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Abstract

Thereconstructionof isosurfacesfrom scalarvolumedatahasposi-
tioneditself asa fundamentalvisualizationtechniquein many dif-
ferentapplications.But the dramaticallyincreasingsizeof volu-
metricdatasetsoftenprohibitsthehandlingof thesemodelson af-
fordablelow-endsingleprocessorarchitectures.Distributedclient-
server systemsintegrating high-bandwidthtransmissionchannels
andWeb-basedvisualizationtoolsareonealternative to attackthis
particularproblem,but thereforenew approachesto reducetheload
of numericalprocessingandthenumberof generatedprimitivesare
required.In thispaperweoutlinedifferentscenariosfor distributed
isosurfacereconstructionfrom large-scalevolumetricdatasets.We
demonstratehow to directly generatestrippedsurfacerepresenta-
tionsandwe introduceadaptive andhierarchicalconceptsto mini-
mizethenumberof verticesthathave to bereconstructed,transmit-
ted andrendered.Furthermore,we proposea novel computation
scheme,which allows theuserto flexibly exploit locally available
resources.Theproposedalgorithmshave beenmergedtogetherin
orderto build a platform-independentWeb-basedapplication.Ex-
tensive useof VRML and Java OpenGL-bindingsallows for the
explorationof large-scalevolumedataquiteefficiently.

Keywords: Volumevisualization,Isosurfacereconstruction,Dis-
tributedSystems,Web-basedApplications

1 Introduction and Related Work

Theproblemof how to convey a visual representationsof realisti-
cally sizedscalarvolumedatais still oneof the mostchallenging
researchareasin scientificvisualization. In particular, the extrac-
tion of isosurfaces[13, 16] haspositioneditself asa fundamental
visualizationtechniqueand a lot of effort hasbeenmadeduring
the last yearsto comeup with optimizedalgorithms.The goalof
theseapproachesis manifold:Meshdecimationandreorganization
techniques[5, 9, 10, 17, 20, 21] try to convert theoutcomingsur-
facerepresentationin sucha way that thenumberof primitivesto
beprocessedis reducedin orderto renderthesurfaceat improved
speed.In theseapproachesthe meshoptimizationis left out asa
postprocess,but it canalsobedirectlyaccomplishedduringthere-
constructionphaseitself [19]. Othertechniquesexplicitly address
the problemof optimizing the cell traversalprocedurein orderto
avoid theprocessingof regionsthatdonotcontainthesurface.The
benefitsof octreesfor fasterreconstructionof isosurfacesfrom reg-
ularvolumedatawerefirst recognizedin [26]. Severalrelatedtech-
niqueshave beendevelopedduring the last years,like improved
partitioningandincrementalupdatetechniques[2, 22, 23],efficient
cell searchwith interval datastructures[3, 4,12], andmostrecently
techniquesthat try to take advantageof the hierarchicalnatureof
multi-resolutionrepresentations[18, 25]. Hybrid approachesas
proposedin [11] try to avoid reconstructingprimitivesthatdo not
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contributeto theactualview by effectively integratingview depen-
dentocclusionculling.

Most importantly, the motivation in all theseapproachesis to
develop algorithmsthat react to changesof mappingparameters
(e.g. varying the iso-value) by almost immediatelyregenerating
thecorrespondinggeometricalrepresentationwhich thenoughtbe
renderedwith several framesper second. Only with this type of
real-timeinteractionandnavigationit is possibleto effectively ana-
lyzeanunknown datasetandto compensatefor theinformationlost
duringtheprojectionof the3D sceneontothescreen.However, de-
spiteall thesophisticationincorporatedinto thesemethods,doesit
seemthatthedatasetsaregrowing fasterthanalgorithmicprogress
is made.For exampledatavolumesfrom 3D medicalimaginglike
CT areapproachingsizesof 512� whichamountsto morethan100
million of voxel cells.

Particularlyin Web-basedapplications,wherein generalthere’s
no accessto large-scalecomputingenvironments,new techniques
have to be developedthat allow for an effective reductionof the
computationalexpenseof the reconstructionprocessand of the
numberof generatedprimitivesto beviewedonaffordablelow-end
computers.In addition,new systemshave to be designedtaking
into accountcurrentWeb-standardsandvisualizationoptions.

Just recently, since platform-independentprogramminglan-
guagesanddataexchangeformatslikeJava,VRML andHTML are
available,first Web-basedvisualizationserviceswerepresented.In
[24] avisualizationtool for flow datawasdeveloped,whichallows
theuserto down-loadlocal dataon a remoteserver andto request
visualizationservices.In [15] aplatformindependentvisualization
tool including isosurfacereconstruction,cutting planesandeleva-
tion plotsfor 2D and3D datasetswereproposedbasedon theJava
programminglanguage.Progressive reconstructionandtransmis-
sion of isosurfacesfrom tetrahedralgrids wasemphasizedin [7].
Thegoalwasto reducetheamountof datato bereconstructedand
transmittedby giving theusera level-of-detailcontrol. Theglobal
natureof theprogressive isosurfacegeneration,however, is alsothe
maindisadvantagesof this system.Whensearchingfor particular
detailstheuseralwayshasto requestthehighestlevel-of-detailof
the isosurface. As a consequencethe advantagesof a progressive
transferanddisplayvanish.

In orderto developefficient Web-basedisosurfacevisualization
techniquesseveral differentaspectshave to be considered.Some
of themwe will refer to in thefollowing sections.In section2 we
will outlinenew techniquesto re-organizetheisosurfaceduringthe
reconstructionphasethusreducingthenumberof primitivesto be
processed.Section3 focuseson hierarchicaltechniques,which al-
low for a considerableaccelerationof the entiremapping-render
cycle. Aspectsof how to effectively compressthegeneratedinfor-
mationwill be emphasizedin section4. Finally, in section5 we
will describeour Web-basedapplication,andwe will compareand
analyzeour results.

Let usproceedby organizingtheMarchingCubesalgorithminto
apipeline,whichtransformsthevolumedatainto severalotherdata
typesprior to renderingthereconstructedprimitives(Fig. 1). First
thevolumedatais loadedinto mainmemoryby a readmodule.A
filter moduleselectsall cellscontainingthe isosurface. The inter-
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Figure1: MarchingCubesScenarios

polatormoduleinterpolatesalongthecell edges.Theinterpolation
weightsare successively usedby a triangulatormodulethat pro-
ducestriangledata.Trianglesareprojectedontotheviewing plane
andmappedinto screencoordinatesby a projectionmodule.Then
they arerenderedinto theframebuffer by therasterizationmodule,
andfinally adisplaymoduleshows therenderedimages.

In a Web-basedapplicationthesemodulescanbedistributedin
variouswaysbetweentheclientsandtheservers:

1. All modulesexceptfor thedisplaymodulearelocatedon the
server. The client serves as a display stationfor the trans-
mitted imagesonly. The surfaceextractionandrenderingis
completelydoneon theserver.

2. In this scenariothe screencoordiantesof triangle vertices
along with the colors at the verticesare transferredto the
clientmachine.Therasterizationis doneby localclienthard-
ware.

3. The client sideis renderingtriangleswhich weretransferred
from theserver. Thecomputationof theisosurfaceis doneon
theserverside.

4. In this scenariothe interpolationvaluesalongthe cell edges
and the MarchingCubescasesare transferredover the net-
work connection.Thesetupof thetrianglesandtherendering
is doneon theclientside.

5. Theserveris usedto filter cellsfromthevolumedatasetwhich
areintersectedby the isosurface. Thesecells aretransferred
to theclient,which is performingtherestof thecomputation
andrendering.

6. In this casetheserver is only usedfor datastorageandhan-
dling of volumedatasets.Thedatais completelytransferred
to the client side,which is performingthe computationand
renderingof theisosurface.

If theclientmachineis notableto rendertheimagesby itself, i.e.
becauseof lackof 3D graphicsaccelerationsupport,scenario1 can
beused.Most PCboardsarevery slow at transforminggeometry,
but have fastrasterizationengines.In this casescenario2 canbe
used.Scenario6 canbeappliedif thevolumescanbecompletely
transmittedto theclientbecauseof theirsmallsizeor becauseof the
highbandwidthof thenetwork. Thisscenariois alsousefulif only
parametersof the volume have to be transmittedfrom the server
andthevolumedatacanbecomputedon theclient (e.g.molecular
orbitalvisualization).

A framework which is basedon scenario1 waspresentedin [8].
Theframework enablestheremotecontrolof anOpenInventorap-
plication. Imagesgeneratedby a high-endvisualizationserver are
streamedthroughthenetwork to visualizationclientsusingvideo-
streamingcodecs.Thevisualizationon theserver is controlledby
CORBA (CommonObjectRequestBroker Architecture)requests
generatedon the client machines.CORBA providesaccessto the
visualizationserver from a largevariety of client architectures.A
web-basedteleradiologysystemwaspresentedwhich is basedon
theproposedtechniques.

While scenarios1 and 2 are view-dependentand requirenew
transmissionof datafor new viewpoints,scenarios3,4,5and6allow
local interactionwith the transferreddata.Sincewe areinterested
in visualizinglargescalevolumedatasetson client machineswith
local renderingcapabilitiesacrosslargevarietyof network connec-
tionsthispaperwill focuson thescenarios3, 4 and5.

2 Advanced isosurface representation

Throughoutour scenarioswe will assumethatthedistributedenvi-
ronmentconsistsof a memoryandcomputeserver providing suf-
ficient resourcesto storeandprocessthe dataset,a client that is
equippedwith dedicatedgraphicshardware,e.g.alow-pricegraph-
icsadapter, in orderto supporttherenderingof 3D polygonalmod-
els,anda communicationchannelasit is commonlyaccessibleby
homesiteapplications.In particularwe will demonstratethat the
server doesnot necessarilyhave to be a parallelarchitectureand
that as a consequencethe illustratedscenariosdo not imply any
sophisticatedhardware requirements.Thus,onemajor advantage
of the proposedscenariosis that they arenot restrictedto typical
large-scalecomputingenvironments.

Evenif theisosurfacecouldbereconstructedon theserverwith-
outany delay, in generalthenumberof generatedprimitivesis most
likely to increasetheamountthatcanbetransmittedandrendered
withoutconsiderablydeterioratingtheperformanceof theentireap-
plication. In our first approachwe will addresstheproblemof re-
constructingthesurfacein sucha way thatreducestheloadof ge-
ometrytransferandprocessingacrossthecommunicationchannel
andon theclientside.

2.1 Reconstructing stripped surfaces

Oneway to compressa trianglemeshis to reorganizemultiple tri-
anglesinto onetrianglestrip. For eachvertex presentedafter the
first two verticesone triangle is defined. Obviously, organizing
trianglemeshesas strip setsconsiderablyreducesthe numberof



Figure2: All threeimagesdemonstratetheresultsof differentalternativesto directly reconstructtrianglestrips(coloredconsistently)from
scalarvolumedata.Left: stripsarenot connectedacrosscell boundaries.Middle: stripsareconnectedacrosscell boundariesbut only into
oneparticulardirection.Right: thesameasin themiddlebut differentalternativedirectionsarepossibleto continueastrip. Theaveragestrip
lengthwas2, 7 and14,from left to right.

verticesneededto representthemeshandthusthenumberof oper-
ationsnecessaryto renderthemesh.By providing a methodthatis
capableto directly reconstructingstrippedisosurfaceswe simulta-
neouslyaddresstheproblemto reducetheloadon thetransmission
channelandto optimizetherenderingperformance.

Although on common graphicsarchitecturesa specific strip
lengthis given thatallows for optimal renderingperformanceit is
obviousthat thelongerthegeneratedstripsarethemorethetrans-
missionloadis reduced.On theclientside,however, stripsof opti-
mal lengthcanbebuilt prior to their rendering.

We startby reorganizingthe standardMC-table in sucha way
that for eachparticularconfigurationthe setof trianglesis coded
as trianglestrips. Then the MC-algorithmis performedas usual
andthereconstructedstripsaresentto theclient (leftmostimagein
Figure2). However, asonewould expecttheaveragestrip length
is rathersmallsinceno effort hasbeenmadeto connectstripsfrom
adjacentcells.

In orderto increasetheaveragestrip lengthwe extendtheMC-
tableasoutlinedin Figure3. For eachconfigurationwe storethe
numberof surfacepatchespassingthroughthe cell, andwe addi-
tionally storeall possibleregular stripstogetherwith the faceson
which they startandstop. Note that for eachstrip we alsostore
its ”twin”, whichstartson thesamefacebut with reversedvertices.
At thispointweshouldmentionthatdifferentstripswill apparently
leadto differenttriangulationsof the surface,but sincein general
nouniquerulefor thetriangulationcanbespecifiedit canbechosen
arbitrarily.

Oncea startcell is selectedthefirst strip is chosenfrom theap-
propriatetableentryandthesurfaceis tried to becontinuedto one
of thecellsdirectneighbors.Thisneighboris uniquelydetermined
by the exit faceand the last two verticesof the actualstrip. All
verticesof thenext stripbut thefirst andthesecondonehave to be
reconstructed.

Weproceedby repeatingthisprocedureuntil thenext cell would
be outsidethe volumeor hasalreadybeenprocessed.In orderto
checkwhethertherearestill unusedstrips in a cell we storeone
additionalbyte on a per-cell basis. Whenever a cell is processed
for thefirst time eachsurfacepatch �! (1,#Surf)passingthrough
thatcell is codedby maskingtheappropriatebit � . Whena patch
is includedto build astrip thecorrespondingbit is setto zero.

Sincestripsthat arebuilt in this way canonly be connectedto
the neighbordeterminedby the exit faceof the previous patchit
is impossibleto proceedeven if therearestill neighborsin other

"#
$%

" #
&

"'" ")(

" &"
%" (" $

" ")(*"" "
#

% + , # $
-
, &
%(

, % $ + # %$ &
"

+ # % $ ,# $ + , %$ , # % +

")(*" "

% &( $
#

"

.0/212324

57608 609 : ; < = "

#

+
" >

?0@A/0BDCAE 3

"

%( "

(*" "'"" "'")((*"'" "
(
%(%( "
"
%

#
?GFAHA3A4

1

" #-(
&

%
$

, %& $"% , + $ #
# + $ % ,

$$#
& "

% #$ # , + %
IKJ L < M N OP I0Q L ;" "

#
+ " >

R'L O S L
, $ % # +
+ % # , $" T U < JT2: J L V#" >W" > >W" " >

Figure3: The extendedMC-tableusedto directly connectstrips
acrosscell boundaries.Notethatsurfacepatchesareorderedwith
respectto decreasingnumberof verticessincelongerstripsshould
beselectedfirst.

directionsthathave not beenprocessedyet. This restrictionresults
in thelongbut thin stripsshown in themiddleimageof Figure2.

In order to further increasethe averagestrip length additional
informationis storedin the MC-table. Now we alsoincludenon-
regularor degeneratedstrips,which arecharacterizedby repeated
vertices(seeFigure4).

Sincefor certaincombinationsof entryandexit cellstheremight
beno regularstrip we have to constructdegeneratedonesin order
to connectthestripsproperly. At first glanceit seemsto berather
strangeto includeredundantinformationinto thevertex stream,but
it allowsusto continuestripsfurtheronwithoutstartinganew one.
Stripsthatonly consistof oneredundantvertex arealwayssuperior
to a new onefor which two new verticeshave to beadded.Prob-
lematiccasesoccurif a vertex is includedmorethantwice. Then
it would be moreefficient to includeoneregular strip andto start
a new one. Concerningthe transmissionload both strategiesper-
form equallywell, but if a degeneratedstrip is to berenderedthere
might beadditional,possiblydegeneratedtrianglesthathave to be
renderedtoo. However, aswill bedemonstratedin theresultssec-
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Figure4: For eachstrip all alternative representationsare stored
that are necessaryto proceedto arbitraryneighbors. This hasto
be donefor all possibleentry faces.Now, stripsareorderedwith
respectto increasingnumberof verticessinceregularstripsshould
beusedfirst.

tion, constructingstripsin this way still significantlydecreasesthe
overall numberof verticesto bereconstructedandrendered.

Repeatedverticesarecodedquiteeffectively without increasing
the transmissionload. 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 w)x�y�z|{ -componentsof the actualvertex. The least
significantbit is codedin the sign of the z -componentandso on.
Sincewe only have distanceslessthanseven, threebits suffice to
properlycodethe distanceinformation. In orderfor the approach
to work the volumeboundingbox is supposedto be positionedin
thepositive octant,andasa consequencethecodingschemeis not
in conflict with the vertex positions.Whenever theclient receives
a negative vertex componentit decodesthesignbits into distances
andusestheappropriatevertex from thealreadygeneratedpartof
thestrip.

2.2 Level-of-detail isosurface reconstruction

Although in the previous approachthe numberof primitiveswas
reducedin aquiteefficient way by reorganizingthegeometricrep-
resentation,usuallyinteractivity cannotbeachievedparticularlyfor
large-scaledatasets.In general,webelievethatin theproposeden-
vironmentinteractive frameratescanonly be achieved by taking
advantageof thehierarchicalnatureof multi-resolutiontechniques
to effectivelydecimatethenumberof primitivesneededto represent
thesurface.

In [25] anadaptive octree-basedapproachto the reconstruction
of isosurfacesfrom regularvolumedataat arbitrarylevelsof detail
was presented.The algorithmhasbeendesignedto enablereal-
time navigation throughcomplex structureswhile providing user-
adjustableresolutionlevels.Adaptiveon-the-flyreconstructionand
renderingis performedfrom a hierarchicaloctreerepresentation
thusallowing theuserto interactively browsethroughall possible
isosurfaces.Specialattentionwaspaidto thefixing of discontinu-
itieswheredifferentlevelsareadjacentto eachother.

In orderto allow for theexplorationof even thehighestresolu-
tion datasetsthe usercanmanuallyselecta region of interestin
which the surfaceis reconstructedat the finest level. Outsideof
this region thesurfaceis reconstructedat increasinglycoarserres-
olution. In this way it is possibleto adaptively selectthesizeand
thenumberof detailsthatshouldbereconstructedat thesametime
achieving sufficient frameratesfor interactivenavigation.

In order to optimize this approachfor its usein a distributed
Web-basedscenarioseveral improvementshavebeenadded:

Recursive reconstruction: The reconstructionprocessis started
from the focuspoint thusrecursively growing the surfacearound
the centerof interest.This allows the userto stopthe reconstruc-
tion if the desiredfeatureshave beendisplayed.Whenever a par-
ticular inner nodeof the octreeis going to be processed,its chil-
drenaresortedwith respectto their distanceto thefocuspointand
they areprocessedsuccessively in this order. Note that sortingof
theoriginal cells is not accomplishedin orderto save unnecessary
computations.

Level-wise stripping: We allow theuserto selectanarbitraryres-
olutionlevel from whichthestrippedsurfaceis to bereconstructed.
Although stripping of a multi-resolutionrepresentationcould be
accomplishedquite easily, it is in generalnot possibleto connect
stripsacrosslevel transitionsdueto thespecialtreatmentof bound-
ary cells. Sincethis resultsin rathershort strips it hasnot been
consideredin our implementation.

Object space clipping: Arbitrary clipping planescanbe selected
on theclient side. Theplaneparametersaresentto theserver and
consideredduring the octreetraversal. It is now possibleto view
structuresinside the object, which are usually hiddenby others.
Furthermore,a hugenumberof operationscanbesavedsinceonly
thevisiblehalf-spacehasto betraversedhierarchically.

Optimized triangulation: We did modify the treatmentof level
transitionsin orderto minimizethenumberof triangleswhile still
achievingcontinuoussurfaces.In [25] it wasproposedto split trian-
glesgeneratedon thecoarserlevel into trianglefansthusavoiding
T-vertices(seeFigure5 A). In thecurrentimplementationacontin-

}u~

�o�'�'� �)��\� � �

� � � � ���'� � � � �

��� ���Z�|�h� �'�

��� ���Z�|�h� �'�

�h~

� �'� �'� �'� � � � �'���h�'��� � �'�
��� � �)� � � � �'���h�'��� � �
�|� � �'� � � � �h�'��� � ����� ���*� � �����'�)� �

�o�'�'� �)��\� � �

Figure 5: Reconstructionof continuoussurfacesby multi-level
crackfixing.

uousscalarfield is maintainedeven if theextractionlevel changes



by adjustingthescalarvaluesat thosecell faceswherea level tran-
sition� occurs(seeFigure5 B): Continuity is establishedby 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 recomputedby linear interpolationin turn. The value
at thecell facemidpoint,however, hasto be recalculatedin order
to obtainthesamesurfaceon eitherof bothsides.This caneasily
beachievedby consideringtheline equationobtainedfrom thein-
tersectionwith the coarsercell edgesandthe alreadyinterpolated
datavalues. Now the trianglesgeneratedon the coarserlevel can
beusedwithoutany furthermodifications.Obviouslythisapproach
will resultin T-vertices,but ontheotherhandit reducesthenumber
of generatedtrianglesand it allows one to usethe standardMC-
tablewithout any modificationsoncethe facemidpoint hasbeen
calculated.

Figure6 demonstratestheadaptive level-of-detailisosurfacere-
constructionfrom anoctreehierarchymaintainingcontinuoustran-
sitionsbetweendifferentresolutionlevels.

Figure6: Adaptive level-of-detail isosurfacereconstructionfrom
a multi-resolutionhierarchy. In the right imagethe radiusof the
regionaroundthefocuspoint in which thesurfaceis reconstructed
from theoriginal datasamplesis increasedascomparedto theleft
image.

So far, we proposeddifferentalternative approachesto reduce
the numberof geometricprimitivesthat have to be reconstructed,
transferedandrendered.We did not considerto furthercompress
thetransmitteddatastreamandwedid notexploit any locally avail-
ablecapacitieson the client. However, sinceusuallythe client is
equippedwith a moreor lesspowerful processingunit it seemsto
bereasonableto make useof theseresourcesin a distributedenvi-
ronment. In the following we will demonstratehow to effectively
takeadvantageof theseresourcesin orderto furtherreducetheload
on thetransmissionchannelandto improve theperformanceof the
entirereconstructionprocess.

3 Distributed isosurface reconstruction

By carefully profiling the previous approachesit turnsout that a
hugeamountof time is spentin traversingthe hierarchicaldata
structure,testingcellsfor possiblerefinementsandtransferringthe
primitivesacrossthecommunicationchannel.Quiteoftentheclient
is waiting for thenext chunkof datato be received. On the other
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Figure7: Transmissionof verticescomparedto the transmission
of theMC-configurationandinterpolationweightsor datasamples.
All dataexcept the configurationand the octreelevel is assumed
to be encodedin four bytesper value. Note that in real datasets
theselectedMC-configurationis supposedto occurmostfrequently
[16].

hand,directaccessto thedatais in generalnotpossibleat theclient
side:Justbecauserealisticallysizeddatasetscannotbestoredand
processedon affordablelow-endsystemswe focusour researchon
distributedisosurfacereconstructiontechniques.

But we can exploit locally available computingpower of the
clientsystemto reducetheidle timesandto balancetheloadonall
involvedunitsmoreequally. Thereforewe developeda distributed
computationschemewhichallowsvertex positionsto becalculated
on the client. Two differentscenariosareproposed,which effec-
tively unloadtheserver from numericalcalculations.

First, we let the server perform the standard(maybeoctree-
based)MC-algorithmbut it stopsright beforeverticeshave to be
calculatedfrom the alreadycomputedinterpolationweightsalong
thecelledges.Theseweights,thecurrentMC-configurationandthe
octreelevel aswell asthepositionof thecell within that level are
sentto theclient(seeFigure7A). Actually, thecell index is encoded
in four bytes,which limits themaximaldatasizeto Ó_ÔoÕ|Ö�×ÙØ|ÚDÔ|ÓoÕ .

From the illustratedexamplewe observe that comparedto the
standardMC-algorithmanda cell-wiseencodingof trianglesinto
strips,a considerableamountof datato betransferedcanbesaved.
Evenif thesurfacepatchcanbeinsertedinto a regularstripwecan
still makesomeprogress.However, in orderto makeafair compar-
isonwe alsohave to considerthatmultiple transmissionsof inter-
polationweightsfrom differentcellsalongthesameedgecouldbe
avoided.Furthermoreit seemsto bedoubtfulwhetherthesevalues
actuallyhave to beencodedin four bytes.In our testcasesweusu-
ally encodethemin onebytewithout that we ever noticedvisible
differencesin thereconstructedisosurface.

A different approachwould be to just let the server act as a
datamanager, which storesandtraversestheoctreerepresentation
in main memoryandtransferstheappropriatedatasamplesto the
client for furtheruse. The server stopsthe reconstructionprocess
oncethe datasamplesdefiningthe actualcell have beenaccessed
and the MC-configurationis determined. The configuration,the
samplesnecessaryto computethesurfacepassingthroughthatcell
andthelevel aswell asthepositionof thecell within thatlevel are
sentto theclient (seeFigure7B).

Apparently, the amountof datato be transferedis not reduced
sinceinsteadof oneinterpolationweightwe have to sendtwo data
samplesin general.However, if voxel valuesaregivenin 8 or 16bit
formatthis schememight besuperiorto otherssincethetransmis-
sionloadcanbefurtherreducedwithoutworseningtheaccuracy of
vertex positionsto becomputed.

In both scenariosthe sameMC-table has to be storedon the
server andtheclient andthepositionof thevolumeboundingbox



hasto bedefinedglobally. Preparedwith this information,in either
casethe

Û
exactvertex positionscanbecomputedstraightforwardly.

All dataspecificinformation is sentfrom the server to the client
onceanew datasetis loaded.

4 Rendering

Platform-independenceand use of client-siderenderingacceler-
ation hardware were important objectives for the choice of the
usedprogramminglanguagesandrenderingAPIs. Java wascho-
senbecauseof its wideavailability throughoutplatformsandWeb-
browsers.

TheVirtual RealityModelingLanguage(VRML)[1] andtheEx-
ternalAuthoringInterface(EAI) [14] enabletheuseof 3D graph-
ics accelerationhardwarefor thevisualizationof isosurfaceswhile
maintainingplatformindependenceof Javacode.

Alternatively, becauseof limitations of VRML, OpenGLbind-
ings were chosenin order to satisfy the requirementsof an in-
teractive Web-basedisosurfacestreamingsystem. In contrastto
VRML/EAI, OpenGL-bindingsallow for thedirectaccessto theren-
deringpipeline.They arealsoavailablefor a largenumberof plat-
forms andprovide hardwareacceleratedrenderinginsidebrowser
windows.

Not only thevisualizationbut alsointeractionwith thedisplayed
isosurfacescanbe doneusingtheseAPIs. A useris ableto place
a focuspoint andto move it alongthe isosurfacejust by clicking
andmoving themouse.Alternatively thefocuspointcanbemoved
freely in spaceby draggingarrows which are attachedto it (see
Fig. 11). Thesurfaceis updatedandrefinedpermanentlyinsidean
arbitrarily sizedregion aroundthe focuspoint. The extent of the
focusareais shown by a transparentsphere.

Besidestheseobjectivestheefficientdecodingof thedatastream
from the server andthe fastgenerationof the 3D scenefrom the
received datastreamwas an importantgoal. As the requestfor
reconstructinganisosurfaceusuallyresultsin anunknown amount
of datato bereceived from theserver memoryhasto beallocated
dynamicallyin orderto storethisdata.Dynamicmemoryallocation
of largemultidimensionalarraysis amajorperformancebottleneck
in currentJava implementations.For thisreasonanarrayof vectors
with afixedlengthis initially allocatedwhentheprogramis started.
Thisarrayis filled with vertex dataduringthedecodingof thedata
stream. As soonas the array is entirely filled the datais passed
to theVRMLor OpenGLvisualizationcomponentandthearrayis
reusedfurtheron.

Very different mechanismsare employed to generatethe 3D
scenefromthereceiveddatastreamwhentheVRMLor theOpenGL
bindingvisualizationcomponentsareused.

4.1 VRML Rendering

As in previous work [7] a base scene with empty
IndexedFaceSet nodesis usedfor thevisualizationof theiso-
surfacesusingVRML. The EAI permitsto fill IndexFaceSet
nodeswith vertex data by sendingan array of vertices to the
exposed field point of the Coordinate sub-nodeof an
IndexedFaceSet node:

VRML:
Shape {

appearance DEF m1
Appearance {
material DEF mat Material {

diffuseColor 0.5 0.5 0.5
specularColor 0.5 0.5 0.5
}

}

geometry DEF tris0000 IndexedFaceSet {
coord DEF points0000 Coordinate {

point [ 0.0 0.0 0.0 ]
}

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

Java code:
Browser browser = Browser.getBrowser(applet);
Node node=browser.getNode("points0000");
EventInMFVec3f event=(EventInMFVec3f)
node.getEventIn("point");

event.setValue(float[n][3]);

First a referenceto a Browser object is obtained. The
getNode methodof this object is usedto get a referenceto a
VRMLnodewhich wasnamedusingtheDEF keyword. Thenthis
nodereferenceis usedto get a referenceto the eventIn field
”point” which is filled with datausingthesetValue method.

The correspondingindices list is sent to the exposed field
coordIndex asanevent:

Java code:
Node node=browser.getNode("tris0000");
EventInMFVec3f event=(EventInMFVec3f)
node.getEventIn("coordIndex");

event.setValue(int[n]);

Using this techniqueIndexedFaceSet nodescan only be
filled up with datacompletely- no datacan be added. For this
reasonthebasesceneconsistsof anumberof IndexedFaceSet
nodes,which are filled up from the first to the last onewhenan
isosurfaceis build up. Remainingnodes,which arenot neededare
clearedwith emptylistsof vertices.

A TouchSensor node is placed in front of the
IndexedFaceSet nodes in the scene graph. Whenever
theusermovesthemouseover theisosurfaceaneventis generated
which is sentto the Java applet. The Java appletcan obtain the
positionwherethetoucheventhappened,placethefocuspointand
updatetheisosurfaceaccordingly.

ExperimentsusinganretainedmodeAPI likeVRML showsthat
renderingof largeamountsof trianglesbecomesthelimiting factor
of our application(seeSection5). Eachtime anIndexFaceSet
nodeis filled up with triangledata,the sceneis completelyreren-
deredthusslowing down theclientsoverallperformance.

4.2 OpenGL Rendering

OpenGLbindingsenabledevelopersto write 3D applicationsin
Java usingthe API definedby OpenGL. OpenGLcalls issuedin a
Java implementationaredirectly convertedinto native OpenGLli-
brarycall usingtheJavaNativeInterface(JNI).Thewrapperlibrary
is only a minimal glue layer in betweentheJava programandthe
renderinglibrary. OpenGLis an immediatemodeAPI thatallows
full controlof therenderingprocess.

Againwe usea preallocatedarrayof fixedlength,which is suc-
cessively filled with the vertex datadirectly received or created.
Whenthe arrayis entirely filled a OpenGLdisplaylist is created,
which storesthe renderingprimitivesbuilt from the received data
stream.It is renderedinto theexisting framebuffer content.When
a displaylist is executed,theretaineddatais sentfrom thedisplay
list justasif it wassentby theapplicationin immediatemode.

Theplacementof thefocuspoint for local refinementof theiso-
surfaceis doneby exploiting pickingevents.ThegluUnProject
functionis usedto locatethepositionin objectspacewherethepick
eventwasissued.Again thefocuspoint is placedat this point and
theisosurfaceis locally updated.



In contrastto theVRML implementationtherenderingof newly
availableÜ trianglescanbe performedmuchmoreefficiently using
OpenGL-bindings.Having alreadystoreda largenumberof trian-
glesontheclient theadvantagesbecomemostobvious(seeSection
5). Theseresultsclearlydemonstratetheneedfor astandardization
of aWeb-basedimmediatemoderenderingAPI.

5 Results and Analysis

In this sectionwe show resultsfor differentmodelsandwe ana-
lyze someof the main featuresof the presentedapproaches.On
theserver sideall testswererun on a SGI OctaneMXE equipped
with one250MHz R10000processorand1024MB mainmemory.
A SGI O2 workstationwith 195 MHz R10000processorand128
MB mainmemorywasservingastheclientsystem.Bothmachines
were linked via a 100 MB Ethernetconnection. The client sys-
tem was further equippedwith the NetscapeCommunicator4.07
with CosmoPlayer2.1 Betaand the JDK1.1.6with the Magician
OpenGLBindings1.1[6].

First, we analyzeall threeapproachesfor the reconstructionof
strippedisosurfacesandwe comparethemwith the standardMC-
algorithmwith andwithout compresseddatatransmission.Table1
showsdetailedresultsof theproposedtechniques.Thecorrespond-
ing imagesareshown in Figures9 and10.

Table1: Model characteristicsandserver timingsfor differentiso-
surfacereconstructionscenarios.Thedatasizewas Ý�Ú�Ó × ØÞÓ�Ý_ß .

Org Cmp Smp Red Opt
Reconstruct 100% 97% 99% 43% 37%
StripLength 1 - 1.9 7.7 13.2à
Vertices(Send) 100% - 69% 43% 38%à

Bytes. 100% 13% 70% 46% 40%à
Vertices(Rend) 100% 69% 69% 43% 39%

MethodOrg refersto thestandardMC-algorithm.Trianglesare
transmittedindependently. MethodsCmpandSmpperformthecell-
wise reconstructionof strippedsurfaceswithout ever connecting
stripsfrom adjacentcells. However, methodCmpstopstherecon-
structionright after the interpolationweightshave beencomputed
andsendstheseweightstogetherwith theMC configurationandthe
cellspositionto theclient. MethodsRedandOpt show thecharac-
teristicsof strippingwith andwithoutapreferreddirection.

The time necessaryto reconstructthe isosurfaceon the server
only slightly differs for methodsOrg, CmpandSmpsincethecal-
culation of vertex positionsfrom the alreadycomputedweights
andalsotheorganizationinto separatetrianglesdoesnotcontribute
muchto the overall time. Both methodsthat directly try to com-
putestrippedsurfacesareconsiderablyfasterthantheothersdueto
the reducednumberof verticesto be calculated.Although a cer-
tain overheadhasto be spentto traversethe extendedMC-tables
and to checkadjacentcells for possibilitiesto continuethe strip,
the profit that canbe madeby avoiding multiple computationsof
thesameverticesclearlydominatestheoverall performance.This
alsoreflectsin thedifferenttimesfor methodRedandOpt, which
basicallyresultfrom thedifferencein theaveragestrip length.

Thenumberof verticesto bereconstructedstronglydetermines
the transmissionload and also the renderingperformanceon the
client. At this point it is interestingto note that methodOpt is
still themostoptimalonein termsof thenumberof reconstructed,
transferedandrenderedverticesalthoughmultiple verticesthatare
necessaryto continueastriphave to besentandrendered.

Obviously, concerningthe transmissionload methodCmp is
aheadof all otherssinceonly the interpolationweightshave to be
transmitted.Later, thisadvantagewill beslightly compensateddue
to theextracomputationsthathave to beperformedon theclient to

computethevertex positions.However, ascanbeseenfrom thefirst
row of Table1 thisonly makesa smallfractionof theoverall time.
We shouldalsopoint to thesmall transmissionoverheadthat is in-
troducedby the communicationprotocolfor strippedisosurfaces.
For eachstrip an additionalinteger valuehasto be transmittedin
which thelengthof thestrip is encoded.

In Figure10 we show theresultsof thestandardMC-algorithm
comparedto the level-of-detail reconstructionof the samedata
setin orderto demonstratethe advantagesof the proposedmulti-
resolutionrepresentation.Theoriginal surfaceconsistsof about6
million vertices.In our currentWeb-basedimplementationit took
roughly 41 secondsto reconstructthe surfaceon the server. 72
MB of datahadto be transferedfrom the server to the client. In
themiddle imagewe chosea focuspoint aroundthe belly button.
In this way the overall numberof verticeswasreducedto 157 K,
which werereconstructedin 1.3 seconds.By just transferringthe
interpolationweightswe saved approximately97% of the datato
be transmitted.The performancewasfurther improved by select-
ing two objectspaceclipping planes.Therightmostimagein Fig-
ure10 shows theremainingpartsof theisosurfacegeneratedin 0.3
secondsthuseffectively enablingreal-timeexplorationof eventhe
largestscaledatasets.

Figure8: Transferanddisplaytimes

Figure8showsadetailedperformanceevaluationof theOpenGL
andtheVRML basedimplementationof the currentclient system.
Uponreceiptof 5000trianglestheclient modulesendsthesetrian-
glesto therenderingmodule.For low trianglecountstheVRMLim-
plementationshowssmalladvantagescomparedto theimplementa-
tion usingOpenGLbindings.However, themoretriangleshave to
bereceivedandrenderedthemoretheOpenGLimplementationbe-
comessuperior. An almostlinearprogressionis achieved because
newly receivedtrianglesarerendereddirectly into theframebuffer
without ever processingthe alreadypreviously ones. By exploit-
ing the VRML nodeconcept,on the other hand,the entirescene
hasto berenderedagaineachtime thescenegraphchanges.This
becomesthelimiting factorwhena largenumberof trianglesis al-
readystoredin the node. The step-like shapeof the performance
curve can be explainedby the VRML redraw mechanism. The
schedulingof redraw eventsis exclusively controlledby theVRML
plugin. Thusit might happenthat althoughtrianglesarereceived
andlinked to the VRMLnodethescenegraphis not renderedim-
mediately, which resultsin a temporaldelayandconsequentlyin
thestep-likeappearanceof thecurve.

AlthoughtheVRMLimplementationhassomedisadvantagesfor
largeamountsof trianglesit is usablefor our focuspoint oriented



isosurfaceextraction. The amountof trianglestransmittedwhen
moving thefocuspoint is very small.

6 Conclusion

We have presentedseveral different isosurface extraction tech-
niquesfor distributedWeb-basedscenarios.Themajorcontribution
hereis to reducethe numberof geometricprimitivesto be recon-
structedin orderto minimizecomputationalloadandnetwork traf-
fic. Remoteinteractive explorationof largescalevolumedatasets
is achievedin thisway.

We showed that the stagesof a pipelinedMarchingCubeslike
reconstructionprocesscanberelocatedontoclientsandserversin
differentways. Several techniquesthat areespeciallywell suited
for eachof thosescenarioswereintroduced.

In thenearfuturewe planto furtherimprove theproposedtech-
niquesby omitting redundantcomputationsin a morerigid way. A
combinationof thedevelopedstrippingtechniqueandthetransmis-
sionof MarchingCubesconfigurationswith interpolationweights
will considerablyimprovethenetwork loadthusresultingin shorter
mapping-rendercycles.

With directaccessto theframebuffer contentsbecomingavail-
able throughOpenGL bindings the ideasintroducedin [11] for
view-dependentisosurfacereconstructionbecomea relevancealso
in distributedenvironments.Bi-directionalprotocolshave to bees-
tablishedin orderto further reducetheamountof primitivesto be
reconstructedandtransmittedby only extractingthevisibleportion
of theisosurface.

A Web-basedvisualizationserviceis planned,which will allow
theremoteinteractiveexplorationof very largedatasetsusingstan-
dardWeb-browsersandadvancedOpenGLfunctionality. With vol-
umetrictexturesbecomingavailableon the PC market, integrated
displayof isosurfacesandsoft tissueby meansof 3D texturemap-
pingwill beprovidedevenon low-endplatforms.
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Figure9: Resultsof differentapproachesto directly reconstructtrianglestrips(coloredconsistently)from scalarvolumedata.Left: cell-wise
strippingof thesurface.Middle: stripsareconnectedacrosscell boundariesinto oneparticulardirection.Right: stripsareconnectedacross
boundariesinto differentalternativedirections.Theaveragestrip lengthwas1.9,7.7and13.4,from left to right.

Figure10: Hierarchicallevel-of-detail reconstruction:Left: isosurfaceas reconstructedfrom the original datasamples(2.3 Mtriangles).
Middle: LOD representationwith thefocusareaaroundthebelly button(135Ktriangles).Right: useof two additionalobjectspaceclipping
planes.

Figure11: Theclientapplication:Left: VRML visualizationwith focuspoint. Middle: moving thefocuspoint (radiusshown by transparent
sphere)on the cerebralarteryto an aneurysm(berry-like blister of the cerebralartery): Right: VRML visualizationwith focuspoint and
clippingplane.


