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Abstract
Thispaperpresentsseveral distinguishingdesignfeaturesof RTVR– a Java-basedlibrary for interactivevolume
rendering. Wedescribe, howthecarefuldesignof datastructures,in our casebasedonvoxelenumeration,andan
intelligentuseof lookuptablesenableinteractivevolumerenderingevenon low-endPC hardware. By assigning
voxelsto distinct objectswithin the volumeand by usingan individual setupand combinationof lookuptables
for each object,object-aware renderingcanbeperformed:differenttransferfunctions,shadingmodelsandcom-
positingmodes(MIP, DVR)canbemixedwithin a singlescene, whilestill providingrenderingresultsin real-time.
Whileproviding frameratessimilar to volumevisualizationusing3D consumerhardware, RTVRprovidesmuch
more flexibility and extensibilitydueto it’ s pure software nature. Furthermore, dueto an efficient intermediate
data representation,RTVRcan be usedto provide volumeviewing facilities over low-bandwidthnetworks,with
almostfull control over renderingandvisualizationmappingparameters (clipping, shading, transferfunction)for
theuser. Thispaperalsoaddressesspecificproblemswhich ariseby theuseof Javafor interactiveVisualization.
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1. Intr oduction

Volumevisualizationhasprovento beavaluabletool for ex-
ploration,analysisandpresentationof datafrom numerous
fields of applicationlike medicine,geosciences,or mathe-
maticsfor example.Dependingon themaingoalof visual-
ization– rangingfrom dataexplorationto presentation– dif-
ferentrequirementsareput on interactivity andimagequal-
ity. Interactivity is crucial for efficient explorationandanal-
ysisof data.Also, communicatingtheresultsof a3D visual-
izationto thevieweris easier, if thevieweris ableto manipu-
latethevisualizationoutputto acertaindegree.Ontheother
hand,high-qualityrendering,which usuallycannot beper-
formedinteractively, is oftenrequiredfor thepresentationof
data.

Data exploration and interactive presentationwith low
demandson computationaland/or networking resources
have beenthe driving factorsfor the developmentof the
RTVR library. It unifies several techniquesfor interactive
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rendering12� 13� 7� 3 and efficient data transmission11 into a
flexible framework whichcanbeusedto providevolumevi-
sualizationon PC-hardware.In this paperwe escribesome
of the distinguishingdesignissuesof RTVR which arere-
sponsiblefor its excellentefficiency with respectto real-time
volumerendering.

In contrastto establishedvolume visualizationtoolkits
like VolVis1 or VTK 14, which cover a very broadrangeof
datarepresentationsandapplications,RTVR is focusedon
providing interactive visualization for rectilinear volumes
on desktophardwareby relying on a pre-filtering(decima-
tion) of the data and an internal data structurewhich is
well-suitedfor fast rendering12� 13. The datastructureitself
andalsothe renderingmethodwhich is usedby RTVR – a
fastshear-warp9 basedapproach– arenot suitedto perform
high-quality rendering.On the other hand,z-buffer output
from themethodcanbeusedto acceleratehigh-qualityray-
castingbasedrendering.

A memory efficient way of handling volumetric data
makesRTVR well-suitedfor remoterenderingof volumet-
ric dataover low-bandwidthnetworks11, either for interac-
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tivepresentationof datawhichhasbeengeneratedoffline,or
within asplit client/serverapproachfor onlinevisualization.
Thechallengeof interactively presentingimagesof volumet-
ric data,which alsocanbe manipulatedinteractively, over
networksonstandarddesktop-hardwarehasalreadybeenad-
dressedby several other approaches.The simplestway to
display objectscontainedwithin volumetricdatasetsis to
extracta polygonalsurfacerepresentationof theobjectand
to renderasufficiently simplifiedversionof themodelat the
client(via aVRML browser, for example).Althoughcurrent
consumer3D hardware is alreadyquite powerful, it is still
not possibleto renderhighly detailedmodelsfrom real-life
datasetsat interactive framerates.To overcomethis prob-
lem, Engel and others6 placethe dataset on a server and
useprogressive transmissionandprogressive refinementto
allow interactive surfaceextractionandviewing. They also
presentedan approachfor providing direct volumerender-
ing (DVR) at low-end clients5. First a small, subsampled
versionof the dataset is transmittedto the client. During
interactionswhich influencethe renderedimage,the local
copy of thedatais renderedusingtexture-mappingcapabil-
ities of consumer3D hardware.After finishing the interac-
tion, a high-qualityrenderingof the full-resolutiondataset
is computedon a server and transmittedto the client. Al-
thoughtheseapproacheswork well for a limited numberof
userswho sharethesameserver, they cannot beappliedif
an interactive visualizationis publishedto a largegroupof
viewers,for exampleover theInternet.

An approachwhich is moresuitedfor “public” distribu-
tion of visualizationresultshasbeenpresentedby Höhne
and others15. A multi-dimensionalarray of imagesis ren-
deredandstoredin anextendedQuicktimeVR format.The
viewer canbrowsethroughdifferentviews of thedata,imi-
tatinganinteractiverotation,dissection,or segmentation,for
example.Additionalobjectlabeldataallowsselectionof ob-
jectsandcanbeusedfor retrieval of additionalinformation
on the selectedobject.While this approachprovides high-
quality imageson low-endhardware,theuserinteractionis
restrictedby the “hidden” browsingmechanism(inbetween
pre-computedviews). Furthermore,the sizeof even small-
scalemoviesalreadybecomesa limiting factorfor viewing
over low-bandwidthnetworks.

The approachimplementedby the RTVR library is lo-
catedinbetweenthe methodsdiscussedabove. Theamount
of datawhich actually is transmittedto the client for visu-
alizationis very low (aboutthe sizeof several images),es-
pecially in comparisonto theQuicktimeVR approach.The
viewer is not restrictedto pre-computedviews andhasfull
control over visualizationparameters.The only restriction
for renderingis that just thosepartsof the volume which
havebeenpre-selectedfor presentationandtransmissioncan
berendered.

When used in a distributed client-server scenario,the
software-onlyrenderingapproachof RTVR providesmuch

Figure1: Visualizationof a humanhandcreatedwithRTVR:
surfacerenderingof vessels,combinedwith direct volume
renderingof bones,and a surfacerenderingof the skin.
Theskin is clippedinto two parts,oneshadedusingPhong
shading, theotheroneusinga non-photorealistic rendering
modelwhich emphasizescontours.

moreflexibility in termsof renderingparametersthanvol-
ume previewing using texture mappinghardware, still at
comparableor even lower costsin termsof bandwidthre-
quirements.

In thefollowing,visualizationcapabilitiesandtheinternal
structureof theRTVR library arepresented.Section2 gives
a shortoverview over the renderingfeaturesandvisualiza-
tion techniqueswhichareimplementedby RTVR. Section3
presentsRTVS’s internaldatastructure,its handlingof user
interactions,andtherenderingalgorithmsused.Timingsfor
typicalapplicationscenariosaregivenin section4, followed
by thepresentationof sampleapplications,which arebased
on theRTVR library (section5).

2. Featuresof RTVR

Onecharacteristicfeatureof RTVR is its way of handling
and renderingof volume data,which is highly optimized
to provide interactive feedbackduring the manipulationof
viewing, rendering,and datamappingparameters.A high
renderingperformanceis achieved by efficiently excluding
non-relevantpartsof thedatafrom therenderingprocess.In
commonapplications,like thevisualizationof medicaldata
from CT or MR scanners,usuallyonly asmallportionof the
datausuallybelongsto the objectof interest.Furthermore,
meaningfulsettingsfor renderingparametersmayrenderthe
innerpartsof objectsopaque– a factexploitedby earlyray
terminationtechniquesandalsoby ourapproach.

RTVR interpretsthe input volumeasbeingcomposedof
objects,like bones,vessels,and other tissuemaking up a
data-setof a humanhand(Fig. 1). Thenecessarysegmenta-
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tion informationis eitherobtainedtogetherwith thevolume
dataitself from an externaldatasource,or is interactively
computedusing simple threshold-basedsegmentation.For
rendering,datamappingand renderingparameterscan be
individually assignedobjectby object.Besidestheusualma-
nipulationof objectpropertieslikeopacityandcolortransfer
function, alsothe shadingmodelwhich is usedfor render-
ing canbedefinedindividually for eachobject.This allows,
for exampleto combineobjectswhicharerenderedby using
a standardshadingmodel like Phongshadingwith objects
thatarerenderedby theuseof non-photorealisticshading4 � 3.
In additionto the shadingmodel,the way in which voxels
areblendedto the imageplanecanbe definedin a object-
aware way. Most volume renderingpackagesonly allow
to rendera whole data set using either the usualopacity
blendedcompositing8, or surface rendering10� 13, or maxi-
mum intensity projection(MIP)12. In RTVR, compositing
modescanbe selectedon a per-objectbasisandcombined
with anotherinter-objectcompositingmode(two-level vol-
umerendering7). This allows to choosethe mostappropri-
ate renderingandcompositingparametersfor eachobject,
dependingon the structureof the dataand the goal of the
visualization.

Another featureof RTVR is to supportthe visualization
of time seriesof volumetricdataandof multi-dimensional
parameter-series of volumes from simulation. The large
memorydemandsof suchdataarecompensatedby thefact,
that dataextractedfrom a volume and usedby RTVR for
renderingis usuallymuchsmallerthantheoriginal volume.
Only extracteddataof thecurrentvolumehasto bekept in
memoryfor rendering,remainingpartsof the volume and
datawhichbelongsto othertime(parameter)stepsis placed
into a combinedmemory/diskcache.

Amongother“standard”featuresof volumevisualization
systems,RTVR providesthe ability to displaydataon pla-
nar sectionsthroughthe volume,enablesobject and posi-
tion picking by clicking into the renderedimage,andsup-
ports the clipping of volumesor setsof individual objects
atplanesandmorecomplex structures.Datawhichhasbeen
“clippedaway” canbeomittedfrom rendering– whichis the
mostcommonapproach- or renderedusingdifferentrender-
ing parameters.For examplemoretransparentthanthenon-
clippedpartof theobjector usingadifferentshadingmodel,
which for exampledisplaysjust contours.

3. RTVR Intrinsics

Thebasicobjectandrenderingprimitiveof RTVR is avoxel,
i.e., a singledatasamplewithin the volume.During a seg-
mentationand dataextraction step (Fig. 2), voxels which
actually are relevant for the user-definedvisualizationare
extractedandstored(objectby object)within a specialdata
structure.The voxel extractionstepusually leadsto a sig-
nificant datareduction.First, only a portion of the original
volumeactuallybelongsto objectsof interest.Second,de-
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Figure 2: Volumedataflow within RTVR:first, voxelswith
actually contribute to the visualizationare extracted,then
this representationof volumetricobjectsis usedfor fastand
flexible rendering.

pendingon the desiredvisual representationof the object,
only a subsetof theobject’s voxelshasto beconsideredfor
rendering.If surfacerendering(using a fixed iso-value) is
performed,for example,a thin layer of voxels is sufficient
asa representationof theobject.Whenrenderinganobject
by usingopacitytransferfunctionswhich dependon gradi-
ent magnitude10, voxels with a low gradientmagnitudedo
not noticeablycontribute to an imageandthereforecanbe
omitted.

Thevoxel setswhich resultfrom objectextractionarethe
basicdatastructuresof RTVR. For visualization,this data
is insertedinto a scenegraphandrendered.An intermediate
representation,which canbe usedto storevisualizationre-
sultsfor later interactive viewing is producedby transform-
ing extractedvoxel data into a space-efficient compressed
format11 andstoring it on disk togetherwith the currently
usedvisualizationandrenderingparameters.

For rendering,RTVR usesa fast,shear-warpbasedalgo-
rithm, which requiresthe datato be given as isotropically
spacedvoxels. Fortunately, this doesnot really restrict the
useof RTVR for visualization.Datawhich is givenon non-
carthesiangrids,canberesampledon thefly during theex-
tractionof objectvoxels.

After extraction,thenext stepin thevisualizationprocess
is the assignmentof voxel attributes to optical properties
(transferfunctionmapping).Oneor two voxel attributescan
beselectedto influencea voxel’s contribution to thevisual-
izationresult.This attributesusuallyarethedatavalue,the
gradientdirection, and/or the gradientmagnitude.The re-
striction to two argumentsper transferfunction is imposed
for performancereasons.For rendering,bothvalueshave to
fit into a 16 bit field, which is typically subdividedinto a 12
bit main channelfor a moresignificantdatavalue,anda 4
bit channelfor a second,additionalvalue.

Thedatavaluesareusedto index lookuptablesto obtain
andmodulatecolorandopacityvaluesin awaywhich is de-
finedby theselectedrenderingmode.Thelookuptablesare
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rendered using object properties
rendered using clipped properties
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Figure 3: Volumetric object representation:voxelswhich
are relevant for renderingan objectare extractedslice by
slicefromthevolumeandstoredinto RenderLists.

usedto implementdifferent transferfunctionsandshading
modelsin a very effective way.

Dependingon the visualizationparametersin use,some
objectvoxelsmaynotcontributeto avisualizationatall – as
they may be, for example,totally transparentafter applica-
tion of thetransferfunction.A backgroundthreadidentifies
thosevoxels during idle-time and rearrangesthe datain a
way thatlaterno effort is spenton skippingthemduringthe
next renderingpass.Thisis especiallyusefulfor accelerating
therenderingof “fuzzy” objects,wherenoexactinformation
aboutobjectshapeis availableat thetime of extraction.

Theobjectdatacontainedwithin asinglescenegraphcan
be simultaneouslydisplayedin several views – a 3D view
andseveral sectionsthroughthe volume,for example.Pa-
rameterchangeswhich influencetheresultsof thevisualiza-
tion canbecarriedout eitherby usingGUI components,or
by directly interactingwith objectswithin therenderedview.
GUI componentsfor parameteradjustmentsare automati-
cally derived from the visualizationpipeline and grouped
into a “control panel”. Within a (3D) view, objectscanbe
selectedby clicking onthem,parameterslike thecamerapo-
sition, zoomfactor, light sourceposition,or objectopacity
and transferfunction can be manipulatedby draggingthe
mouse.

3.1. RenderList asData Representation

During theobjectextractionprocess,thevolumeis scanned
slice by slice, producing for eachobject within the vol-

ume a so called RenderList which is an array of
RenderListEntry objects,eachonecontainingtheob-
ject’s voxels within a slice (Fig. 3). Note, that the original
(implicit) spatialarrangementof datavalueswithin the 3D
arrayis sacrificedfor an object-awareenumerationscheme
of arbitrarily arrangedvoxels. For eachvoxel it’ s position
within the slice and a user-definableset of attributes are
stored.As gradientcomputationfrom extractedvoxels is
not trivial dueto thelackof connectivity informationwithin
the RenderList structure,gradientdirection and gradi-
entmagnitudeareusuallyprecomputedduringtheextraction
stepandstoredwith theRenderList. Typically, alsothe
original datavalues(oneor more scalarvalues)areadded
asattributeshere.All theattributesof a voxel arestoredin
separatearrays,theRenderListEntry just storesinfor-
mationwhich is requiredfor rendering:

� object-level opacityfor clippedandnon-clippedvoxels
� look up tablesfor clippedandnon-clippedvoxels
� specificationof renderingmode for clipped and non-

clippedvoxels
� a referenceto an array which contains a renderable

representationof voxel data (derived from voxel at-
tributes). Within this array, voxels between first
and firstClipped belong to the non-clipped part
of an object, voxels between firstClipped and
lastInSlice belongto the clippedpart. Only voxels
betweenfirst andlast, respectivefirstClipped
andlastClipped have to berendered,voxelsbetween
last and firstClipped, and lastClipped and
lastInSlice have beenidentified by the optimizer-
threadas non-contributing for the currenttransferfunc-
tion settingandarenot rendered.

The “blocking” of voxels into non-contributing, clipped,
etc., as shown in figure 3, is achieved by simply reorder-
ing the voxels within RenderListEntrys during clip-
ping andoptimizationoperations.This maybedone,asthe
voxel orderwithin a slice is not relevant for the fastshear-
warpalgorithmin usefor rendering.

For fastprocessing,positionandattributeinformationfor
eachvoxel is fitted into a single32 bit integer. Thex andy
coordinatesof thevoxel arestoredusing8 bit each,thezco-
ordinateis identicalfor all voxelswithin aRenderList-
Entry asthey areall extractedfrom the sameslice of the
volume and thus it is stored just once.Using just 8 bits
per coordinatelimits the maximumextent of an object to
2562 slices.Larger volumesandobjectsareinternally split
into 2563 piecesand the missinghigh bits of the coordi-
natesareencodedinto an offset, which is alsostoredonce
at theRenderListEntry. Theremaining16bitsaretyp-
ically split into a 12 bit and a 4 bit field which storethe
dataattributesusedfor renderingas previously described.
This “renderable”voxel representationis attachedasanad-
ditional arrayto eachRenderListEntry. Reorderingof
voxel dataduring clipping andoptimizationhasto be per-
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formedsynchronouslyon all attribute arraysaswell ason
thederivedrenderabledataarray.

Although the common coordinate stored at the
RenderListEntry for all voxels is referred to as z
for reasonsof simplicity, in factthreecopiesof thedataand
thus threeRenderLists are requiredfor the shear-warp
algorithm– eachonegroupedandsortedby oneof thethree
coordinates.

Although the limitation to two voxel attributeswith an
overall of 16 bit for renderingis clearly a limitation with
respectto flexibility andaccuracy, the compactrepresenta-
tion is perfectlysuitedfor very fastrendering.Togetherwith
theability to re-ordervoxelswithin aRenderListEntry
the renderingprocessturns into a “streaming” of sequen-
tial chunksof voxels– anoptimalscenariofor cachingand
prefetchingasimplementedby recentprocessors.Theprob-
lem of thelow bit resolutionof dataattributesfor rendering
can be addressedby applying intelligent remappingwhen
copying voxel attributedatainto it’ srenderableform: instead
of clipping low bits of anattribute,a logarithmicremapping
canbeperformed,or a certainsub-rangeof attributevalues
canbemappedto therangeof valuesavailablefor rendering.

Java Peculiarities – due to the specific way of memory
managementasemployed by currentJava virtual machines
(VM), a specialdatahandlingandcachingfunctionality is
usedby RTVR to supportthevisualizationof hugedatasets
(dozensto hundredsof volumes),which areproduced,for
example,by numericalsimulations2. Themaximumamount
of memorywhich is availableto aVM hasto befixedat ini-
tializationtime.As thegarbagecollectionandobjectalloca-
tion mechanismsweepsthroughtheentireaddressspaceof
theVM, allocatingmorememoryto theVM thanphysically
available would lead to excessive paging and strong per-
formancedegradation.Insteadof allocatingsufficient mem-
ory to fit even the largestdatasets,RTVR usesa separate
memoryand disk cachefor space-demandingpartsof it’ s
datastructures,i.e., the original volumedata,the extracted
voxel attributes,andtherenderablevoxel data.Data,which
is currentlynot usedfor rendering,is placedinto themem-
ory cacheandtherebypotentiallywritten to disk by a back-
groundthread.Requestsfor recentlyuseddatacanusually
be satisfiedout of thememorycache,whereasreadingless
recentlyaccesseddatamayrequireto fetchit from disk.The
cachefeatureis usedwhen large data setsare visualized
locally, and is disabledwhenRTVR is usedwithin a web-
browser.

3.2. The RTVR SceneGraph

After extraction, the RenderLists and attribute dataof
volumetricobjectsareencapsulatedinto VolumeObjects
andaddedto a commonscenegraphfor rendering(Fig. 4).
A commontaskof all typesof nodeswithin thescenegraph
is to deliver up-to-dateRenderLists which representthe
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Figure4: RTVRscenegraphanduserinteractionhandling

contentof theirsubgraphs.In thefollowing ashortoverview
over themostimportantnodetypesis given:

� VolumeObject: Holds the RenderList of a single
objectaswell asinformationon all parameterswhich af-
fect the appearanceand visualizationmappingsfor this
object.

� GroupNode: Theshear-warprendererperformsa back-
to-front renderingof RenderListEntrys. In addition
to providing a simpleway of handlingmultiple objects,
the main purposeof the GroupNode is to merge and
sort the RenderLists of it’ s sub-graphsinto a single
list which is sortedby thecurrentmainviewing axis(z).

� Dependingon the value of a selectionparameter, the
SwitchNode provides the RenderList of one of
it’ s children. SwitchNodes allow to browse through
multi-dimensionalarraysof volumes,like time series,or
parameter-dependentsimulationresults.

� ClipNodes filter and reorderthe voxels of it’ s child
nodesto implementclipping.
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Eachnodeis responsiblefor trackingchangesof parameters
which affect it’ s contentandfor performingappropriateac-
tionsaccordingto changes.Theactualupdateof renderable
datato reflectparameterchangesis carriedoutaslateaspos-
sible,i.e.,whenarequestfor theaffectedvoxel datais issued
for rendering(lazy evaluation).Keepingjust the currently
visible dataup-to-dateimproves the responsivenessof the
visualizationduring interactive parameterchangessignifi-
cantly. Furthermore,keepingevery voxel which is affected
by a parameterchangeimmediatelyup-to-datewould spoil
the efficiency of any cachingscheme.An examplefor this
would bea clipping operationappliedto therepresentations
of anobjectin 100time-stepvolumes.

Thevolumeinformationwhich is containedwithin a sin-
glescenegraphcanbedisplayedwithin multiple views.For
multiple 3D views just theviewing parameters,like camera
position may vary, remainingparametersare encodedinto
theRenderList, which is sharedamongall views. Addi-
tional2D viewsonthedatamaydisplaysectionsthroughthe
volume,histograms,etc.

3.3. User Interaction

Thephilosophyof datamanipulationwithin RTVR is object-
oriented.Oneof the objectswithin the currentlydisplayed
volumeis selectedto bethe“active” object.Theselectionis
doneby clicking ontheobjectwithin therenderedimage,or
by selectingit throughthe GUI. From practice,it appears,
thatdirect interactionwith anobjectwithin the3D sceneis
themostefficient way of working with data.Especiallyex-
pert userspreferthis way of interactingcomparedto using
standardGUI components.The most importantproperties
of the active objectcanbe changedby pressingoneof the
mousekeys anddragging.Transferfunctioncontrast(color
andalpha),opacity, andcolorcanbechangeddirectlywithin
the3D view. Furthermore,cameraposition,light sourcepo-
sition,andzoomfactorcanbesetwithin theview. Themap-
ping of mouseactionsto parameterchangesis performed
by anInteractionHandler component,which canbe
adaptedto meettheneedsof specificapplications(for exam-
pleto implementstreamline integrationfrom thepositionof
a mouseclick for a flow-visualizationapplication).

As a supplementto parametermanipulationwithin the
renderedview, all parametersof the active object can
be adjustedusing GUI componentswhich are automati-
cally generatedby RTVR. This parameterpanelallows an
explicit selectionof the active object and adjustmentof
it’ s parameters,and can (but does not have to) be used
within any applicationwhich utilizes RTVR for visualiza-
tion. A real-time screencaptureof an interactive visual-
ization session,which was performedby a viewer based
on the RTVR library, can be downloadedfrom web page
http://www.vrvis.at/vis/research/rtvr/ .

Java Peculiarities – for Java-basedgraphicaluser inter-
faces,basicallytwo APIs areavailable:theAWT, available

LUT2(12 bit)LUT1(4 bit)

opacity
object

4 bit
data

12 bit
data voxel 

coord.

LUT3(12 bit)

X

blend/MIP
local op:

object pixel buffer

blend/MIP
global op:

RGB

LUT1(4 bit)

opacity
voxel

global pixel buffer

Figure 5: Voxelrenderingwithin RTVR:LUT1 canbeused
either for color or opacitycomputations.For color compu-
tations,it canbeindexedby the4 bit attributeor by theup-
per bits of the12 bit attribute. LUT2 is addressedby the12
bit attribute. LUT3is addressedusingtheoutputof LUT1or
LUT2(which maybeanidentitymapping),or a combination
of both.

in it’ s presentform sinceJava version1.1,andthemoreso-
phisticatedSWING 1.1, which is part of the Java runtime
sinceversion1.2.Thefront end(GUI andrenderingoutput)
of RTVR is providedusingboth,eitherAWT or SWING.As
mostweb-browserscurrentlyprovide a 1.1 virtual machine
only, an AWT implementationis provided for compatibil-
ity reasons,despiteof all it’ s inconveniencesanddeficien-
cies.Therenderingperformanceof theSWING implemen-
tation benefits,for example,from a fasterimagehandling
(BufferedImage) introducedin Java 1.2.

3.4. Rendering

To achieve interactiverenderingratesevenonstandarddesk-
top hardware,a fastshear-warpbasedparallelprojectionis
used.Renderingto thebase-planeisperformedusingaback-
to-front compositingof voxels by theuseof nearestneigh-
bor interpolation.In comparisonto a previously published
versionof this fastalgorithm13, RTVR includesanextended
version,which providesmoreflexibility for mappingvoxel
attributesto color andopacity. Threelook-up tables(typi-
cally 1x4bit, 2x12bit) areavailableateachRenderList-
Entry for implementingshadingand transfer functions.
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A set of combinationpatternsfor the voxel attributesand
look-up tablesis provided by RTVR (SeeFig. 5) and se-
lectedby choosinganappropriaterenderingmodefor anob-
ject. This schemeof combiningLUTs allows efficient pro-
cessingwhile still enablingvariouswaysof selectively ap-
plying visualizationtechniquesto objectswithin the data.
TheRenderListEntry canalsobeextendedto provide
user-definedrenderingfunctionalityfor it’ svoxels,whichfi-
nally allows to implementany desiredoperationon voxel
attributesandlook-uptables.

Shadingoperationsareperformedusinga look-up table
basedapproach,with a 12-bit representationof the gradi-
entvectorasan index. Using this approachvariousshading
modelscanbe implementedefficiently andwith acceptable
quality andappliedevenon a per-objectbasis.Two shading
modelsareprovidedby RTVR: aPhongshadingtable(color
platea) anda non-photorealisticshadingtable (color plate
b) whichenhancesthecontourof anobject4. Theshadingta-
bleshave to bere-computedafterevery changeof viewer or
light sourceposition,which is not time critical dueto their
small size (4096 entries).For rendering,the shadingtable
is placedinto LUT2 (Fig. 5), andindexedby the12 bit data
channelwhichcontainsthegradientvector. Theoutputof the
lookupis not anRGB color but anintensityvalue,which is
thenusedto accessthecolor transferfunctionin LUT3. Al-
thoughit wouldbepossibleto combinelighting andtransfer
function mappingwithin a single lookup into LUT2, split-
ting it into two stagesallows to reusethesameshadingtable
for objectswith differentcolor transferfunctions.

The opacityof a pixel is influencedby several sources.
An all-objectopacityvalueis alwaysincludedinto thecom-
putationandcanbeusedto tunetheoverall opacityof entire
objects,independentlyof individualper-voxel opacitycalcu-
lations.Theindividual opacityof eachvoxel canbederived
from variouscombinationsof datachannelandlook-upop-
erations.In the following, a few samplecolor andopacity
calculationsetupswill be discussed,which implementdif-
ferentvolumerenderingapproaches.

� displayof (iso-)surfaces: the surfacevoxels of an object
have to be shadedandblendedusingthe objectopacity.
A Phongshadingtableis put into LUT2, theresultingin-
tensityvalueis usedto accessa color transferfunctionin
LUT3. Thetransferfunctionis arampof objectcolorval-
uesstartingwith maximumlightnessandminimum sat-
uration (white, or more generally, the color of the light
source)and evolving towards maximum saturationand
minimumlightness(objectcolor, ambientlight, seecolor
plate a). By just renderinga thin layer of voxels which
form thesurface,theobjectopacitycanbeusedto influ-
encethe transparency of the surfacein the sameway as
an alpha-value influencesthe appearanceof a polygonal
surfacemodel.

� Gradientmagnitudeweightedopacity: if voxels in areas
with highgradientmagnitudearerenderedratheropaque,

materialtransitionsbecomevisibleassurfaces.Theusual
approachfor volumerenderingwith this type of transfer
function requiresaccessto threevaluesfor eachvoxel:
datavalue(for color andopacityfrom transferfunction),
gradientdirection (for shading)and gradientmagnitude
(for opacity modulation).As only two attributescan be
storedin the renderabledataarrayof a RenderList-
Entry, two of theabove threevalueshave to bechosen.
If thevoxel datavalueis storedin the12 bit channel,and
a properly transformedgradientmagnitudein the 4 bit
channel,an unshadedvolumecanbe rendered.LUT1 is
indexed by gradientmagnitudewhich yieldsvoxel opac-
ity, the datavalue indexes LUT3 which holds the color
transferfunction.As analternative, thegradientdirection
canbestoredinto the12bit channelinsteadof datavalue,
andusedto computeshadedvoxelsusinga shadingtable
in LUT2 anda color transferfunction in LUT3. The re-
sult is a transferfunction with opacitysolely dependent
on gradientmagnitude,andnot on datavalue.To obtain
a bettercontrolover theappearanceof therendereddata,
a thresholdbasedpre-segmentationcanbeappliedto ob-
tain independentcontrolover theparametersfor different
voxel valueranges.

� Bright objectoutlines: LUT2 is loadedwith a shadingta-
ble which mapstheanglebetweenviewing directionand
gradientdirection to intensity. LUT3 containsa transfer
function which is usedto tunecontrastandcolor for the
specificobject.Resultsof this techniquecan be seenin
colorplateb. If theresultof theLUT2 lookupis alsoused
asvoxel opacity, theobjectbecomesalmostentirelytrans-
parent– except for the contourswhich remain opaque
(Fig. 1, clippedskin).

� Coloredcontouroutlines: contoursarecoloreddifferently
from the remaining(Phongshaded)partsof the object
(similar to methodpresentedby EbertandRheingans4). A
specialshadingtablewhichencodesPhongshadinginfor-
mationinto lower bits, andthe “contourness”of a voxel
into higher bits of the resultingvalue, is generatedand
placedin LUT2. An accordinglydesignedcolor transfer
functionis placedinto LUT3.

In additionto colorandopacityvalues,alsothecompositing
modecanbe individually definedfor eachobject– for ex-
ample,maximumintensityprojection,or theusualopacity-
weighted blending (direct volume rendering,DVR). The
action to be performedfor compositinginbetweenobjects
canbe definedindependentlyfrom the objectcompositing
modes(two-level volumerendering7, color platec). Object-
aware compositingrequiresthe use of two separatepixel
buffers, one for compositingwithin an object and one for
compositingof theglobalimage(Fig. 5).

Clippingof objectsis handledin awaywhichdiffersfrom
theusualapproach.Insteadof simplynotdisplayingpartsof
objectswhich have beenclippedaway, clippeddatais ren-
deredusinga differentsetof attributes.Separatevaluescan
besetfor clippedobjectopacity, renderingmode(LUT con-
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figuration)andlook-uptablecontent.Thecompositingmode
hasto remainthesamefor clippedandnon-clippedpartsof
anobject.By settingclippedobjectopacityto zero,theusual
effect of removing clippeddatais obtained(color plated).
By using for examplePhongshadingfor non-clippedvox-
els and a contour-only renderingfor clipped parts,insight
into anobjectcanbegiven,while still providing a sketchof
themostsignificantfeaturesof theclippedpartasa context
(Fig. 1).

To obtainhighestpossibleframerates,despiteof theflexi-
bility of colorandopacitycalculationandcompositingmode
selection,optimizedroutinesareimplementedfor frequently
usedrenderingmodesandcompositingmodecombinations.
Sceneswhich requireonly MIP or DVR (within and inbe-
tweenobjects),canberenderedwith theusualapproachand
do not requiretwo pixel buffers. If pureMIP is used,vox-
els canbe sortedandgroupedinto RenderListEntrys
by valueinsteadof thez coordinate12. In this case,project-
ing sortedvoxelsfrom lowestvaluedto highestvaluedones
eliminatesthe needfor maximumsearch.However, if MIP
is combinedwith other compositingtechniqueswithin the
scene,back-to-frontrenderingandthussortingby thez co-
ordinateis requiredalsofor objectscompositedby MIP, as
they may interleave with otherobjectsrenderedwith differ-
enttechniques.

3.5. Data Optimization

Dependingonthecompositingmethodin use,onthecontent
of lookup tables,andon the renderingmodewhich defines
theusageof thetables,asignificantpercentageof anobject’s
voxelsmaynotcontributeto arenderedimageatall. For ex-
ample,whenMIP is usedfor compositing,blackvoxels(af-
ter the transferfunction mapping)do not contribute to the
result.If opacity-weightedblendingis used,(almost)totally
transparentvoxels provide no visible contribution. RTVR
utilizes a backgroundthread,which is activatedwhenever
theapplicationis idle, to identify thosevoxelsandto reorder
datain a way which allows to simply skip non-contributing
partsfrom rendering.ThecurrentlyvisibleRenderList is
scannedperiodicallyfor RenderListEntryswhichhave
notbeenoptimizedyet(or whichhavechangedsincethelast
optimizationandthusmayhave to beoptimizedagain).De-
pendingontherenderingparametersof theRenderList-
Entry a classificationof the voxels is performed.Voxels
whichhavebeenidentifiedasnon-contributingaremovedto
the end of the sequenceof clipped respective non-clipped
voxels, two pointersare set to indicate the end of voxels
which actuallyhave to be rendered(SeeFig. 3). For some
renderingmodes,liketherenderingof contoursonly, opacity
andcolor of voxels changefor every new viewing position.
In thiscasethecontentof theshadingLUT is notconsidered
asa criterionfor optimization.

4. Performance

High responsivenessof avisualizationsystemto useractions
is a crucial factorfor theeffectivity of dataexplorationand
analysis.The renderingtimes for the surface rendering13,
MIP12 and two-level renderingapproach7 usedby RTVR
have been publishedin previous work. Thus, insteadof
broadlysurveying the behavior of eachmethod,a compar-
ison of the measuredtimesfor renderingthe samedataset
with RTVR usingvariousmethodsis given in table1. The
measurementshave beencarriedout on a PII/400MHz PC
usingthevirtual machineof JDK1.3from SunandtheAWT
frontendof RTVR. Thesizeof therenderedimagesis 5122.
The first row shows timings for the dataset shown in fig-
ure1. Skin,bones,andvesselsarerepresentedby their sur-
facevoxels.Therenderingis carriedout usingMIP, DVR, a
grayscaleDVR view, andacombinationof DVR for theves-
selsandMIP for bonesandskin. The secondrow displays
timingsfor theheaddatashown in color plated, with bone,
skinandvesselsrepresentedassurfaces.Thedatasetin row
3 is similar to theonedepictedin color platef. Thebasinis
representedby it’ s surfacevoxels, the chaoticattractoris a
truelyvolumetricobject.

The pure rendering time reflects the rendering per-
formancefor most interactions.Theseinclude interactive
changesof the viewing parameters(viewer position and
zoom),changesto contentof lookup tables(moving light
source,changingtransferfunction),andchangesto the pa-
rametersand renderingmodesof objects.Clipping opera-
tionsrequirescanningandreorderingof objectvoxels.Dur-
ingsimpleclippingof all objectsatanaxisalignedplane,the
responsetime increasesby approximately40%comparedto
whenchangingviewer position.Time requiredfor clipping
at morecomplex objectsdependson the complexity of the
testwhichhasto beperformedfor eachvoxel. Clippingof a
complex sceneat a obliqueplane,for example,canbedone
with 1–2framespersecond.During browsingthroughlarge
(time or parameter)seriesof volumes,voxel datamayhave
to be fetchedfrom disk cache,thusincreasingtheresponse
timeby thetimerequiredto readthedata.Dependingonthe
sizeof thescene,this mayrangefrom few milliseconds,to
morethanonesecond.Thetimefor extractionof new objects
from a volumedependson thecomplexity of thesegmenta-
tion criteriaandon theamountof voxels selected(gradient
computation).Theextractionof an iso-surfacefrom a 2563

volumefor examplerequiresapproximately1.5seconds.

Thechoiceof thevirtual machineusedto executetheap-
plicationhassevereimpacton theperformance.Amongthe
testedruntimeenvironments,fastestexecutionandrendering
hasbeenobservedfor theVMs (1.1.6++,1.2,1.3) from Sun
on Windows and (1.1.8, 1.2, 1.3) from IBM on Windows
andLinux. Virtual machinesprovidedby web-browsersare
in generalslower, probablydueto additionallyperformedse-
curity checks.Worst resultsareobtainedby the VM which
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dataset size scenevoxels MIP DVR DVR/mono mixedMIP/DVR

hand& vessels 2562x124 380k 80ms 135ms 80ms 170ms

head& vessels 2562x158 640k 100ms 185ms 110ms 290ms

attractor& basin 2563 1M 130ms 250ms 140ms 333ms

Table1: Timingsfor variousdatasetsandrenderingmodes

is usedby Netscapebrowsers(Version<= 4.7.4)on Linux –
morethantentimesslower thanthetimingsin table1.

5. SampleApplications of RTVR

The RTVR library has beensuccessfullyusedto provide
volumevisualizationfunctionalitywithin two projects.The
first applicationis a volumeviewer which canbe usedfor
fast volume data exploration and analysisin the field of
medicaldata.Visualizationscreatedwithin the viewer (ex-
tractedobjectsandvisualizationparameters)canbe stored
usingacompactrepresentation(typically justa few hundred
kilobytes11) for later interactive viewing or for publication
on the Internet. An applet version of the viewer which
provides the samefunctionality except, for the extraction
and creationof new objects,can be usedto view previ-
ouslystoreddatawithin webpages.Somepageswhich use
theappletfor thepresentationof volumedatacanbefoundat
http://www.vrvis.at/vis/research/compression/

andhttp://www.vrvis.at/vis/research/rtvr/.

A secondapplicationwhich makesuseof thecapabilities
of RTVR is a visualizationandanalysissystemfor 3D dy-
namicalsystems(discretemaps)2. Theapplicationis usedto
analyzeandvisualizestructuresandeventswithin thephase-
spaceof thesystems.For thisapplication,objectsof interest
areattractors(oftencomplex andchaotic),theirbasinsof at-
traction(i.e., thesetof all systemstateswhich areattracted
by them) and surfaceswhich separateregions with differ-
entproperties(colorplatee).Events(bifurcations)areoften
causedby contactsbetweenstructuresassomeparameterof
thedynamicalsystemis changed.Theprocessof visualiza-
tion is split into two parts.A volumetric representationof
thestructureswithin phasespaceis computedoffline (2563

volumes)andstoredin aspace-efficient form. For theanaly-
sisof bifurcations,sequencesof up to hundredsof volumes
arecomputedfor differentvaluesof thebifurcationparam-
eter. For investigationthe dataproducedby the simulation
is loadedinto the viewer (the disk-cacheis extremelyuse-
ful for large sequencesof volumes)which provides appli-
cationspecificfunctionality, like theshootingof trajectories
by pointingwith themouseat thestartposition.To easethe
detectionof contactsbetweenobjects,distanceinformation
canbemappedto voxel color, asshown in colorplatef. The
featureof mixing MIP with othercompositingmethodshas
provento beespeciallyusefulfor visualizingchaoticattrac-

tors.Their complex internalstructureis well capturedusing
MIP while producinglittle occlusion.At thesametime, the
attractor’s basinof attractioncan be renderedas a shaded
surface.

6. Conclusions

Using an efficient datarepresentationanda fast rendering
methodvolumetricdatacanbedisplayedatanaveragedesk-
top PC at frame rates which are comparablewith those
which areachieved by consumer3D hardware,while pro-
viding significantlymoreflexibility , likeobject-wisetransfer
functions,shadingmodelsandcompositingmethods(MIP,
DVR, ...).Takinginto accountpeculiaritiesof Java,all those
capabilitiescan be madeavailable to userswith standard
desktophardwareusingdifferentoperatingsystems.Using
a compactvolumerepresentation,theRTVR library canbe
alsoexploitedto provide highly interactive andflexible pre-
sentationsof visualizationresultsover networks,like theIn-
ternet.
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a) surfacerepresentationof a skull b) contourenhancedvertebrae

c) MIP for bone, DVRfor screws d) objectaware clippingof skinsurface

e) basinsof attractionanda critical surface f) contactbifurcation- oneout of a sequenceof 40volumes
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