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Abstract

Thispaperpresentseveral distinguishingdesignfeatuesof RTVR- a Java-basedibrary for interactivevolume
rendering We describe howthe careful designof datastructues,in our casebasedon voxelenumeation,andan
intelligentuseof lookuptablesenableinteractivevolumerenderingevenon low-endPC hardware. By assigning
voxelsto distinct objectswithin the volumeand by usingan individual setupand combinationof lookuptables
for eadh object,object-awae renderingcan be performed:differenttransferfunctions,shadingmodelsand com-
positingmodegMIP, DVR)canbemixedwithin a singlescenewhile still providing renderingresultsin real-time
While providing frameratessimilar to volumevisualizationusing3D consumeihardware, RTVRprovidesmud
more flexibility and extensibilitydueto it's pure softwae nature. Furthermoe, dueto an eficientintermediate
datarepresentationRTVRcan be usedto provide volumeviewing facilities over low-bandwidthnetworks with
almostfull contmol over renderingandvisualizationmappingparametes (clipping, shading transferfunction)for
theuser Thispaperalsoaddressespecificproblemswhich arise by the useof Javafor interactive Visualization.
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1. Intr oduction

Volumevisualizationhasprovento beavaluabletool for ex-
ploration,analysisand presentatiorof datafrom numerous
fields of applicationlike medicine,geosciencespr mathe-
maticsfor example.Dependingon the main goal of visual-
ization—rangingfrom dataexplorationto presentatior-dif-
ferentrequirementsreput on interactvity andimagequal-
ity. Interactvity is crucialfor efficientexplorationandanal-
ysisof data.Also, communicatingheresultsof a 3D visual-
izationto thevieweris easieyif thevieweris ableto manipu-
latethevisualizationoutputto a certaindegree.Ontheother
hand,high-qualityrenderingwhich usuallycannot be per
formedinteractively, is oftenrequiredfor the presentatiorof
data.

Data exploration and interactve presentationwith low
demandson computationaland/or networking resources
have beenthe driving factorsfor the developmentof the
RTVR library. It unifies several techniquedfor interactve
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rendering%137.3 and efficient data transmissio# into a
flexible framevork which canbe usedto provide volumevi-

sualizationon PC-hardvare.In this paperwe escribesome
of the distinguishingdesignissuesof RTVR which arere-
sponsibldor its excellentefficiencgy with respecto real-time
volumerendering.

In contrastto establishedvolume visualizationtoolkits
like VolVis! or VTK14, which cover a very broadrangeof
datarepresentationand applications RTVR is focusedon
providing interactize visualizationfor rectilinear volumes
on desktophardware by relying on a pre-filtering (decima-
tion) of the dataand an internal data structurewhich is
well-suitedfor fastrendering? 3. The datastructureitself
andalsothe renderingmethodwhich is usedby RTVR — a
fastsheaswarp® basedapproach- arenot suitedto perform
high-quality rendering.On the other hand, z-buffer output
from themethodcanbe usedto acceleratdigh-qualityray-
castingbasedendering.

A memory efficient way of handling volumetric data
malkes RTVR well-suitedfor remoterenderingof volumet-
ric dataover low-bandwidthnetworks!!, eitherfor interac-
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tive presentatiof datawhich hasbeengenerateffline, or
within asplit client/serer approacHor onlinevisualization.
Thechallengeof interactvely presentingmagesof volumet-
ric data,which also can be manipulatednteractiely, over
networksonstandardiesktop-hardarehasalreadybeenad-
dressedby several other approachesThe simplestway to
display objectscontainedwithin volumetric datasetsis to
extracta polygonalsurfacerepresentationf the objectand
to renderasuficiently simplifiedversionof themodelatthe
client(viaaVRML browser, for example).Althoughcurrent
consumer3D hardwareis alreadyquite powerful, it is still
not possibleto renderhighly detailedmodelsfrom real-life
datasetsat interactve framerates.To overcomethis prob-
lem, Engel and other$§ placethe dataseton a sener and
useprogressie transmissiorand progressie refinemento
allow interactie surfaceextractionandviewing. They also
presentedan approachfor providing direct volumerender
ing (DVR) at low-end client$. First a small, subsampled
versionof the datasetis transmittedto the client. During
interactionswhich influencethe renderedmage,the local
copy of thedatais renderedisingtexture-mappingapabil-
ities of consumer3D hardware. After finishing theinterac-
tion, a high-qualityrenderingof the full-resolutiondataset
is computedon a sener and transmittedto the client. Al-
thoughtheseapproachesvork well for alimited numberof
userswho sharethe samesener, they cannot be appliedif
aninteractive visualizationis publishedto a large group of
viewers,for exampleover the Internet.

An approachwhich is more suitedfor “public” distribu-
tion of visualizationresultshasbeenpresentedoy Hohne
and otherd>. A multi-dimensionalarray of imagesis ren-
deredandstoredin an extendedQuicktimeVR format.The
viewer canbrowsethroughdifferentviews of the data,imi-
tatinganinteractve rotation,dissectionpr segmentationfor
example Additional objectlabeldataallows selectiorof ob-
jectsandcanbe usedfor retrieval of additionalinformation
on the selectedobject. While this approachprovides high-
quality imageson low-end hardware,the userinteractionis
restrictedby the “hidden” browsing mechanismn{inbetween
pre-computediiews). Furthermorethe size of even small-
scalemovies alreadybecomes limiting factorfor viewing
over low-bandwidthnetworks.

The approachimplementedby the RTVR library is lo-
catedinbetweenthe methodsdiscussedbore. The amount
of datawhich actuallyis transmittecto the client for visu-
alizationis very low (aboutthe size of severalimages) es-
peciallyin comparisorto the QuicktimeVR approachThe
viewer is not restrictedto pre-computediiews and hasfull
control over visualizationparametersThe only restriction
for renderingis that just thosepartsof the volume which
have beenpre-selectefor presentatiomndtransmissiortan
berendered.

When used in a distributed client-serer scenario,the
software-onlyrenderingapproactof RTVR providesmuch

Figure1: Visualizationof a humarhandcreatedwith RTVR:
surfacerenderingof vesselscombinedwith direct volume
rendering of bones,and a surfacerenderingof the skin.
Theskinis clippedinto two parts, one shadedusingPhong
shading the other oneusinga non-photoealistic rendering
modelwhich emphasizesontous.

more flexibility in termsof renderingparametershanvol-
ume previewing using texture mapping hardware, still at
comparableor even lower costsin termsof bandwidthre-
quirements.

In thefollowing, visualizationcapabilitiesandtheinternal
structureof the RTVR library arepresentedSection2 gives
a shortoverview over the renderingfeaturesandvisualiza-
tion techniquesvhich areimplementedy RTVR. Section3
presentRTVS’s internaldatastructurejts handlingof user
interactionsandtherenderingalgorithmsused.Timingsfor
typical applicationscenariosregivenin sectiord, followed
by the presentatiorof sampleapplicationswhich arebased
ontheRTVR library (section5).

2. Featuresof RTVR

Onecharacteristideatureof RTVR is its way of handling
and renderingof volume data, which is highly optimized
to provide interactve feedbackduring the manipulationof
viewing, rendering,and datamappingparametersA high
renderingperformancds achieved by efficiently excluding
non-releant partsof the datafrom the renderingprocessin
commonapplicationslik e the visualizationof medicaldata
from CT or MR scannersysuallyonly asmallportionof the
datausually belongsto the objectof interest.Furthermore,
meaningfukettinggor renderingparametersayrenderthe
inner partsof objectsopaque- afactexploited by earlyray
terminationtechniquesindalsoby our approach.

RTVR interpretsthe input volumeas beingcomposedf
objects,like bones,vessels.and other tissuemaking up a
data-setf ahumanhand(Fig. 1). The necessargeggmenta-
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tion informationis eitherobtainedtogethemwith the volume
dataitself from an external datasource,or is interactvely
computedusing simple threshold-basedegmentation.For
rendering,datamappingand renderingparametersan be
individually assigneabjectby object.Besidegheusualma-
nipulationof objectpropertiedik e opacityandcolortransfer
function, alsothe shadingmodelwhich is usedfor render

ing canbedefinedindividually for eachobject.This allows,

for exampleto combineobjectswhich arerenderedy using
a standardshadingmodel like Phongshadingwith objects
thatarerenderedy the useof non-photorealistishading 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 usual opacity
blendedcompositing, or surface rendering® 13, or maxi-

mum intensity projection (MIP)12, In RTVR, compositing
modescanbe selectedon a perobjectbasisand combined
with anotherinter-objectcompositingmode(two-level vol-

umerendering). This allows to choosethe mostappropri-
ate renderingand compositingparametersor eachobject,
dependingon the structureof the dataandthe goal of the
visualization.

Anotherfeatureof RTVR is to supportthe visualization
of time seriesof volumetric dataand of multi-dimensional
parameteseries of volumes from simulation. The large
memorydemandof suchdataarecompensatebly thefact,
that dataextractedfrom a volume and usedby RTVR for
renderingis usuallymuchsmallerthanthe original volume.
Only extracteddataof the currentvolumehasto be keptin
memoryfor rendering,remainingpartsof the volume and
datawhich belongsto othertime (parameterytepss placed
into acombinedmemory/diskcache.

Amongother“standard’featuresof volumevisualization
systemsRTVR providesthe ability to displaydataon pla-
nar sectionsthroughthe volume, enablesobject and posi-
tion picking by clicking into the renderedmage,and sup-
ports the clipping of volumesor setsof individual objects
atplanesandmorecomple structuresDatawhich hasbeen
“clippedaway” canbeomittedfrom rendering-whichis the
mostcommonapproach or renderedisingdifferentrender
ing parameterd-or examplemoretransparenthanthenon-
clippedpartof the objector usingadifferentshadingmodel,
which for exampledisplaysjust contours.

3. RTVR Intrinsics

Thebasicobjectandrenderingprimitive of RTVR is avoxel,
i.e., a singledatasamplewithin the volume.During a seg-
mentationand dataextraction step (Fig. 2), voxels which
actually are relevant for the userdefinedvisualizationare
extractedandstored(objectby object)within a specialdata
structure.The voxel extraction stepusually leadsto a sig-
nificant datareduction.First, only a portion of the original
volume actually belongsto objectsof interest.Secondde-
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Figure 2: Volumedata flow within RTVR:first, voxelswith
actually contribute to the visualizationare extracted,then
this representatiorof volumetricobjectsis usedfor fastand
flexible rendering

pendingon the desiredvisual representatiorf the object,
only a subsebf the objects voxels hasto be consideredor
rendering.If surfacerendering(usinga fixed iso-value) is
performedfor example,a thin layer of voxelsis sufficient
asarepresentationf the object. Whenrenderingan object
by usingopacitytransferfunctionswhich dependon gradi-
ent magnitud&?, voxels with a low gradientmagnitudedo
not noticeablycontritute to animageandthereforecanbe
omitted.

Thevoxel setswhichresultfrom objectextractionarethe
basicdatastructuresof RTVR. For visualization,this data
is insertednto a scenegraphandrenderedAn intermediate
representationyhich canbe usedto storevisualizationre-
sultsfor laterinteractve viewing is producedoy transform-
ing extractedvoxel datainto a space-dfcient compressed
format! andstoringit on disk togetherwith the currently
usedvisualizationandrenderingparameters.

For rendering RTVR usesa fast,sheatwarp basedalgo-
rithm, which requiresthe datato be given asisotropically
spacedvoxels. Fortunately this doesnot really restrictthe
useof RTVR for visualization Datawhich is givenon non-
carthesiargrids, canbe resampledn thefly duringthe ex-
tractionof objectvoxels.

After extraction,the next stepin thevisualizationprocess
is the assignmenbf voxel attributesto optical properties
(transferfunctionmapping).Oneor two voxel attributescan
be selectedo influencea voxel’s contritution to the visual-
izationresult. This attributesusually arethe datavalue, the
gradientdirection, and/orthe gradientmagnitude.The re-
striction to two argumentsper transferfunction is imposed
for performanceaeasonsFor rendering pothvalueshave to
fit into a 16 bit field, whichis typically subdvidedinto a12
bit main channelfor a more significantdatavalue,anda 4
bit channefor asecondadditionalvalue.

The datavaluesareusedto index lookuptablesto obtain
andmodulatecolorandopacityvaluesin away whichis de-
finedby the selectedenderingnode.Thelookuptablesare
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Figure 3: Wolumetric object representation:voxelswhich
are relevant for renderingan objectare extractedslice by
slicefromthevolumeandstoredinto Render Li st s.

usedto implementdifferenttransferfunctionsand shading
modelsin avery effective way.

Dependingon the visualizationparametersn use,some
objectvoxelsmaynot contrituteto avisualizationatall —as
they may be, for example,totally transparengfter applica-
tion of thetransferfunction. A backgroundhreadidentifies
thosevoxels during idle-time and rearrangeshe datain a
way thatlaterno effort is spenton skippingthemduringthe
next renderingpassThisis especiallyusefulfor accelerating
therenderingof “fuzzy” objectswherenoexactinformation
aboutobjectshapds availableatthetime of extraction.

Theobjectdatacontainedwithin a singlescenegraphcan
be simultaneouslydisplayedin several views — a 3D view
and several sectionsthroughthe volume, for example.Pa-
rameterchangesvhich influencetheresultsof thevisualiza-
tion canbe carriedout eitherby usingGUI componentsor
by directlyinteractingwith objectswithin therenderedriew.
GUI componentdor parameteradjustmentsare automati-
cally derived from the visualizationpipeline and grouped
into a “control panel”. Within a (3D) view, objectscanbe
selectedy clicking onthem,parametertik e thecamergpo-
sition, zoomfactor light sourceposition,or objectopacity
and transferfunction can be manipulatedby draggingthe
mouse.

3.1. Render Li st asData Representation

During the objectextractionprocessthe volumeis scanned
slice by slice, producingfor each object within the vol-

ume a so called Render Li st which is an array of

Render Li st Ent r y objects,eachone containingthe ob-

ject’s voxels within a slice (Fig. 3). Note, that the original

(implicit) spatialarrangementf datavalueswithin the 3D

arrayis sacrificedfor an object-avare enumeratiorscheme
of arbitrarily arrangedvoxels. For eachvoxel it's position
within the slice and a userdefinableset of attributes are
stored.As gradientcomputationfrom extractedvoxels is

nottrivial dueto thelack of connectiity informationwithin

the Render Li st structure,gradientdirection and gradi-

entmagnitudeareusuallyprecomputedluringtheextraction
stepandstoredwith the Render Li st . Typically, alsothe

original datavalues(one or more scalarvalues)are added
asattributeshere.All the attributesof a voxel arestoredin

separatarrays,theRender Li st Ent ry just storesinfor-

mationwhich is requiredfor rendering:

e object-level opacityfor clippedandnon-clippedvoxels

e look uptablesfor clippedandnon-clippedvoxels

e specificationof renderingmode for clipped and non-
clippedvoxels

e a referenceto an array which containsa renderable
representationof voxel data (derived from voxel at-
tributes). Within this array voxels betweenfir st
and firstCipped belongto the non-clipped part
of an object, voxels betweenfirstC i pped and
| ast | nSl i ce belongto the clipped part. Only voxels
betweerf i r st andl ast , respectiefirstd i pped
andl ast C i pped haveto berenderedyoxelsbetween
| ast andfirstd i pped, andl ast Cl i pped and
| ast I nSl i ce have beenidentified by the optimizer
threadas non-contriluting for the currenttransferfunc-
tion settingandarenotrendered.

The “blocking” of voxels into non-contriluting, clipped,
etc.,asshavn in figure 3, is achieved by simply reorder
ing the voxels within Render Li st Ent r ys during clip-
ping and optimizationoperationsThis may be done,asthe
voxel orderwithin a sliceis not relevant for the fastshear
warpalgorithmin usefor rendering.

For fastprocessingpositionandattributeinformationfor
eachvoxel is fitted into a single 32 bit integer Thex andy
coordinate®f thevoxel arestoredusing8 bit eachthez co-
ordinateis identicalfor all voxelswithin a Render Li st -
Ent ry asthey areall extractedfrom the sameslice of the
volume and thusiit is storedjust once. Using just 8 bits
per coordinatelimits the maximum extent of an objectto
256 slices.Larger volumesandobjectsareinternally split
into 256° piecesand the missing high bits of the coordi-
natesare encodednto an offset, which is alsostoredonce
attheRender Li st Ent ry. Theremainingl6 bits aretyp-
ically split into a 12 bit and a 4 bit field which storethe
dataattributesusedfor renderingas previously described.
This “renderable”voxel representatiors attachechsan ad-
ditional arrayto eachRender Li st Ent r y. Reorderingof
voxel dataduring clipping and optimizationhasto be per
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formed synchronouslyon all attribute arraysaswell ason
thederivedrenderablalataarray

Although the common coordinate stored at the
Render Li st Entry for all voxels is referredto as z
for reason®f simplicity, in factthreecopiesof the dataand
thusthreeRender Li st s arerequiredfor the sheaswarp
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 andaccurag, the compactrepresenta-
tion is perfectlysuitedfor very fastrendering Togethemwith
theability to re-ordervoxelswithin aRender Li st Entry
the renderingprocessturnsinto a “streaming” of sequen-
tial chunksof voxels— anoptimal scenaricfor cachingand
prefetchingasimplementedy recentprocessorsThe prob-
lem of thelow bit resolutionof dataattributesfor rendering
can be addressedy applying intelligent remappingwhen
copying voxel attributedatainto i’ srenderabldéorm: instead
of clipping low bits of anattribute,alogarithmicremapping
canbe performed,or a certainsub-rangeof attribute values
canbemappedo therangeof valuesavailablefor rendering.

Java Peculiarities — due to the specificway of memory
managemenasemplg/ed by currentJava virtual machines
(VM), a specialdatahandlingand cachingfunctionality is
usedby RTVR to supportthevisualizationof hugedatasets
(dozensto hundredsof volumes),which are produced for
example,by numericalsimulationd. The maximumamount
of memorywhichis availableto aVM hasto befixedatini-
tializationtime. As the garbagecollectionandobjectalloca-
tion mechanisnmsweepghroughthe entireaddresspaceof
theVM, allocatingmorememoryto theVVM thanphysically
available would lead to excessie paging and strong per
formancedegradation.Insteadof allocatingsuficient mem-
ory to fit eventhe largestdatasets,RTVR usesa separate
memory and disk cachefor space-demandinpgartsof it's
datastructuresj.e., the original volume data, the extracted
voxel attributes,andthe renderablesoxel data.Data,which
is currentlynot usedfor rendering,is placedinto the mem-
ory cacheandtherebypotentiallywritten to disk by a back-
groundthread.Requestdor recentlyuseddatacanusually
be satisfiedout of the memorycache whereaseadingless
recentlyaccessedatamayrequireto fetchit from disk. The
cachefeatureis usedwhen large data setsare visualized
locally, andis disabledwhenRTVR is usedwithin a web-
browser

3.2. The RTVR SceneGraph

After extraction, the Render Li st s and attribute data of
volumetricobjectsareencapsulatethto Vol uneChj ect s
andaddedto a commonscenegraphfor rendering(Fig. 4).
A commontaskof all typesof hodeswithin the scenegraph
is to deliver up-to-dateRender Li st swhich representhe
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Figure 4: RTVRscenagraphanduserinteractionhandling

contentof their subgraphsin thefollowing a shortoverview
overthe mostimportantnodetypesis given:

e Vol une(bj ect : Holds the Render Li st of a single
objectaswell asinformationon all parametersvhich af-
fect the appearancand visualizationmappingsfor this
object.

e GroupNode: The sheaswarp renderemperformsa back-
to-front renderingof Render Li st Ent r ys.In addition
to providing a simple way of handlingmultiple objects,
the main purposeof the G oupNode is to mege and
sortthe Render Li st s of it's sub-graphsnto a single
list whichis sortedby the currentmainviewing axis(2).

e Dependingon the value of a selectionparameterthe
Swi t chNode provides the Render Li st of one of
it's children. Swi t chNodes allow to browse through
multi-dimensionalrraysof volumes like time series,or
parametedependensimulationresults.

e Cl i pNodes filter and reorderthe voxels of it's child
nodesto implementclipping.
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Eachnodeis responsibldor trackingchange®of parameters
which affectit’s contentandfor performingappropriateac-
tionsaccordingto changesThe actualupdateof renderable
datato reflectparametechangess carriedoutaslateaspos-
sible,i.e.,whenarequesfor theaffectedvoxel datais issued
for rendering(lazy evaluation).Keepingjust the currently
visible dataup-to-dateimproves the responsienessof the
visualizationduring interactive parameterchangessignifi-
cantly Furthermorekeepingevery voxel which is affected
by a parametechangemmediatelyup-to-datewould spoil
the efficiency of ary cachingscheme An examplefor this
would bea clipping operationappliedto therepresentations
of anobjectin 100time-stepvolumes.

Thevolumeinformationwhich is containedwithin a sin-
gle scenggraphcanbe displayedwithin multiple views. For
multiple 3D views just the viewing parameterdjke camera
position may vary, remainingparametersre encodednto
theRender Li st , whichis sharedamongall views. Addi-
tional 2D views onthedatamaydisplaysectionghroughthe
volume,histogramsetc.

3.3. UserInteraction

Thephilosophyof datamanipulatiorwithin RTVR is object-
oriented.One of the objectswithin the currently displayed
volumeis selectedo bethe“active” object. The selectionis
doneby clicking ontheobjectwithin therenderedmage,or
by selectingit throughthe GUI. From practice,it appears,
thatdirectinteractionwith anobjectwithin the 3D scenes
the mostefficient way of working with data.Especiallyex-
pert userspreferthis way of interactingcomparedo using
standardGUI componentsThe mostimportantproperties
of the active objectcanbe changedby pressingone of the
mousekeys anddragging.Transferfunction contrast(color
andalpha),opacity andcolor canbechangediirectly within
the 3D view. Furthermoregcamergposition,light sourcepo-
sition,andzoomfactorcanbe setwithin theview. Themap-
ping of mouseactionsto parameterchangeds performed
by anl nt er act i onHandl er componentwhich canbe
adaptedo meettheneedf specificapplicationgfor exam-
pleto implementstreanline integrationfrom the positionof
amouseclick for aflow-visualizationapplication).

As a supplementto parametemanipulationwithin the
renderedview, all parametersof the active object can
be adjustedusing GUI componentswhich are automati-
cally generatedby RTVR. This parameteipanelallows an
explicit selectionof the active object and adjustmentof
it's parametersand can (but doesnot have to) be used
within ary applicationwhich utilizes RTVR for visualiza-
tion. A real-time screencaptureof an interactve visual-
ization sessionwhich was performedby a viewer based
on the RTVR library, can be downloadedfrom web page
http://ww. vrvis.at/vis/research/rtvr/.

Java Peculiarities — for Jasa-basedgraphical user inter-
facesbasicallytwo APIs areavailable:the AWT, available

object
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Y Y
[LUTL(4 bit)| |LUT2(12 bit)|
=®<—
| |
LUT3(12 bit)
YvvYY !i LUT1(4 bit) v
voxe
opacity RGB
I
object pixel buffefe————
Yy :
local op:

global pixel buffej’

blend/MIP

global op:
blend/MIP

Figure 5: Voxelrenderingwithin RTVR:LUT1 canbeused
eitherfor color or opacity computationsFor color compu-
tations,it canbeindexedby the 4 bit attribute or by the up-

per bits of the 12 bit attribute LUT2 is addressedoy the 12

bit attribute LUT3is addressedisingthe outputof LUT1 or

LUT2 (which maybeanidentitymapping)or acombination
of both.

in it's presenform sinceJava versionl1.1,andthe moreso-
phisticatedSWING 1.1, which is part of the Java runtime
sinceversionl.2. Thefront end(GUI andrenderingoutput)
of RTVR is providedusingboth,eitherAWT or SWING. As
mostweb-bravserscurrently provide a 1.1 virtual machine
only, an AWT implementationis provided for compatibil-
ity reasonsdespiteof all it's inconveniencesand deficien-
cies.Therenderingperformanceof the SWING implemen-
tation benefits,for example,from a fasterimage handling
(Buf f er edl nage) introducedn Java 1.2.

3.4. Rendering

To achieve interactize renderingatesevenon standardiesk-
top hardvare, a fastsheaswarp basedparallel projectionis
usedRenderingo thebase-planés performedisingaback-
to-front compositingof voxels by the useof nearesneigh-
bor interpolation.In comparisorto a previously published
versionof this fastalgorithni3, RTVR includesanextended
version,which providesmoreflexibility for mappingvoxel
attributesto color and opacity Threelook-up tables(typi-
cally 1x4bit, 2x12bit) areavailableateachRender Li st -

Ent ry for implementingshadingand transferfunctions.
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A setof combinationpatternsfor the voxel attributesand
look-up tablesis provided by RTVR (SeeFig. 5) and se-
lectedby choosinganappropriataenderingnodefor anob-
ject. This schemeof combiningLUTs allows efficient pro-
cessingwhile still enablingvariousways of selectvely ap-
plying visualizationtechniquego objectswithin the data.
TheRender Li st Ent r y canalsobe extendedto provide
userdefinedrenderingfunctionalityfor it’ svoxels,which fi-
nally allows to implementary desiredoperationon voxel
attributesandlook-uptables.

Shadingoperationsare performedusing a look-up table
basedapproachwith a 12-bit representatiorof the gradi-
entvectorasanindex. Usingthis approachvariousshading
modelscanbe implementecefficiently andwith acceptable
quality andappliedeven on a perobjectbasis.Two shading
modelsareprovidedby RTVR: aPhongshadingable(color
plate a) and a non-photorealisticshadingtable (color plate
b) which enhanceghe contourof anobject. Theshadinga-
bleshave to bere-computedfterevery 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), andindexed by the 12 bit data
channelvhichcontainghegradientvector Theoutputof the
lookupis notanRGB color but anintensityvalue,whichis
thenusedto accesghe colortransferfunctionin LUT3. Al-
thoughit would bepossibleto combinelighting andtransfer
function mappingwithin a single lookup into LUT2, split-
ting it into two stagesllows to reusethe sameshadingable
for objectswith differentcolortransferfunctions.

The opacity of a pixel is influencedby several sources.
An all-objectopacityvalueis alwaysincludedinto the com-
putationandcanbeusedto tunethe overall opacityof entire
objectsjndependentlyf individual pervoxel opacitycalcu-
lations. Theindividual opacityof eachvoxel canbe derived
from variouscombinationsof datachannelandlook-up op-
erations.In the following, a few samplecolor and opacity
calculationsetupswill be discussedwhich implementdif-
ferentvolumerenderingapproaches.

e displayof (iso-)surfacesthe surfacevoxels of an object
have to be shadedand blendedusingthe objectopacity
A Phongshadingtableis putinto LUT2, theresultingin-
tensityvalueis usedto access color transferfunctionin
LUT3. Thetransferfunctionis arampof objectcolor val-
uesstartingwith maximumlightnessand minimum 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 the surface,the objectopacity canbe usedto influ-
encethe transpareng of the surfacein the sameway as
an alpha-alue influencesthe appearancef a polygonal
surfacemodel.

e Gradientmagnitudeweightedopacity. if voxelsin areas
with high gradientmagnitudearerenderedatheropaque,
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materialtransitionsbecomevisible assurfaces Theusual
approachfor volumerenderingwith this type of transfer
function requiresaccesgo threevaluesfor eachvoxel:
datavalue (for color andopacityfrom transferfunction),
gradientdirection (for shading)and gradientmagnitude
(for opacity modulation).As only two attributescanbe
storedin the renderabledataarray of a Render Li st -
Ent r y, two of the abore threevalueshave to be chosen.
If thevoxel datavalueis storedin the 12 bit channeland
a properly transformedgradientmagnitudein the 4 bit
channel,an unshaded/olume canbe rendered LUT1 is
indexed by gradientmagnitudewhich yields voxel opac-
ity, the datavalue indexes LUT3 which holds the color
transferfunction. As analternatie, the gradientdirection
canbestoredinto the 12 bit channeinsteadof datavalue,
andusedto computeshadedsoxels usinga shadingtable
in LUT2 anda color transferfunctionin LUT3. There-
sultis a transferfunction with opacity solely dependent
on gradientmagnitude and not on datavalue. To obtain
a bettercontrol over the appearancef therenderediata,
athresholdbasedpre-sgmentationcanbe appliedto ob-
tain independentontrol over the parametergor different
voxel valueranges.

e Bright objectoutlines LUT2 is loadedwith a shadingta-
ble which mapsthe anglebetweerviewing directionand
gradientdirectionto intensity LUT3 containsa transfer
function which is usedto tune contrastand color for the
specificobject. Resultsof this techniquecan be seenin
colorplateb. If theresultof theLUT2 lookupis alsoused
asvoxel opacity theobjectbecomesimostentirelytrans-
parent— except for the contourswhich remain opaque
(Fig. 1, clippedskin).

e Coloredcontouroutlines contoursarecoloreddifferently
from the remaining(Phongshaded)parts of the object
(similarto methodpresentedy EbertandRheingang). A
specialshadingablewhich encode$*hongshadingnfor-
mationinto lower bits, andthe “contourness’of a voxel
into higher bits of the resultingvalue, is generatedcand
placedin LUT2. An accordinglydesigneccolor transfer
functionis placedinto LUT3.

In additionto colorandopacityvalues alsothe compositing
modecanbe individually definedfor eachobject— for ex-

ample,maximumintensity projection,or the usualopacity-
weighted blending (direct volume rendering,DVR). The
actionto be performedfor compositinginbetweenobjects
can be definedindependentlyfrom the objectcompositing
modes(two-level volumerendering, color platec). Object-
aware compositingrequiresthe use of two separatepixel

buffers, one for compositingwithin an objectand one for

compositingof the globalimage(Fig. 5).

Clipping of objectsis handledn awaywhich differsfrom
theusualapproachlnsteadof simply notdisplayingpartsof
objectswhich have beenclippedaway, clippeddatais ren-
deredusinga differentsetof attributes.Separatevaluescan
besetfor clippedobjectopacity renderingmode(LUT con-
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figuration)andlook-uptablecontentThecompositingnode
hasto remainthe samefor clippedandnon-clippedpartsof
anobject.By settingclippedobjectopacityto zero,theusual
effect of remaoving clippeddatais obtained(color plated).
By usingfor examplePhongshadingfor non-clippedvox-
els and a contouronly renderingfor clipped parts,insight
into anobjectcanbe given,while still providing a sketchof
the mostsignificantfeaturesof the clippedpartasa context
(Fig. 1).

To obtainhighestpossibleramerates despiteof theflexi-
bility of colorandopacitycalculationrandcompositingnode
selectionpptimizedroutinesareimplementedor frequently
usedrenderingmodesandcompositingmodecombinations.
Sceneswhich requireonly MIP or DVR (within andinbe-
tweenobjects),canberenderedvith the usualapproactand
do not requiretwo pixel buffers. If pure MIP is used,vox-
els canbe sortedand groupedinto Render Li st Entrys
by valueinsteadof the z coordinaté?. In this case project-
ing sortedvoxelsfrom lowestvaluedto highestvaluedones
eliminatesthe needfor maximumsearch However, if MIP
is combinedwith other compositingtechniqueswithin the
sceneback-to-frontrenderingandthussortingby the z co-
ordinateis requiredalsofor objectscompositecby MIP, as
they may interleave with otherobjectsrenderedvith differ-
enttechniques.

3.5. Data Optimization

Dependingpnthecompositingnethodn use onthecontent
of lookuptables,andon the renderingmodewhich defines
theusageof thetables asignificantpercentagef anobjects
voxelsmaynotcontributeto arenderedmageatall. For ex-
ample,whenMIP is usedfor compositingblackvoxels (af-
ter the transferfunction mapping)do not contribute to the
result.If opacity-weightedlendingis used,(almost)totally
transparentvoxels provide no visible contritution. RTVR
utilizes a backgroundthread,which is activated wheneer
theapplicationis idle, to identify thosevoxelsandto reorder
datain away which allows to simply skip non-contriluting
partsfrom rendering Thecurrentlyvisible Render Li st is
scannegeriodicallyfor Render Li st Ent r yswhich have
notbeenoptimizedyet (or which have changedsincethelast
optimizationandthusmay have to be optimizedagain).De-
pendingontherenderingparametersf theRender Li st -
Ent ry a classificationof the voxels is performed.Voxels
which have beenidentifiedasnon-contriluting aremovedto
the end of the sequencef clipped respectie non-clipped
voxels, two pointersare setto indicate the end of voxels
which actually have to be renderedSeeFig. 3). For some
renderingnodeslik etherenderingdf contoursonly, opacity
andcolor of voxels changefor every new viewing position.
In this casethe contentof theshading_UT is notconsidered
asacriterionfor optimization.

4. Performance

High responsienesof avisualizationsystento useractions
is a crucialfactorfor the effectivity of dataexplorationand
analysis.The renderingtimes for the surface renderingg,

MIP12 and two-level renderingapproach usedby RTVR

have been publishedin previous work. Thus, instead of

broadly suneying the behaior of eachmethod,a compar

ison of the measuredimesfor renderingthe samedataset
with RTVR usingvariousmethodsis givenin tablel1. The
measurementkase beencarriedout on a PlI/400MHz PC
usingthevirtual machineof JDK1.3from Sunandthe AWT

frontendof RTVR. Thesizeof therenderedmagesis 512

The first row shaws timings for the datasetshavn in fig-

urel. Skin,bonesandvesselsarerepresentetby their sur

facevoxels. Therenderings carriedout usingMIP, DVR, a
grayscalédVR view, anda combinatiorof DVR for theves-
selsandMIP for bonesandskin. The secondrow displays
timingsfor the headdatashawvn in color plated, with bone,
skin andvesselgepresentedssurfacesThedatasetin row

3is similar to the onedepictedin color platef. The basinis

representedy it's surfacevoxels, the chaoticattractoris a
truely volumetricobject.

The pure rendering time reflects the rendering per
formancefor most interactions.Theseinclude interactve
changesof the viewing parametergviewer position and
zoom), changedo contentof lookup tables(maoving light
source changingtransferfunction), and changedo the pa-
rametersand renderingmodesof objects.Clipping opera-
tionsrequirescanningandreorderingof objectvoxels. Dur-
ing simpleclipping of all objectsatanaxisalignedplane the
responsgime increasedy approximately40% comparedo
whenchangingviewer position. Time requiredfor clipping
at more complex objectsdependsn the compleity of the
testwhich hasto be performedfor eachvoxel. Clipping of a
comple sceneat a obliqueplane,for example,canbe done
with 1-2framespersecondDuring browsing throughlarge
(time or parameteryeriesof volumes,voxel datamay have
to be fetchedfrom disk cache thusincreasingthe response
time by thetime requiredto readthe data.Dependingonthe
sizeof the scenethis may rangefrom few milliseconds to
morethanonesecondThetime for extractionof new objects
from avolumedepend®n the compleity of the segmenta-
tion criteriaand on the amountof voxels selectedgradient
computation) The extractionof aniso-surbicefrom a 256°
volumefor examplerequiresapproximatelyl.5 seconds.

The choiceof thevirtual machineusedto executethe ap-
plication hassevereimpacton the performanceAmongthe
testedruntimeenvironmentsfastesexecutionandrendering
hasbeenobseredfor 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 machinegprovided by web-bravsersare
in generaklower, probablydueto additionallyperformedse-
curity checks Worstresultsare obtainedby the VM which
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LukasMroz,Helwig Hauser/ RTVR 9

dataset size scenevoxels  MIP DVR DVR/mono mixedMIP/DVR
hand& vessels 256°x124 380k 80ms 135ms 80ms 170ms
head& vessels 256°x158 640k 100ms 185ms 110ms 290ms
attractor& basin 256° M 130ms 250ms 140ms 333ms

Table 1: Timingsfor variousdatasetsandrenderingmodes

is usedby Netscapérowsers(Version<=4.7.4)on Linux —
morethantentimesslower thanthetimingsin table1.

5. SampleApplications of RTVR

The RTVR library hasbeensuccessfullyusedto provide
volumevisualizationfunctionality within two projects.The
first applicationis a volume viewer which can be usedfor
fast volume data exploration and analysisin the field of
medicaldata.Visualizationscreatedwithin the viewer (ex-
tractedobjectsand visualizationparametersgan be stored
usinga compactepresentatioftypically justafew hundred
kilobytes1) 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-
ously storeddatawithin web pages Somepageswhich use
theappletfor thepresentatiolof volumedatacanbefoundat
http://ww. vrvis. at/vis/research/conpression/
andhttp: //www. vrvis. at/vis/research/rtvr/.

A secondapplicationwhich makesuseof the capabilities
of RTVR is a visualizationand analysissystemfor 3D dy-
namicalsystemgdiscretemaps}. Theapplicationis usedto
analyzeandvisualizestructuregndeventswithin thephase-
spaceof the systemsFor this application,objectsof interest
areattractorqoftencomplex andchaotic) their basinsof at-
traction(i.e., the setof all systemstateswhich areattracted
by them) and surfaceswhich separateegions with differ-
entpropertieqcolor platee). Events(bifurcations)areoften
causedy contactdetweerstructuresassomeparametepf
the dynamicalsystemis changedThe processf visualiza-
tion is split into two parts.A volumetric representatiorof
the structureswithin phasespaces computedoffline (2563
volumes)andstoredin aspace-dfcient form. For theanaly-
sis of bifurcations,sequencesf up to hundredsf volumes
arecomputedfor differentvaluesof the bifurcationparam-
eter For investigationthe dataproducedby the simulation
is loadedinto the viewer (the disk-cachds extremely use-
ful for large sequencesf volumes)which provides appli-
cationspecificfunctionality, lik e the shootingof trajectories
by pointingwith the mouseat the startposition.To easethe
detectionof contactsbetweenobjects,distanceinformation
canbemappedo voxel color, asshavn in color platef. The
featureof mixing MIP with othercompositingmethodshas
provento be especiallyusefulfor visualizingchaoticattrac-
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tors. Their comple internalstructureis well capturedusing
MIP while producinglittle occlusion.At the sametime, the
attractors basinof attractioncan be renderedas a shaded
surface.

6. Conclusions

Using an efficient datarepresentatiorand a fastrendering
methodvolumetricdatacanbedisplayedatanaveragedesk-
top PC at frame rateswhich are comparablewith those
which are achieved by consumer3D hardware, while pro-

viding significantlymoreflexibility, lik e object-wiseransfer
functions,shadingmodelsand compositingmethods(MIP,

DVR, ...). Takinginto accountpeculiaritiesof Java, all those
capabilitiescan be madeavailable to userswith standard
desktophardvare using different operatingsystemsUsing

a compactvolumerepresentationthe RTVR library canbe

alsoexploitedto provide highly interactive andflexible pre-
sentation®f visualizationresultsover networks, lik e the In-

ternet.
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a) surfacerepresentatiorof a skull b) contourenhancedrertebae

c¢) MIP for bone DVRfor screws

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