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Abstract

Thereconstructiomf isosuricesrom scalarvolumedatahasposi-
tioneditself asa fundamentalisualizationtechniquen mary dif-
ferentapplications. But the dramaticallyincreasingsize of volu-
metricdatasetsoften prohibitsthe handlingof thesemodelson af-
fordablelow-endsingleprocessoarchitecturesDistributedclient-
sener systemsintegrating high-bandwidthtransmissiorchannels
andWeb-basedisualizationtools areonealternatve to attackthis
particularproblem but thereforenew approache® reducetheload
of numericalprocessin@ndthenumberof generategrimitivesare
required.In this papermwe outlinedifferentscenariogor distributed
isosurficereconstructiorirom large-scalesolumetricdatasets.We
demonstratdnow to directly generatestrippedsurfacerepresenta-
tionsandwe introduceadaptve andhierarchicalconceptgo mini-
mizethenumberof verticesthathave to bereconstructedransmit-
ted and rendered. Furthermore we proposea novel computation
schemeywhich allows the userto flexibly exploit locally available
resourcesThe proposedalgorithmshave beenmeigedtogetherin
orderto build a platform-independent/eb-basedpplication. Ex-
tensie useof VRML and Java OpenGL-bindingsallows for the
explorationof large-scalevolumedataquite efficiently.

Keywords: Volumevisualization,lsosurficereconstructionDis-
tributedSystemsWeb-based\pplications

1 Introduction and Related Work

The problemof how to convey avisual representationsf realisti-
cally sizedscalarvolumedatais still oneof the mostchallenging
researchareasin scientificvisualization. In particular the extrac-
tion of isosurfices[13, 16] haspositioneditself asa fundamental
visualizationtechniqueand a lot of effort hasbeenmadeduring
the lastyearsto comeup with optimizedalgorithms. The goal of
theseapproachess manifold: Meshdecimationrandreoiganization
techniqueg5, 9, 10, 17, 20, 21] try to corvert the outcomingsur
facerepresentatiom sucha way thatthe numberof primitivesto
be processeds reducedn orderto renderthe surfaceatimproved
speed.In theseapproacheshe meshoptimizationis left out asa
postprocessbhutit canalsobedirectly accomplishediuringthere-
constructiorphaseitself [19]. Othertechniquesxplicitly address
the problemof optimizingthe cell traversalproceduren orderto
avoid the processingf regionsthatdo not containthe surface. The
benefitoof octreedor fastereconstructiomf isosurbcesfrom reg-
ularvolumedatawerefirst recognizedn [26]. Severalrelatedctech-
nigueshave beendevelopedduring the last years,like improved
partitioningandincrementalipdatetechnique$2, 22, 23], efficient
cell searchwith interval datastructureg3, 4, 12], andmostrecently
techniqueghattry to take adwantageof the hierarchicalnatureof
multi-resolutionrepresentation§l8, 25]. Hybrid approachesas
proposedn [11] try to avoid reconstructingprimitivesthat do not
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contrituteto theactualview by effectively integratingview depen-
dentocclusionculling.

Most importantly the motivation in all theseapproachess to
develop algorithmsthat reactto changesof mappingparameters
(e.g. varying the iso-value) by almostimmediatelyregenerating
the correspondinggeometricakepresentatiomwhich thenoughtbe
renderedwith several framesper second. Only with this type of
real-timeinteractionandnavigationit is possibleto effectively ana-
lyzeanunknavn datasetandto compensatéor theinformationlost
duringtheprojectionof the3D sceneontothescreen However, de-
spiteall the sophisticatiorincorporatednto thesemethodsdoesit
seemnthatthedatasetsaregrowing fasterthanalgorithmicprogress
is made.For exampledatavolumesfrom 3D medicalimaginglike
CT areapproachingizesof 512 whichamountgo morethan100
million of voxel cells.

Particularlyin Web-basedpplicationswherein generakheres
no accesdgo large-scalecomputingervironments,new techniques
have to be developedthat allow for an effective reductionof the
computationalexpenseof the reconstructionprocessand of the
numberof generategrimitivesto beviewedon affordablelow-end
computers.In addition, new systemshave to be designedaking
into accounturrentWeb-standardandvisualizationoptions.

Just recently since platform-independenprogramminglan-
guagesnddataexchangdormatslike Java, VRML andHTML are
available first Web-basedisualizationservicesverepresentedln
[24] avisualizationtool for flow datawasdevelopedwhich allows
the userto down-loadlocal dataon aremotesener andto request
visualizationservicesIn [15] a platformindependentisualization
tool includingisosurficereconstructioncutting planesand eleva-
tion plotsfor 2D and3D datasetsvereproposedasedn the Jasa
programminglanguage.Progressie reconstructiorand transmis-
sion of isosurfcesfrom tetrahedralgrids was emphasizedn [7].
Thegoalwasto reducethe amountof datato bereconstructe@nd
transmittedby giving the usera level-of-detailcontrol. The global
natureof the progressie isosurbicegenerationhowever, is alsothe
main disadwantageof this system.Whensearchindor particular
detailsthe useralwayshasto requesthe highestlevel-of-detail of
theisosurfice. As a consequencthe advantagef a progressie
transferanddisplayvanish.

In orderto develop efficient Web-basedsosurficevisualization
techniquessereral differentaspectshave to be considered.Some
of themwe will referto in the following sections.In section2 we
will outlinenew techniqueso re-oganizetheisosurficeduringthe
reconstructiorphasethusreducingthe numberof primitivesto be
processedSection3 focuseson hierarchicatechniqueswhich al-
low for a considerableacceleratiorof the entire mapping-ender
cycle. Aspectsof haw to effectively compresshe generatednfor-
mationwill be emphasizedn section4. Finally, in section5 we
will describeour Web-basedpplication,andwe will compareand
analyzeourresults.

Letusproceeddy organizingthe MarchingCubesalgorithminto
apipeline,whichtransformghevolumedatainto severalotherdata
typesprior to renderingthe reconstructegrimitives(Fig. 1). First
the volumedatais loadedinto main memoryby areadmodule. A
filter moduleselectsall cells containingthe isosuraice. The inter
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Figurel: MarchingCubesScenarios

polatormoduleinterpolatesalongthe cell edges.Theinterpolation
weightsare successiely usedby a triangulatormodulethat pro-
ducedtriangledata. Trianglesare projectedontothe viewing plane
andmappednto screercoordinatedy a projectionmodule. Then
they arerenderednto theframebuffer by therasterizatioomodule,
andfinally a displaymoduleshavs therenderedmages.
In a Web-basedpplicationthesemodulescanbe distributedin

variouswaysbetweerthe clientsandthe seners:

1. All modulesexceptfor thedisplaymodulearelocatedon the
sener. The client senes as a display stationfor the trans-
mitted imagesonly. The surfaceextractionandrenderingis
completelydoneonthesener.

2. In this scenariothe screencoordiantesof triangle vertices
along with the colors at the verticesare transferredto the
clientmachine.Therasterizations doneby local client hard-
ware.

3. Theclient sideis renderingtriangleswhich weretransferred
fromthesener. Thecomputatiorof theisosuraceis doneon
thesenerside.

4. In this scenariathe interpolationvaluesalongthe cell edges
andthe Marching Cubescasesare transferredover the net-
work connectionThesetupof thetrianglesandtherendering
is doneontheclientside.

5. Thesenerisusedo filter cellsfromthevolumedatasetvhich
areintersectedy the isosurfice. Thesecells aretransferred
to theclient, which is performingthe restof the computation
andrendering.

6. In this casethe sener is only usedfor datastorageandhan-
dling of volumedatasets.The datais completelytransferred
to the client side, which is performingthe computationand
renderingof theisosurbce.

If theclientmachinds notableto rendertheimagedy itself, i.e.
becausef lack of 3D graphicsacceleratiorsupportscenaridl can
be used.Most PC boardsarevery slow at transforminggeometry
but have fastrasterizatiorengines.In this casescenaria2 canbe
used. Scenarids canbe appliedif the volumescanbe completely
transmittedo theclientbecausef theirsmallsizeor becausef the
high bandwidthof the network. This scenarids alsousefulif only
parameter®f the volume have to be transmittedfrom the sener
andthe volumedatacanbe computedn theclient (e.g. molecular
orbital visualization).

A framework whichis basedn scenaridl waspresentedh [8].
Theframeavork enableghe remotecontrolof an Openliventorap-
plication. Imagesgeneratedy a high-endvisualizationsener are
streamedhroughthe network to visualizationclientsusingvideo-
streamingcodecs.The visualizationon the sener is controlledby
CORBA (CommonObjectRequesBroker Architecture)requests
generatedn the client machines.CORBA providesaccesgo the
visualizationsener from a large variety of client architecturesA
web-basedeleradiologysystemwas presentedvhich is basedon
theproposedechniques.

While scenariosl and 2 are view-dependentaind require nen
transmissiomwf datafor new viewpoints,scenario$,4,5and6 allow
local interactionwith the transferreddata. Sincewe areinterested
in visualizinglarge scalevolumedataset®n client machineswith
localrenderingcapabilitiesacrosdarge variety of network connec-
tionsthis paperwill focusonthescenarios, 4 and5.

2 Advanced isosurface representation

Throughoutbur scenariosve will assumehatthe distributedervi-

ronmentconsistsof a memoryand computesener providing suf-

ficient resourcedo storeand processhe dataset, a client thatis

equippedvith dedicatedyraphicshardware,e.g.alow-pricegraph-
icsadapterin orderto supportherenderingof 3D polygonalmod-
els,anda communicatiorchannelasit is commonlyaccessibldy

homesite applications.In particularwe will demonstrat¢hatthe
sener doesnot necessariljhave to be a parallelarchitectureand
that as a consequencéhe illustrated scenariosdo not imply ary

sophisticatechardware requirements.Thus, one major advantage
of the proposedscenariods that they are not restrictedto typical

large-scaleeomputingervironments.

Evenif theisosurficecouldbereconstructednthe sener with-
outary delay in generathenumberof generategrimitivesis most
likely to increasehe amountthat canbe transmittedandrendered
withoutconsiderablyleterioratingheperformancef theentireap-
plication. In our first approachwe will addresghe problemof re-
constructinghe surfacein sucha way thatreducegheload of ge-
ometrytransferandprocessingacrosghe communicatiorchannel
andontheclientside.

2.1 Reconstructing stripped surfaces

Oneway to compress trianglemeshis to reoganizemultiple tri-
anglesinto onetriangle strip. For eachvertex presentedfter the
first two verticesone triangle is defined. Obviously, organizing
triangle meshesas strip setsconsiderablyreducesthe numberof



Figure2: All threeimagesdemonstratéhe resultsof differentalternatvesto directly reconstructrianglestrips(coloredconsistentlyrom
scalarvolumedata. Left: stripsarenot connectedacrosscell boundariesMiddle: stripsareconnectedicrosscell boundariesut only into
oneparticulardirection.Right: thesameasin the middlebut differentalternatve directionsarepossibleto continuea strip. The averagestrip

lengthwas?2, 7 and14, from left to right.

verticesneededo representhe meshandthusthe numberof oper
ationsnecessaryo renderthe mesh.By providing a methodthatis
capableto directly reconstructingstrippedisosurficeswe simulta-
neouslyaddresshe problemto reducetheloadonthetransmission
channelandto optimizetherenderingperformance.

Although on common graphicsarchitecturesa specific strip
lengthis giventhatallows for optimal renderingperformancet is
obviousthatthelongerthe generatedtripsarethe morethe trans-
missionloadis reduced Ontheclientside,however, stripsof opti-
mal lengthcanbebuilt prior to theirrendering.

We startby reoganizingthe standardviC-tablein sucha way
that for eachparticularconfigurationthe setof trianglesis coded
astriangle strips. Thenthe MC-algorithmis performedas usual
andthereconstructedtripsaresentto theclient (leftmostimagein
Figure2). However, asonewould expectthe averagestrip length
is rathersmallsinceno effort hasbeenmadeto connectstripsfrom
adjacencells.

In orderto increasethe averagestrip lengthwe extendthe MC-
tableasoutlinedin Figure3. For eachconfigurationwe storethe
numberof surfacepatchegpassingthroughthe cell, andwe addi-
tionally storeall possibleregular stripstogethemwith the faceson
which they startand stop. Note that for eachstrip we also store
its "twin”, which startson the samefacebut with reversedvertices.
At this pointwe shouldmentionthatdifferentstripswill apparently
leadto differenttriangulationsof the surface,but sincein general
nouniquerulefor thetriangulationcanbespecifiedt canbechosen
arbitrarily.

Onceastartcell is selectedhefirst strip is choserfrom the ap-
propriatetableentryandthe surfaceis tried to be continuedto one
of thecellsdirectneighbors.This neighboris uniquelydetermined
by the exit faceandthe lasttwo verticesof the actualstrip. All
verticesof the next strip but thefirst andthe secondonehave to be
reconstructed.

We proceedy repeatinghis procedureuntil the next cell would
be outsidethe volume or hasalreadybeenprocessedIn orderto
checkwhetherthereare still unusedstripsin a cell we storeone
additionalbyte on a percell basis. Wheneer a cell is processed
for thefirst time eachsurfacepatch (1,#Surf)passinghrough
thatcell is codedby maskingthe appropriatebit . Whena patch
is includedto build a strip the correspondindpit is setto zero.

Sincestripsthatarebuilt in this way canonly be connectedo
the neighbordeterminedby the exit faceof the previous patchit
is impossibleto proceedeven if thereare still neighborsin other

Figure 3: The extendedMC-table usedto directly connectstrips
acros<cell boundaries Note that surfacepatchesare orderedwith
respecto decreasingiumberof verticessincelongerstripsshould
beselectedirst.

directionsthathave notbeenprocesseget. Thisrestrictionresults
in thelong but thin stripsshavn in themiddleimageof Figure2.

In orderto further increasethe averagestrip length additional
informationis storedin the MC-table. Now we alsoincludenon-
regular or degeneratedstrips, which arecharacterizedy repeated
vertices(seeFigure4).

Sincefor certaincombination®f entryandexit cellstheremight
be no regular strip we have to constructdegenerate@nesin order
to connectthe stripsproperly At first glanceit seemgo be rather
strangdo includeredundaninformationinto thevertex streambput
it allows usto continuestripsfurtheronwithoutstartinganew one.
Stripsthatonly consistof oneredundantertex arealwayssuperior
to a new onefor which two new verticeshave to be added. Prob-
lematiccasesccurif a vertex is includedmorethantwice. Then
it would be moreefficient to include oneregular strip andto start
a new one. Concerningthe transmissiorioad both stratejies per
form equallywell, but if adegeneratedtripis to berenderedhere
might be additional,possiblydegeneratedrianglesthat have to be
renderedoo. However, aswill be demonstrateéh the resultssec-



Figure 4: For eachstrip all alternatve representationare stored
that are necessaryo proceedto arbitrary neighbors. This hasto
be donefor all possibleentry faces.Now, stripsare orderedwith
respecto increasinghumberof verticessinceregular stripsshould
beusedfirst.

tion, constructingstripsin this way still significantlydecreasethe
overall numberof verticesto bereconstructedndrendered.

Repeatederticesarecodedquite effectively withoutincreasing
the transmissiorioad. Oncewithin a certaincell a vertex is used
againwe know at which positionit wasstoredin the actualstrip.
The distancefrom this positionto the currentoneis codedin the
sign bits of the -component®f the actualvertex. The least
significantbit is codedin the sign of the -componentindso on.
Sincewe only have distancedessthanseven, threebits sufiice to
properly codethe distanceinformation. In orderfor the approach
to work the volume boundingbox is supposedo be positionedin
the positive octant,andasa consequencthe codingschemaes not
in conflict with the vertex positions. Wheneer the client receves
angyative vertex componentt decodeghe signbits into distances
andusesthe appropriatevertex from the alreadygenerategart of
thestrip.

2.2 Level-of-detail isosurface reconstruction

Although in the previous approachthe numberof primitiveswas
reducedn aquite efficient way by reoganizingthe geometriaep-
resentationysuallyinteractvity cannotbeachievedparticularlyfor
large-scalalatasets.In generalwe believe thatin the proposedn-
vironmentinteractive frameratescanonly be achiezed by taking
adwantageof the hierarchicahatureof multi-resolutiontechniques
to effectively decimatehenumberof primitivesneededo represent
thesurface.

In [25] anadaptve octree-basedpproactto the reconstruction
of isosurbicesirom regularvolumedataat arbitrarylevels of detail
was presented.The algorithm hasbeendesignedto enablereal-
time navigation throughcomple structureswhile providing user
adjustableesolutionlevels. Adaptive on-the-flyreconstructiorand
renderingis performedfrom a hierarchicaloctreerepresentation
thusallowing the userto interactively browsethroughall possible
isosurfices.Specialattentionwaspaidto thefixing of discontinu-
ities wheredifferentlevelsareadjacento eachother

In orderto allow for the explorationof eventhe highestresolu-
tion datasetsthe usercan manuallyselecta region of interestin
which the surfaceis reconstructedt the finestlevel. Outsideof
this region the surfaceis reconstructect increasinglycoarseres-
olution. In thisway it is possibleto adaptvely selectthe sizeand
thenumberof detailsthatshouldbe reconstructedtthe sametime
achieving sufiicient frameratesfor interactive navigation.

In orderto optimize this approachfor its usein a distributed
Web-basedcenaricseveralimprovementshave beenadded:

Recursive reconstruction: The reconstructiorprocesss started
from the focus point thusrecursvely growing the surfacearound
the centerof interest. This allows the userto stopthe reconstruc-
tion if the desiredfeatureshave beendisplayed. Wheneer a par
ticular inner nodeof the octreeis going to be processedits chil-
drenaresortedwith respecto their distanceo the focuspointand
they areprocesseduccesskly in this order Note thatsortingof
theoriginal cellsis notaccomplishedn orderto save unnecessary
computations.

Level-wise stripping: We allow the userto selectanarbitraryres-

olutionlevel from whichthestrippedsurfaceis to bereconstructed.
Although stripping of a multi-resolutionrepresentatiorcould be

accomplishedjuite easily it is in generalnot possibleto connect
stripsacrosdevel transitionsdueto the specialtreatmenbf bound-

ary cells. Sincethis resultsin rathershortstripsit hasnot been

consideredn ourimplementation.

Object space clipping: Arbitrary clipping planescanbe selected
ontheclient side. The planeparameteraresentto the sener and
consideredduring the octreetraversal. It is now possibleto view
structuresinside the object, which are usually hiddenby others.
Furthermorea hugenumberof operationsanbe saved sinceonly
thevisible half-spacénasto betraversedhierarchically

Optimized triangulation: We did modify the treatmentof level
transitionsin orderto minimize the numberof triangleswhile still
achieving continuoussurfaces.In [25] it wasproposedo splittrian-
glesgeneratedn the coarsetevel into trianglefansthusavoiding
T-vertices(seeFigure5 A). In thecurrentimplementatioracontin-

Figure 5: Reconstructiorof continuoussurfacesby multi-level
crackfixing.

uousscalarfield is maintainedevenif the extractionlevel changes



by adjustingthe scalarvaluesatthosecell faceswherealevel tran-

sition occurs(seeFigure5 B): Continuityis establishedy letting

the coarsercell samplethe scalarfield from the finer level at the

even indexed voxels. The odd indexed voxels on the finer level

have to be recomputedy linear interpolationin turn. The value
at the cell facemidpoint, however, hasto be recalculatedn order
to obtainthe samesurfaceon eitherof both sides. This caneasily
be achiezed by consideringhe line equationobtainedfrom thein-

tersectionwith the coarsercell edgesandthe alreadyinterpolated
datavalues. Now thetrianglesgeneratedn the coarseirevel can
beusedwithoutary furthermodifications Obviouslythisapproach
will resultin T-vertices put ontheotherhandit reduceshenumber
of generatedrianglesandit allows oneto usethe standardvC-

table without ary modificationsoncethe face midpoint hasbeen
calculated.

Figure6 demonstratethe adaptve level-of-detailisosurficere-
constructiorfrom anoctreehierarchymaintainingcontinuougran-
sitionsbetweerdifferentresolutionlevels.

Figure 6: Adaptive level-of-detailisosurfice reconstructiorfrom
a multi-resolutionhierarchy In the right imagethe radiusof the
region aroundthe focuspointin which the surfaceis reconstructed
from the original datasampless increasegscomparedo theleft
image.

So far, we proposeddifferentalternatie approacheso reduce
the numberof geometricprimitivesthat have to be reconstructed,
transferedandrendered.We did not considerto further compress
thetransmitteddatastreamandwe did notexploit ary locally avail-
able capacitieson the client. However, sinceusuallythe client is
equippedwith a moreor lesspowerful processingunit it seemso
bereasonabléo make useof theseresourcesn a distributedervi-
ronment. In the following we will demonstratéow to effectively
take adantageof theseresource#n orderto furtherreducetheload
onthetransmissiorthannelandto improve the performancef the
entirereconstructiorprocess.

3 Distributed isosurface reconstruction

By carefully profiling the previous approached turnsout thata
huge amountof time is spentin traversingthe hierarchicaldata
structure testingcellsfor possiblerefinement@ndtransferringhe
primitivesacrosgshecommunicatiorchannel Quiteoftentheclient
is waiting for the next chunkof datato be receved. On the other

Figure 7: Transmissiorof verticescomparedo the transmission
of theMC-configuratiorandinterpolationweightsor datasamples.
All dataexceptthe configurationand the octreelevel is assumed
to be encodedn four bytesper value. Note thatin real datasets
theselectedMC-configurations supposedo occurmostfrequently
[16].

hand directaccesso thedatais in generahot possibleattheclient
side: Justbecauseealisticallysizeddatasetscannotbe storedand
processen affordablelow-endsystemswve focusour researcton
distributedisosurficereconstructiortechniques.

But we can exploit locally available computingpower of the
clientsystemto reducetheidle timesandto balanceheloadonall
involved unitsmoreequally Thereforewe developeda distributed
computatiorschemevhichallows vertex positionsto be calculated
on the client. Two differentscenariosare proposedwhich effec-
tively unloadthe sener from numericalcalculations.

First, we let the sener perform the standard(maybe octree-
based)MC-algorithmbut it stopsright beforeverticeshave to be
calculatedrom the alreadycomputednterpolationweightsalong
thecelledgesTheseweights thecurrentMC-configuratiorandthe
octreelevel aswell asthe positionof the cell within thatlevel are
sentto theclient(seeFigure7A). Actually, thecellindex is encoded
in four bytes,which limits themaximaldatasizeto

From the illustratedexamplewe obsenre that comparedo the
standardMC-algorithmanda cell-wise encodingof trianglesinto
strips,a considerablemountof datato betransfereccanbe sased.
Evenif thesurfacepatchcanbeinsertednto aregularstripwe can
still make someprogressHowever, in orderto make afair compar
isonwe alsohave to considerthat multiple transmission®f inter
polationweightsfrom differentcellsalongthe sameedgecouldbe
avoided. Furthermoret seemdo be doubtfulwhetherthesevalues
actuallyhave to beencodedn four bytes.In ourtestcasesve usu-
ally encodethemin one byte without that we ever noticedvisible
differencesn thereconstructedsosurfce.

A different approachwould be to just let the sener actasa
datamanagerwhich storesandtraversesthe octreerepresentation
in main memoryandtransfersthe appropriatedatasampledo the
client for furtheruse. The sener stopsthe reconstructiorprocess
oncethe datasamplegdefiningthe actualcell have beenaccessed
and the MC-configurationis determined. The configuration,the
samplesiecessaryo computethe surfacepassinghroughthatcell
andthelevel aswell asthe positionof the cell within thatlevel are
sentto theclient (seeFigure7B).

Apparently the amountof datato be transfereds not reduced
sinceinsteadof oneinterpolationweightwe have to sendtwo data
samplesn general However, if voxel valuesaregivenin 8 or 16 bit
formatthis schememight be superiorto otherssincethe transmis-
sionloadcanbefurtherreducedvithoutworseningheaccurag of
vertex positionsto be computed.

In both scenarioghe sameMC-table hasto be storedon the
sener andthe clientandthe positionof the volume boundingbox



hasto bedefinedglobally. Preparedvith thisinformation,in either
casethe exactvertex positionscanbe computedstraightforwardly.
All dataspecificinformationis sentfrom the sener to the client
oncea new datasetis loaded.

4 Rendering

Platform-independencand use of client-siderenderingacceler
ation hardware were important objectives for the choice of the
usedprogramminganguagesndrenderingAPls. Java was cho-
senbecausef its wide availability throughoutplatformsandWeb-
browsers.

TheVirtual RealityModelingLanguagdVRML)[1] andthe Ex-
ternal Authoring Interface(EAI) [14] enablethe useof 3D graph-
ics acceleratiorhardvarefor the visualizationof isosurficeswhile
maintainingplatformindependencef Java code.

Alternatively, becauseof limitations of VRML, OpenGLbind-
ings were chosenin order to satisfy the requirementsof an in-
teractve Web-basedsosurace streamingsystem. In contrastto
VRML/EAI| OpenGLbindingsallow for thedirectaccesso theren-
deringpipeline. They arealsoavailablefor alarge numberof plat-
forms and provide hardware acceleratedenderinginside brovser
windows.

Notonly thevisualizationbut alsointeractionwith thedisplayed
isosurhcescanbe doneusingtheseAPIs. A useris ableto place
afocuspoint andto move it alongthe isosurficejust by clicking
andmoving the mouse Alternatively the focuspoint canbe moved
freely in spaceby draggingarrons which are attachedto it (see
Fig. 11). Thesurfaceis updatedandrefinedpermanentlynsidean
arbitrarily sizedregion aroundthe focus point. The extent of the
focusareais shavn by atransparensphere.

Besideghesenbjectivestheefficientdecodingof thedatastream
from the sener andthe fastgeneratiorof the 3D scenefrom the
receved datastreamwas an importantgoal. As the requestfor
reconstructingnisosurfceusuallyresultsin anunknavn amount
of datato bereceved from the sener memoryhasto be allocated
dynamicallyin orderto storethisdata.Dynamicmemoryallocation
of largemultidimensionabrraysis amajorperformancéottleneck
in currentJasaimplementationskor thisreasoranarrayof vectors
with afixedlengthisinitially allocatedvhentheprogramis started.
This arrayis filled with vertex dataduringthe decodingof thedata
stream. As soonasthe arrayis entirely filled the datais passed
to the VRML or OpenGLvisualizationcomponentandthe arrayis
reusedurtheron.

Very different mechanismsare emplo/ed to generatethe 3D
scendrom thereceveddatastreamwhentheVRMLortheOpenGL
bindingvisualizationcomponentgreused.

4.1 VRML Rendering

As in previous work [7] a base scene with empty
I ndexedFaceSet nodess usedfor the visualizationof theiso-
surfacesusing VRML. The EAI permitsto fill | ndexFaceSet
nodeswith vertex databy sendingan array of verticesto the
exposed field poi nt of the Coordi nat e sub-nodeof an
I ndexedFaceSet node:

VRML:
Shape {
appear ance DEF ni
Appear ance {
materi al DEF mat Mate
di ffuseColor 0.5 0
specularColor 0.5 0

}

rial {
50.5
50.5

}

geonetry DEF tris0000 | ndexedFaceSet ({
coord DEF poi nt s0000 Coordinate {
point [ 0.0 0.0 0.0 ]

}
coordindex [ 0 0 0 -1 ] solid FALSE}
}

Java code:
Browser browser = Browser.get Browser (applet);
Node node=br owser. get Node(" poi nt s0000");
Event | nMFVec3f event =(Event| nMFVec3f)

node. get Event I n("poi nt");
event . set Val ue(float[n][3]);

First a referenceto a Br owser object is obtained. The
get Node methodof this objectis usedto get a referenceto a
VRML nodewhich was namedusingthe DEF keyword. Thenthis
nodereferenceis usedto get a referenceto the event I n field
"point” whichis filled with datausingtheset Val ue method.

The correspondingindices list is sentto the exposedfield
coor dl ndex asanevent:

Java code:

Node node=browser. get Node("tri s0000");

Event | nMFVec3f event =(Event | nMFVec3f)
node. get Event I n(" coordl ndex");

event . set Val ue(int[n]);

Using this techniquel ndexedFaceSet nodescan only be
filled up with datacompletely- no datacan be added. For this
reasorthe basesceneconsistof anumberof | ndexedFaceSet
nodes,which arefilled up from the first to the last onewhenan
isosurfceis build up. Remainingnodeswhich arenot neededare
clearedwith emptylists of vertices.

A TouchSensor node is placed in front of the
I ndexedFaceSet nodesin the scene graph. Wheneer
theusermovesthe mouseover theisosuraceaneventis generated
which is sentto the Java applet. The Jasa appletcan obtainthe
positionwherethetoucheventhappenedplacethefocuspointand
updatetheisosurficeaccordingly

ExperimentsisinganretainedmnodeAPI like VRML shavsthat
renderingof largeamountf trianglesbecomeghelimiting factor
of our application(seeSection5). Eachtime anl ndexFaceSet
nodeis filled up with triangledata,the scenes completelyreren-
deredthusslowing down the clientsoverall performance.

4.2 OpenGL Rendering

OpenGLbindings enabledevelopersto write 3D applicationsin
Java usingthe API definedby OpenGL OpenGLcallsissuedin a
Javaimplementatioraredirectly convertedinto native OpenGLlIi-
brarycall usingthe Java Native Interface(JNI). Thewrappeitibrary
is only a minimal glue layerin betweenthe Java programandthe
renderinglibrary. OpenGLis animmediatemodeAPI thatallows
full controlof therenderingprocess.

Againwe usea preallocatedrrayof fixedlength,whichis suc-
cessvely filled with the vertex datadirectly receved or created.
Whenthe arrayis entirely filled a OpenGLdisplaylist is created,
which storesthe renderingprimitivesbuilt from the receved data
stream.lt is renderednto the existing framebuffer content. When
adisplaylist is executed the retaineddatais sentfrom the display
list justasif it wassentby theapplicationin immediatemode.

Theplacemenbf thefocuspointfor local refinemenof theiso-
surfaceis doneby exploiting pickingevents.Thegl uUnPr oj ect
functionis usedo locatethepositionin objectspacevherethepick
eventwasissued.Again thefocuspointis placedat this point and
theisosurfceis locally updated.



In contrasto the VRML implementatiorthe renderingof newly
availabletrianglescan be performedmuch more efficiently using
OpenGlbindings. Having alreadystoreda large numberof trian-
glesontheclienttheadwantagedecomemostolbvious(seeSection
5). Theseresultsclearlydemonstratéhe needfor a standardization
of aWeb-basedmmediatemoderenderingAPI.

5 Results and Analysis

In this sectionwe shav resultsfor different modelsand we ana-
lyze someof the main featuresof the presentecapproaches.On
the sener sideall testswererun on a SGI OctaneMXE equipped
with one250MHz R10000processoand1024MB mainmemory
A SGI 02 workstationwith 195 MHz R10000processoand 128
MB mainmemorywasservingastheclientsystem.Bothmachines
were linked via a 100 MB Ethernetconnection. The client sys-
tem was further equippedwith the NetscapeCommunicato.07
with CosmoPlayeP.1 Betaandthe JDK1.1.6with the Magician
OpenGLBindings1.1[6].

First, we analyzeall threeapproache$or the reconstructiorof
strippedisosurbicesandwe comparethemwith the standardviC-
algorithmwith andwithout compressedatatransmissionTable1
shavs detailedresultsof theproposedechniquesThecorrespond-
ing imagesareshavn in Figures9 and10.

Tablel: Model characteristicandsener timingsfor differentiso-
surfacereconstructiorscenariosThedatasizewas .

| | Og [ Cmp] Smp| Red] Opt |
Reconstruct 100% | 97% | 99% | 43% | 37%
Strip Length 1 - 1.9 7.7 | 13.2

Vertices(Send) || 100% - 69% | 43% | 38%
Bytes. 100% | 13% | 70% | 46% | 40%
Vertices(Rend) || 100% | 69% | 69% | 43% | 39%

MethodOrg refersto the standardViC-algorithm. Trianglesare
transmittedndependentlyMethodsCmpandSmpperformthecell-
wise reconstructiorof strippedsurfaceswithout ever connecting
stripsfrom adjacentells. However, methodCmpstopsthe recon-
structionright afterthe interpolationweightshave beencomputed
andsendgheseweightstogethemwith theMC configuratiorandthe
cellspositionto the client. MethodsRedandOpt shav the charac-
teristicsof strippingwith andwithoutapreferreddirection.

The time necessaryo reconstructhe isosurfice on the sener
only slightly differs for methodsOrg, Cmpand Smpsincethe cal-
culation of vertex positionsfrom the already computedweights
andalsotheorganizatiorinto separatérianglesdoesnot contritute
muchto the overall time. Both methodsthat directly try to com-
putestrippedsurfacesareconsiderablyasterthanthe othersdueto
the reducednumberof verticesto be calculated. Although a cer
tain overheadhasto be spentto traversethe extendedMC-tables
andto checkadjacentcells for possibilitiesto continuethe strip,
the profit that canbe madeby avoiding multiple computationsof
the sameverticesclearly dominateghe overall performance This
alsoreflectsin the differenttimesfor methodRedand Opt, which
basicallyresultfrom the differencein the averagestrip length.

The numberof verticesto be reconstructedtronglydetermines
the transmissiorload and also the renderingperformanceon the
client. At this point it is interestingto note that methodOpt is
still the mostoptimal onein termsof the numberof reconstructed,
transferecandrenderederticesalthoughmultiple verticesthatare
necessaryo continuea strip have to be sentandrendered.

Ohviously, concerningthe transmissionload method Cmp is
aheadof all otherssinceonly theinterpolationweightshave to be
transmittedLater, this advantagewill beslightly compensatedue
to the extracomputationshathave to be performedontheclientto

computehevertex positions.However, ascanbeseerfrom thefirst

row of Tablel this only makesa smallfractionof the overalltime.

We shouldalsopointto the smalltransmissioroverheadhatis in-

troducedby the communicatiorprotocolfor strippedisosurfices.
For eachstrip an additionalinteger value hasto be transmittedin

whichthelengthof thestripis encoded.

In Figure10 we shav the resultsof the standardVC-algorithm
comparedto the level-of-detail reconstructionof the samedata
setin orderto demonstratéhe adwantagesf the proposedmulti-
resolutionrepresentationThe original surfaceconsistof about6
million vertices.In our currentWeb-basedmplementatiorit took
roughly 41 secondgo reconstructhe surface on the sener. 72
MB of datahadto be transferedrom the sener to the client. In
the middleimagewe chosea focuspoint aroundthe belly button.
In this way the overall numberof verticeswasreducedio 157K,
which werereconstructedn 1.3 seconds.By just transferringthe
interpolationweightswe saved approximately97% of the datato
be transmitted. The performancevasfurtherimproved by select-
ing two objectspaceclipping planes.Therightmostimagein Fig-
ure 10 shaws theremainingpartsof theisosurbicegeneratedn 0.3
secondshuseffectively enablingreal-timeexplorationof eventhe
largestscaledatasets.

Figure8: Transferanddisplaytimes

Figure8 shavs adetailedperformancevaluationof theOpenGL
andthe VRML basedmplementatiorof the currentclient system.
Uponreceiptof 5000trianglesthe client modulesendshesetrian-
glesto therenderingnodule.For low trianglecountsthe VRMLim-
plementatiorshavs smalladvantagesomparedo theimplementa-
tion usingOpenGLbindings. However, the moretriangleshave to
berecevedandrenderedhemorethe OpenGLimplementatiorbe-
comessuperior An almostlinear progressions achiered because
newly recevedtrianglesarerenderedlirectly into the framebuffer
without ever processinghe alreadypreviously ones. By exploit-
ing the VRML nodeconcept,on the other hand, the entire scene
hasto be renderedagaineachtime the scenegraphchanges.This
becomesghelimiting factorwhena large numberof trianglesis al-
readystoredin the node. The step-like shapeof the performance
cune can be explainedby the VRML redrav mechanism. The
schedulingf redrav eventsis exclusively controlledby the VRML
plugin. Thusit might happenthatalthoughtrianglesarereceved
andlinked to the VRML nodethe scenegraphis not renderedm-
mediately which resultsin a temporaldelay and consequentlyn
the step-like appearancef thecune.

Althoughthe VRMLimplementatiorhassomedisadantagegor
large amountsof trianglesit is usablefor our focuspoint oriented



isosurfice extraction. The amountof trianglestransmittedwhen
moving thefocuspointis very small.

6 Conclusion

We have presentedseveral different isosurfice extraction tech-
niquedfor distributedWeb-basedcenariosThemajorcontritution
hereis to reducethe numberof geometricprimitivesto be recon-
structedn orderto minimize computationaload andnetwork traf-
fic. Remoteinteractie explorationof large scalevolume datasets
is achievedin thisway.

We shaved that the stageof a pipelinedMarching Cubeslike
reconstructiorprocesscanberelocatedonto clientsandsenersin
differentways. Severaltechniqueghat are especiallywell suited
for eachof thosescenariosvereintroduced.

In the nearfuturewe planto furtherimprove the proposedech-
niguesby omitting redundantomputationsn amorerigid way. A
combinatiorof thedevelopedstrippingtechniqueandthetransmis-
sion of Marching Cubesconfigurationswith interpolationweights
will considerablymprove thenetwork loadthusresultingin shorter
mapping-endercycles.

With directaccesgo the framebuffer contentsbecomingavail-
able through OpenGL bindings the ideasintroducedin [11] for
view-dependentsosurficereconstructiorbecomea relevancealso
in distributedenvironments Bi-directionalprotocolshave to bees-
tablishedin orderto furtherreducethe amountof primitivesto be
reconstructedndtransmitteddy only extractingthevisible portion
of theisosurfce.

A Web-basedisualizationserviceis plannedwhich will allow
theremoteinteractve explorationof very largedatasetsisingstan-
dardWeb-bravsersandadvancedOpenGLfunctionality With vol-
umetrictexturesbecomingavailable on the PC marlet, integrated
displayof isosurbicesandsoft tissueby meansof 3D texture map-
pingwill be pravidedevenonlow-endplatforms.
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Figure9: Resultsof differentapproacheto directly reconstructrianglestrips(coloredconsistentlyfrom scalarvolumedata.Left: cell-wise
strippingof the surface.Middle: stripsareconnectedcrosscell boundariesnto oneparticulardirection. Right: stripsareconnectedcross
boundariesnto differentalternatve directions.The averagestrip lengthwas1.9,7.7and13.4,from left to right.

Figure 10: Hierarchicallevel-of-detailreconstruction:Left: isosurfceasreconstructedrom the original datasampleg2.3 Mtriangles).
Middle: LOD representatiowith thefocusareaaroundthe belly button(135Ktriangles).Right: useof two additionalobjectspaceclipping
planes.

Figurell: Theclientapplication:Left: VRML visualizationwith focuspoint. Middle: moving thefocuspoint (radiusshavn by transparent
sphere)on the cerebralarteryto an aneurysm(berry-like blister of the cerebralartery): Right: VRML visualizationwith focuspoint and
clipping plane.



