaluesbelon ¢ —w/2
to black, all valuesabove ¢ + w/2 to white, andthe valuesbetweer: — w/2 and
¢ + w/2 to auniformrampof grayvalues.

7.2 RTVR-BasedVolume Viewer

The RTVR library hasbeenusedas a basisfor a volume viewer, which canbe
usedfor fastvolumeviewing andexploration. Visualizationsettingscreatedwith
the viewer (extractedobjectsandvisualizationparametersganbe storedusinga
compactepresentatioftypically justafew hundredkilobytes[40], chaptel5) for
later interactve viewing or for publicationon the Internet. The viewer supports
all featuresof RTVR, providing full control over the contentsof look-up tables
andtheir configuration separateenderingand shadingmodesfor all objects,as
well asthe perobjectapplicationof arbitraryclipping planesandthe possibility
to capturevisualizationsessiongor the creationof 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 presentationof volume data can
be found at http://www.vrv is .at/ vis /r esearc h/ic onpressi on/ and
http://imww.vrvis .at/ vis/researchl/rt vrl .

7.3 Visualization of 3D Maps

A secondapplicationwhich makes use of the capabilitiesof RTVR is a visu-
alizationandanalysissystemfor 3D dynamicalsystemddiscretenon-irvertible
maps[38]) [4]. The applicationis usedto analyzeandvisualizestructuresand
events(bifurcations)within the phase-spacef the systems.

Objectsof interestareattractorgoften comple< or evenchaotic),their basins
of attraction(i.e., the setof all systemstateswhich are attractedby themin the
limit) [20] andcritical surfaces(surfaceswhich separateegionsof phasespace
with differentproperties) Up to now, themostcommonlyusedvisualizationtech-
niquefor investigatinghistypeof structuresvithin phasespacearesimpleplanar
cross-sectionsAlthoughthey well depictthe boundarie®f a basinof attraction,
for example,it is difficult to cornvey the 3D shapeof the basinandeven morethe
shapeof a complex attractorby just viewing a setof sections(figure 7.2). The
ability to view the objectsin 3D with the optionto interactvely changeviewing
parametersand to manipulateobjects,for example,to obtain crosssections,is
of greathelp during investigationof the data. As attractorsare containedwithin
their basinsof attraction,andfrequentlyalsobasinsarenestedwithin eachother
efficient tools to dealwith occlusionarerequired,lik e the ability of object-wise
tuning of opacity rendermodeandlighting modelwhich areprovidedby RTVR.
Thefeatureof mixing MIP with othercompositingmethodshasprovento be es-
pecially usefulfor visualizingchaoticattractors.Their complex internalstructure
is well capturedusingMIP while producinglittle occlusion.At thesametime, the
attractors basinof attractioncanberenderedasa shadedsurface.

7.3.1 Data Acquisition
For visualizationavoxelizedrepresentatioof phase-spacandthe objectsof in-
teresthave to be obtained. As this requiresextensve iteration of the difference

equationswvhich definethe map, simulationandvoxelization are performedoff-
line. The simulationprocesscreatesa setof volumes(256% voxels each),which
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Figure 7.2: Attractor, basin,and cross-sectionthroughthem: Deriving the 3D
shapeof the objectjust from sectionss difficult.
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Figure 7.3: Computationof a parametesequenceimulationusinga computa-
tional cluster

containbasin-labelingnformation(which basindoesthe voxel belongto?), visit-
countinformationfor attractorvoxels (how frequentlyis the voxel visited during
iteration?) distancevolumeswhich storethedistanceo theclosestattractovoxel,
andfurther volumesstoring informationrequiredfor the constructionof critical
surfaces.A post-processingtepextractsobjects’voxels (attractorvoxels, basin-
boundaryvoxels and critical-surfacevoxels) for storageand later viewing. The
time to performa single simulationis 3—10minuteson a P11/500 PC with suffi-
cientmemory Frequentlythe creationof whole parametesequencesf datasets
is required yvaryingthevalueof somedynamicalsystemparameteror eachstep.
To efficiently carryout simulationin suchcasesa clusterof distributedcomputa-
tional senersis used(figure 7.3). As the simulationof differentparametesteps
canbe performedindependentlyof eachother the computationof eachstepcan
beassignedo ary freecomputationasener. Schedulingof thejobsis performed
by a mastersener, which collectsthe resultsof the simulationandreturnsthem
to therequestingclient. Eventhoughextractedvoxel datais storedinsteadof en-
tire volumes,simulationsequencewith tensor hundred=f parametestepscan
easilyproducel00-300MB of data.
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7.3.2 Study of Bifur cations

Bifurcationsare eventswithin parametespaceof the dynamicalsystem,where
the behaior of the systemchangesFor example,if a parametepf the systemis

continuouslychangedrom valuea to b, the topology of the basinsof attraction
may changeat somepoint (figure 7.6). Bifurcationsare often causedby con-

tactsbetweenstructuresassomeparametenof the dynamicalsystemis changed.
Frequentlythe processcannot beinvestigatedanalytically thusnumericalsimu-

lationis required.In 3D the detectionof whereandhow suchcontactshappens

extremelydifficult, if only 2D sectionsareavailableasa visualizationmethod.

For the analysisof bifurcations,sequencesf up to hundredsof volumesare
computedor differentvaluesof the bifurcationparameterFor investigationthe
dataproducedoy the simulationis loadedinto the viewer (the disk-cachemple-
mentedby RTVR is extremelyusefulfor large sequencesf volumes). To ease
the detectionof contactsbetweenobjects,distanceinformation can be mapped
to voxel opacityor color, asshavn in the sequencelepictedin figure 7.4, which
illustratesa contactoifurcationbetweeranattractorandtheboundaryof it’ sbasin.

Figures7.5, 7.6, and 7.7 shav the visualizationof anothertype of contact
bifurcation— the contactof a basinwith a specificpartof a critical surface(éTS‘),
andthe resultingchangen topology namelythe creationof disjoint basinparts
(figure 7.6). Figure7.5, top left shaws the basinsof four attractors(threeinner
basinsandoneouterbasin)togethemith threesheet®f critical surfacestructures
@_1. If @_1 is iteratedonce, by the applicationof the differenceequations
which definethemap,(//fS‘ is obtainedwhichis thefoldedstructuredepictedn 7.5
top right. The sheetsof CS subdiide phasespacento regions Z,, with different
propertiegadifferentnumberof pre-imagegor all theinnerpoints). Thecrossing
of abasinboundaryinto oneof this regions(aregion with morepre-imagesjnay
causetheappearancef disjoint partsof the basin.

Identifyingthecontactrom 2D slicesonly is anextremelydifficult task,apure
3D visualizationis also not well-suitedfor this purpose asthe critical surfaces
arefolded in a complex way in the areaof interest(figure 7.5, sections). The
capabilitiesof RTVR allow to efficiently createa meaningfulvisualizationwhich
depictsthe location of the contact(figure 7.7), by depictingonly objectswhich
areinvolvedin the contact:onebasin,onesheebf the C'S, andthe boundarief
oneof the Z regions. Additionally, the distanceof voxels of the basinboundary
totheC'S is mappedo color, anda clipping planeis appliedto revealinsightinto
theregion of crossing.
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Figure 7.4: Visualizationof a contactbifurcation: asthe bifurcation parameter
Is changedthe attractorapproacheshe boundaryof it's basin(green). After the
contact,which happensat the sharedboundaryto the blue basin,the greenbasin
meigeswith the blue basin(all the stategpreviously corverging to the chaoticat-
tractornow corvergeto thepointattractorof thebluebasin). Thechaoticattractor
disappearsonly the point attractorof the blue basinremains. The distancebe-
tweenattractorandboundaryis color-codedon the boundary Redpartsindicate
proximity of theattractor andthusregionswhich probablyareresponsibldor the
contact.Theblue spotson the outerboundaryof the greenbasinarealiasingarte-
factsdueto the discretizationof phase-spacelhe blue basinis extremelyclose
(below the resolutionof the sampledvolume)to the outerboundaryof the green
basin.
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Figure7.5: 5?9,1 (top left image,threesheetsc/f‘?(fi, 5:9(1))1 andéf?(j, depicted
togetherwith basinsof attraction)andé? (top right image,threesheets(/*/fg(a),

Cs®, and C/*TS’(C), depictedtogetherwith separatedzonesZ,, Z,, Z, Zs, and
Z3) visualizedin 3D —theimagesbelow thetop row show planarintersectionsat
different(increasingdepthvaluesfor both 3D illustrations.
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Figure7.6: Basinsof attraction(four attractorsexceptoo) visualizedbeforeand
afterthe contactbifurcation— the creationof disjoint partsof onebasin(depicted
in cyan)is clearlyvisible.

Figure7.7: The basinof attractionwhich causeghe contactbifurcationis visual-
izedin 3D togethemwith responsiblgartsof theCS.
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Chapter 8

Summary

Interactvity is crucialfor efficientexplorationandanalysisof volumedata.Com-
plex datasetsrequirecarefulandfrequenttuning of visualizationparameterso

obtain meaningfulvisualizationresults. The specificationof a propertransfer
function[23, 27, 29, 34], i.e., the assignmenbf optical propertieso datavalues
within thevolumeis acomple taskwhich benefitggreatlyfrom immediatevisual
feedbaclby interactverenderingof thevolume. Themainobstacldor interactve

volumerenderingis simply the amountof datato be processedor generatingan
imagefrom a volumetricdataset. Typical volumesizesin medicinerangefrom

256° voxelsfor MR datato 5122 x 2000 voxelsfor dataacquiredwith recentmulti-

detectorCT scannersFor a straight-forvard approachthis would meanshading
andcompositingl6—500million voxelsfor eachsingleimage— atoughtaskeven
for multi processohardware. Simplestraightforwardimplementationsf volume
renderingareonly competitivein termsof performancef directlyimplementedn

hardware— lik e the VolumePro(vp500)volumerenderingboardfrom Real Time
Visualization[48].

Within this work, a novel, purely software-basedolutionto interactve ren-
deringof volumetricdatais presentedwhich is ableto deliver interactve frame
rateseven on low-endhardware. The approachs alsowell-suitedfor usein net-
worked ervironmentsdueto a compactdatarepresentationSeveral distinguish-
ing featuresmake the presentedanethoda fastandflexible solutionto interactve,
software-basedolumerenderingfor low-endhardware:

e preprocessing during a preprocessingtep,voxelswhich potentiallycon-
tributeto avisualizationresultareidentified.

e voxel enumeration: possibly contributing voxels are extractedfrom the
volume andstoredin a derved datastructure,which is basicallya list of
individual voxels.
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e compactrepresentation the extractedvoxels arewell-suitedfor efficient
compressiorand can be transmittedover a network for visualizationat a
remotecomputerat very low cost.

e voxelordering: the extractedvoxels canbe orderedin a way which is op-
timized for renderingusing specificcompositingmodesand visualization
parametesettings.

e fastrendering: A fastshear/varp-basedendering[28] is usedto project
the extractedvoxels.

e object awareness if sggmentationnformationis available,extractedvox-
els canbe assignedo individual objects. Visualizationparameterganbe
definedon a perobjectbasis,allowing to individually adjustopacity and
color transferfunctions, shadingmodels, and even compositingmodes,
without muchimpacton renderingperformance.

The voxel extractionapproachcanbe seenasa hybrid approachbetweendirect

volumerendering,which directly operateson the original volume data,and ap-

proachedike marchingcubes[33], which derive a polygonalrepresentatiorof

objectswithin the volume for rendering. On one hand, only a secondarydata
representatiomwhich representshe volumeis usedfor rendering- thelist of po-

tentially contributing voxels. On the otherhand,the voxel datawithin this data
structureis just a space-difcient storagerepresentatiofior a sparselypopulated
volume.

8.1 Preprocessing

Given a setof visualizationparametersthe goal of the preprocessingtepis to
classifyvoxels of the volumeinto voxels which possiblycontribute to animage
andvoxelswhich do not contributeto animage.Theclassificatiorcriteriadepend
on the choseropacitytransferfunction, the desiredcompositingmethod,andthe
degreeof freedomwhich shouldbeprovidedfor furthermanipulationof thetrans-
fer function. Generallyspeakingthe morevoxelsareclassifiedasirrelevant, the
fewer datahasto be processediuring projection,andthefasterthe renderingbe-
comes.

Differentrenderingmethodsanddatacharacteristicsequiredifferentextrac-
tion stratagies:

e Object surfaces (iso-surfices): To obtain a representatiorfor the iso-
surface,the volumeis scannedor transitionsbetweenvoxels within and
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outsideanobject. If avoxelis locatedwithin the object(datavaluegreater
or equalthanthethresholdfor aniso-surbice)andif it hasatleastone26-
connectednheighboroutsidethe object, it belongsto the objects surface
andis consideredo berelevant. The relevantvoxelsidentifiedduring the
scancorrespondo a 6-connectedsurfacewithin the volume at the speci-
fiedthresholdvalueor objectboundary The6-connectedness thesurface
voxelsis requiredto ensurethatno holesappearduring (shear/varp-based)
renderingdueto displacemenof voxelswithin successie slices.Justafew
percenbof all voxelswithin avolumeusuallybelongto a meaningfulobject
surface.

Maximum Intensity Projection (MIP): Most approache$o optimizethe
performanceof MIP renderingaim at excluding voxels from the traversal
andrenderingprocesswhich containless-importantnformationlik e low-
valuedbackgrouncdhoise. In fact, in additionto this low-importancedata,
thereis usually a remarkableamountof voxels which never contribute to
aMIP image. A voxel V' doesnever contribute to a MIP (andcanbe dis-
cardedfrom rendering)if all possibleviewing raysthroughthe voxel hit
anothewvoxel W with d(W) > d(V'), eitherbeforeor afterpassinghrough
V', whered(V') isthedatavalueatvoxel V. Thisfactcanbeexploitedwhen
original voxel valuesare usedfor renderingusing nearesineighborinter-
polation,asit is donewithin the presentedapproach.Several elimination
stratgjies can be appliedto identify suchvoxels, rangingfrom examining
justthe directneighborsof eachvoxel, to trackingof voxel influencesnto
distantpartsof the volume. By alsoconsideringviewing directioninto the
eliminationprocessupto 75%of all voxelscanbediscarded.

Gradient Magnitude Modulation: If a transferfunction is usedwhich
modulatessoxel opacityaccordingto gradientmagnitude gradientmagni-
tudecanbeusedasaneliminationcriterion.

8.2 Data Representation

All voxels which have beenclassifiedasrelevant are extractedfrom the volume
andstoredin a secondarydatastructure. The structureis simply a list, or array
containingattributeinformationfor the extractedvoxels. Eachentry corresponds
to oneextractedvoxel, andholdsthe voxel’s position,datavalue,gradientinfor-
mationand/orotherattributes.If differentobjectsaredistinguishedvithin thevol-
ume,separatdists arecreatedor thevoxelsof eachobject. Thevoxelsaresorted
by oneof theattributes(for example datavalue,or oneof thecoordinates)yoxels
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extracted voxels

— ml RenderListEntry RenderList
pre—= || key attrib. value, [ |key=min
T :
volume | processing — B rendering param. —
— (opacity, color, T
] shading look-up, ]
] =) [ |key=max
] "
attributes:
position, value, —
gradient, ...

Figure8.1: Datastructurefor efficient volumerendering.During preprocessing,
potentiallyrelevantvoxelsareextractedfrom the volumeandstoredinto alist (an
array). For eachvoxel, the position,anda setof attributesarestored.The voxels
areorderedby oneof theattributes,the“key” attribute. This might be, for exam-
ple, datavalue,or oneof the coordinatesGroupsof voxelswith anidenticalkey
valuearejoint into RenderListEntry s. All RenderListEntry ssortedby
thekey valueform aRenderList

within thelist canbe groupednto blocks,so-calledRenderListEntry s,with
thesamevalueof a“key” attribute (figure8.1). To save memory thekey attribute
hasto be storedjust oncefor all voxelsof thegroup. All RenderListEntry S,
sortedby thevalueof the key attribute form a RenderList

For rendering,only information containedwithin the list is used. Different
compositingmethodsequirea specificorderingof the voxels:

e ForDVR, aconsistenfront-to-backor back-to-frontorderis required.Vox-
els are sortedaccordingto depth(or the axis mostparallelto the viewing
direction,for shear/varp-basedendering).

e For MIP, thespatialorderingof voxelsis notrelevant. By sortingvoxelsby
value severalimportantadvantagesaregained. The voxels canbe splatted
in theorderof ascendinglatavaluesasthearrayis traversedor rendering.
Thereforecomparingthe value of the actualvoxel with the screencontent
is not necessanat all. Insteadof directly mappingdatavaluesto a linear
rampof grayvaluesfor viewing (d,.in = 9min» dmaz = gmaz), Medicaldata
setsareusuallyviewedusinga window to improve contrastandto focuson
certaindetails. The window is definedby a centervalue c anda width w
which mapsall datavaluesbelown ¢ — w/2 to black, all datavaluesabove
¢ + w/2 to white, and the datain betweento a gray ramp. As realistic
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window functions(suchasusedby doctors)mapsignificantportionsof the
datato black, the correspondingartsof the voxel array can be skipped
duringrenderingat almostzerocost.

e Fornon-photorealisticvolumerenderingwhichenhancesbjectcontours,
opacityof a voxel may dependon the directionof the gradientvector By
groupingvoxelsaccordingo gradientdirection,entiregroupsof transparent
voxelscanbe skipped.

8.3 Rendering

The fastestsoftware-basedenderingmethodis shear/varp projection. Voxels
from the RenderList  canbe efficiently projectedonto the baseplane using
look-up tablesfor determiningprojectedpositions. To maximize performance,
nearest-neighbanterpolationis usedduringprojectionof voxels. Thecalculation
of the contribution dependson the compositingmodeused. If optical properties
of voxels are storedat the correspondindRenderListEntry s (figure 8.1), it
is easilypossibleto assigndifferentparameterso eachgroupof voxels. In prac-
tice, all RenderListEntry s which storevoxels of the sameobjectwill have
identicalparameterdjk e color andopacitytransferfunctions.

Projectionis performedpy memgingtheRenderList  sof all distinctobjects,
andsequentiallyprocessingll RenderListEntry sof thejoint RenderList
which representshe volume. Within eachRenderListEntry all voxels are
alsoprojectedsequentially Thestrictly sequentiabrderof voxel projectionwhich
doesnotdependntheviewing directionleadsto anexcellentcache-diciency of
thisapproach.

If renderingparameterarechangedsomeof theextractedvoxelsmaybecome
irrelevantfor the visualization. An effective way to skip themduring rendering
withoutmucheffort, is to reordernvoxelsbelongingto eachRenderListEntry
in away, thatirrelevantvoxelsaremovedto the endof thegroup. This allows to
rendertheblock of relevantvoxelsatthebeginningof thegroup,andto efficiently
skip the remaining,irrelevantones. Clipping or removal of partsof the volume
canbedonein a similar way. If voxelswhich areclippedandbecomeinvisible
aremovedto theendof eachRenderListEntry 'svoxels,they canbeskipped
in thesameway asirrelevantvoxels.

For fastevaluationof lighting models anapproactbasednlook-uptablescan
be used[19]. For this purposethe gradientvectoris quantizedo 12—-16bit, and
storedwith the voxelsasanattribute. The compactrepresentatioof the gradient
vectoris usedasanindex into alook-uptablewhich storesprecomputeghading
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Figure8.2: a) mixing differentlighting models:Phongshadingor thebone,non-
photorealisticcontourenhancemerfor the skin. b) two-level volumerendering:
MIP for thebonessurfacerenderingof the scravs

information. The contentof the look-up table hasto be recomputedvheneer a
factorwhichinfluencedighting is modified,for example,alight sourcels moved,
or thevolumeis rotated. Due to the small size of the table (4096—6553&ntries,
dependingon the gradientquantization) variousshadingmodelscanbe applied
on a perobject basisat interactve frame rates. Phongshading[49] and non-
photorealisticshadingmodels[10, 11] canbe easilymixedwithin a singleimage
(figure8.2a).

UsingtheRenderList -based/olumerepresentatiomotonly shadingnod-
els canbe easilyassignen a perobjectbasis,alsothe object-wiseassignment
of compositingmodescan be implementedefficiently. This allows to render
eachobjectusingthe compositingmodewhich fits its structurebest(figure 8.2b).
For implementingthis feature (two-level volume rendering[22]) basedon the
RenderList  structure,two setsof buffers are usedfor the baseplaneimage.
An objectbuffer is usedfor performingrenderingwithin anobject,while aglobal
buffer is usedto performinter-objectrendering.In additionto intermediatepixel
values,eachpixel of the objectbuffer additionallystoresa uniquelD for the cur-
rently front-mostobject. If avoxel is projectedontothe intermediatdmage,it’s
ID iscomparedwith thestored D in theobjectbuffer. If bothIDs match thevalue
in the objectbuffer is updatedusingan operationwhich correspondso the local
renderingmodeof the object(maximumselectionor blendingof the voxel 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 usinganoperatiorwhich depend®n the globalrendering
stratgy (MIP or DVR). Afterwardsthe objectbuffer pixel is initialized according
to thevoxel of the new objectandthe new local renderingmode. After all voxels

have beenprojectedthe contribution of the front-mostsegmentat eachpixel has

to be includedby performingan additionalscanof the buffers and memging the

sgmentvaluedleft in the local buffer into the globalbuffer.

8.4 Space-EfficientRepresentation

TheRenderList  structurefor storingextractedvoxelsis well-suitedfor further
compression. Exploiting spatial coherencgespeciallyin the caseof extracted
surface voxels), voxel positions,gradientinformation, and data valuescan be
compressedo a few bit pervoxel. This compactrepresentatiocanbe usedfor
efficient transmissiorof extracteddatafor visualizationover low-bandwidthnet-

works, likethelnternet.
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Conclusions

Thetechniquegpresentedh thiswork allow to visualizevolumetricdataat highly
interactveframeratesevenonstandaralesktophardware. Thekey to highrender

ing performances basedn the obsenation,thatin mary applicationsof volume
visualizationtherenderingof a smallpercentagef the volume’s datais sufficient
to depictthedesiredstructuresTheapproactpresentedh thiswork —scannindor

voxelswhich contribute to the visualizationconsideringhe choservisualization
parametersandthe extractionof relevantvoxelsinto a secondaryatastructure-

allows efficient skipping of non-contriluting partsof the volume during render

ing at zerocost. Dependingon the chosenrenderingmethodsand visualization
scenariothis allows to getrid of up to 99% of the volumedatawithout sacrific-
ing spatialaccurag of the visualizedobjects. Althoughit is possibleto perform
high-quality cell-basedrenderingusinga similar datastructurecontainingvol-

umecells,thedatastructureas primarily designedo performreally fastrendering
of singlevoxels, for exampleusinga fastshear/varp-basedgrojection. Clearly,

theapproachs atradeoff betweerfastrenderingandhigh quality of theimages,
asarealsootherinteractve volumevisualizationtechniques.

The explicit associatiorof extractedvoxelsto segmentedobjectswithin the
volumeallows an extremelyefficient handlingof renderingandvisualizationpa-
rameterson a perobjectbasis. Without impacton renderingperformancecolor
and opacity transferfunctions, shadingmodes,and even compositingmethods
can be changedndividually for eachobject. The flexibility of the approachin
termsof the manipulationof visualizationparametersiakesit well suitedfor
dataexplorationandanalysis.

The compactrepresentatiorof the volume by the extractedvoxels is well-
suitedfor effective compressionlt canbeutilizedto provide volumevisualization
capabilitiesover slow networks, lik e the Internet.

The combinationof flexibility in termsof visualizationparameterand high
interactvity evenon low-endhardware,makesthe presentedechniquesinique.
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Further Resources

e Interactve surfacerendering:
http://www.cg.tuwien.ac.at/rese arch /vis /vism ed/s sd/

¢ Real-Time Maximum IntensityProjection(applet):
http://www.cg.tuwien.ac.at/rese arch /vis /vism ed/R T-MIP /

e Cell-basedigh-qualityMIP (applet):
http://www.cg.tuwien.ac.at/rese arch /vis /vism ed/C MIP/

e Homeof theBandMz project:
http://www.cg.tuwien.ac.at/rese arch /vis /band viz/

e Homeof theVisMedproject:
http://www.cg.tuwien.ac.at/rese arch /vis /vism ed/

¢ Visualizationof Non-Inverible 3D Maps (basins,attractors bifurcations):
http://bandviz.cg.tuwien.ac.at/ basi nviz /

e Compressethoundaryrepresentatiorsamplevisualizationgapplet):
http://chicken.cg.tuwien.ac.at/ basi nviz /comp ress ion/

e RTVR andrelatedwork:
http://lwww.vrvis.at/vis/researc h/rt  vr/

¢ Non-photorealisti’olumerendering:
http://www.vrvis.at/vis/researc h/np vr/

¢ Instituteof ComputerGraphicsandAlgorithms,
ViennaUniversityof Technology:http://www.cg.tuwien.ac.at/

¢ VRVis ResearctCenter:http://www.vrvis.at/
¢ Tiani Medgraph:http://www.tiani.com/

e Gian-ItaloBischi: http://www.econ.uniurb.it/bis chi/ bisch iweb .htm
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