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Abstract

A multiresolutiondatadecompositiomffers a fundamentaframevork supportingcompession progressiverans-
mission,and level-of-detail(LOD) contmol for large two or three dimensionaldata setsdiscretizedon comple
meshesln this paperwe extenda previously presentedalgorithmfor 3D meshreductionfor volumedata based
on multilevelfinite elementappoximationsn two ways.Fir st, we presentefiicientdatastructueswhich allow to
incrementallyconstructapproximationsof the volumedataat lower or higherresolutionsat interactiverates.An
abstiactdescriptionof themeshhierarchy in termsof a coarsebasemeshanda setof integer recods offers a high
compessionpotentialwhich is essentiafor an efficient storage and a progressivenetworktransmissionBased
onthis meshhierarchy wethendevelopa new progressivaso-surfaceextractionalgorithm.For a giveniso-value
the correspondingso-surfacecan be computedat differentlevelsof resolution.Changingto a higheror coarser
resolutionwill updatethe surfaceonly in thoseregionswhele the volumedatais beingrefinedor coarsenedOur
approad allowsto interactivelyvisualizeverylarge scalarfieldslike medicaldatasets wheeasthe corventional
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algorithmswouldhaverequiredat leastan order of magnitudemore resouces.

1. Intr oduction

Many applicationsin computergraphicsand especiallyin
scientific visualizationrequire the analysis,the manipula-
tion andthe visualizationof increasinglylarge datasets.In
most cases thesedata setsrepresentscalaror vector val-
uedfunctionswhich aretheresultof experimentalmeasure-
mentssuchasCT or MRI scandsrom medicalimaging,or of
numericalsimulationsasfor exampletime dependentlow
fieldsfrom CFD. Experimentatlatais usuallydiscretizecbn
uniform meshegonsistingof mary millions of sampleval-
ueswhereamumericalsimulationscomputefield variables
definedon domainswith a complex topology discretized
with unstructuredand even time dependenineshes.This
amountof datais expensve to store,to transmitor to vi-
sualize A multiresolutiondatadecompositioroffersthe ap-
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propriateframework to dealwith suchproblemsOntheone

hand,compressioganbeachieredby eliminatingredundant
information,on the otherhandlevel-of-detail(LOD) repre-
sentationsanbe usedto accelerat@reprocessingndvisu-

alization.

In orderto clarify terminologythroughouthis papera2D
meshis ary meshconsistingof two dimensionakelements,
suchastriangles,even if theseelementsare embeddedn
3D. A 3D meshrepresenta volumedataset,andthe mesh
elementarethreedimensionale.g.tetrahedra.

In previouswork?®. 2 we developedamethocbasecnmul-
tilevel finite elementapproximationdor the generatiorof a
multiresolutionrepresentatiof a given datasetby local
meshrefinementln the caseof 2D meshesmeshsimplifi-
cationandthegeneratiorof LODs arebasedntheelimina-
tion of geometrigorimitivessuchasverticesor edges 4.5.6.
Here,the geometricaspect®f themodelarein thefocusof
interest.n contrastscientificapplicationanainly dealwith
scalaror vectorfields,wherethe conceptof a functionis of
primary concern.Therefore we understandhe problemof
3D meshreductionas an approximationproblemin appro-
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priatelynormedfunctionspacesln themethodwe proposed
a coarsepartition of the domainis first constructedwith a
pieceavise finite elementspacedefinedon it. Then,the best
approximationto theinput dataon this spaceaccordingto a
chosemormis computedTypical normsusedin computer
graphicsarethel,1 < p < o norms,but alsomoregeneral
normscanbeemplged. Thenext stepis to determineghelo-
cal contritution of eachelemento theglobalapproximation
errorandto markthoseelementdor refinementwherethe
localerroris abore agiventhreshold Themeshis adaptvely
refinedby local elementsubdvision resultingin abetterap-
proximationspacewherea new solutionis computed.An
iterative applicationof thesestepsgenerates sequencef
nestedapproximatingspaceskFor eachone of thesespaces
we have anoptimalrepresentationf our datasetwhich can
be usedfor analysisandvisualization.However, a number
of practical problemsarisein the proper manipulationof
theunderlyinghierarchicameshesi.e. compacstorageand
progressie network transmissionand the developmentof
efficient visualizationalgorithms.

In addressingheseproblemsthis papemalestwo major
contributions. First, it introducesan abstractrepresentation
of thecompletemeshhierarchy Thisrepresentationonsists
of acoarsebasemeshandasequencef recordswhichindi-
catehow to reconstructhe completemeshhierarchyby lo-
calmeshrefinemenbperationsBasedonthis abstracinesh
descriptiorhigh compressiomatesfor datastorageandpro-
gressve transmissiorcanbe achieved. Furthermorea new
meshrefinemenalgorithmhasheendevelopedwhichallows
for the incrementakeconstructiorof the meshat a desired
level of resolutionatinteractve rates.

The othercontrikution of this paperis a new progressie
iso-surficeextractionalgorithmadaptedo the multiresolu-
tion representatioof the data.Oncethe meshhierarchyup
to a given level of resolutionhasbeenreconstructedthere
is still thefreedomto choosethe level whichis usedfor the
visualizationof the data. The algorithm allows to interac-
tively bronvseacrosdevelsof resolutionto extractinforma-
tion from the dataat differentlevels of detailandto adap-
tively updatethe surfacein thoseregionswherethe resolu-
tion of thevolumedatahaschanged.

The paperis organizedas follows. In section2 we give
a brief overview of relatedwork. A descriptionof the local
meshrefinementalgorithmis summarizedvith the neces-
sarydetailsin section3. Theactualcontritutionsof this pa-
peraregivenin sections4 and5 wherethe corresponding
algorithmsfor the hierarchicalmeshmanipulationandthe
progressie iso-surhceextractionarepresentedResultsfor
two datasetsaregivenin section6.

2. RelatedWork

In this paperwe are mainly concernedvith the manipula-
tion, i.e. storage transmissionand traversal of 3D mesh

hierarchiesand with the efficient visualizationof the cor
respondingvolumedata.In this sectionwe discussrelated
approachesn meshoptimization,multiresolutionrepresen-
tationsandprogressie transmissionFurthermorewe ana-
lyze someimportantaspectsandalgorithmsfor iso-surfice
extraction.

2.1. Mesh Reduction

A widely usedclassof meshreductionalgorithmsis based
on the successie removal of elementsrom the mesh.We
call this approactgeometricbecausét focuseson geomet-
ric primitivessuchasvertices edgesaindelementsThework
of Schroedeet al#4, Rossignaet al.3, Klein et al.?, Turks,
Hoppé andCohenetal s for 2D-meshesandof Cignoniet
al? for 3D-meshesndof Popwic et al 10 for generalsim-
plicial complexes belongto this classof algorithms.These
approacheanalyzesvery singlenodeor clustersof elements
with somelocal criteriain orderto decidewhetherthey can
be eliminatedor not. Commonly usederror criteria con-
sidergeometricaspectsuchas angles,curvature,distance
betweenmmanifolds.The introductionof a relationbetween
differentlevelsof resolutionmalesit possibleto constructa
multiresolutionhierarchythatcanbe usedfor efficient stor
ageandprogressie transmissiofi 10, Theapplicationof this
classof algorithmsto meshedor volumedataexhibits two
major dravbacks.First, the storageof the additionaldata
structuregequiredfor the simplificationalgorithmsusually
needshugeamountsof memoryin the Gigabyterangefor
volumedatasuchasa medicaldatasetof 512 ~ 130 Mil-
lionsof voxels.Secondduringthesimplificationprocesdlat
or thin elementsnay arise,which arenot desirablefor nu-
mericalcomputationsandwill introduceartifactsin theim-
agedluringvisualization Algorithmsbasednasubdvision
schemewill producemuchbetterresults.

A widely usedmultiresolutionanalysistechniqueis the
wavelet decompositionThe applicationof multiresolution
analysishassuccessfullypbeenextendedto meshef arbi-
trary topology by Lounsberyet alll and Eck et al.12. Be-
sidesmary adwantagesuchascompressionlevel-of-detail
control andthe generatiorof a multiresolutionrepresenta-
tion, waveletdecompositionfiave a major dravback,espe-
cially for tensorproductbasisin 3D. The problemis, that
the wavelet refinementcannotbe performedadaptvely, re-
sulting in a re-meshingas a post-processingtep,after the
waveletdecompositiorhasbeenperformed.Re-meshings
necessaryo avoid hangingnodeswhenaddingwaveletco-
efficientsin thereconstructiorstepfor local refinementAn-
otherlimitation of waveletbasess, thatthe approximation
can be given only in the L, norm. For mary applications
moregenerahormsincorporatinggradientinformationpro-
ducebetterresults. Operatingon the wavelet coeficients
only, it is possibleto incrementallychangethe resolutionof
thewaveletapproximatio®s. This factwasusedin the con-
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text of progressie volumevisualizationby meansof X-ray
like projectionsby Grossetal.14.

2.2. Iso-surfaceGeneration

A wide variety of algorithmscopingwith eithertriangleex-
tractionor trianglereductionhave beendeveloped.Oneap-
proachto acceleratéheextractionof iso-surbicessto prese-
lectthecellsthatmaycontributetrianglesto theiso-surfice.
The basicidea of this approachis, that every cell spans
acrossanintenal of thevolumetricdataboundedy its min-
imum and maximumvalue. As unionsof cells alsohave a
minimum and maximumvalue, which can be easily com-
putedfrom the spansof the containingcells or sub-unions,
a hierarchycanbe constructedFor a giveniso-valueentire
cell compleescanbe pre-eliminatedif the specifiedvalue
doesnotfit into thespan.Theoctreespatialsubdvision pre-
sentedby Wilhelmsandvan Geldet5 annotategachoctree
nodewith the span.The sweepingsimplicesalgorithmpub-
lishedby ShenandJohnso#f usesabinarytreepurelybased
ontherelationof the spansA moresophisticate@lgorithm
of this approachwas presentedsthe ISSUE algorithm by
the sameauthors’. Thesealgorithmsgeneratehe sametri-
anglesasthe standardnarchingcubesalgorithmdoes,but
they requireextramemoryto storetheintenal information.

Anotheriso-surfice optimizationis the reductionof the
amountof trianglesgeneratedor rendering.This can be
donein a post-processingtepby a meshreductionalgo-
rithm or interleaved with the marchingcubesalgorithmas
in the approachepresentedy Hall et al.18, Miiller et al.19,
Ohlbegeretal 20, Shekkaretal 2! andZhouetal .22. There-
ductiondecisionsarealwaysrestrictedo afixediso-surhice.
Theseapproachearebasedntheextractionof iso-surbices
from nestedgrids. The functionvaluesat differentlevels of
the hierarchyare obtainedby interpolation.First stepsto-
wards iso-surfice generationon reducedtetrahedralgrids
weremadeby Cignonietal 9.

3. Adaptive Mesh Refinement

The core of the multilevel approximationof a volumedata
setistheadaptve mestrefinemenstep.In apreviouswork?3

we have developedan efficient algorithmfor adaptve 3D

meshrefinementln this sectionwe revise someimportant
aspect®f thealgorithmandanalyzethe propertieof there-

sultingmeshhierarchywhicharenecessarfor theirefficient
manipulationaswe will seein Sectior4.

3.1. The Global Algorithm

For simplicity, we consideithedomainQ of definitionto be
a polyhedron A partition 7" of the domaininto elementg
is calledadmissibleor consistentif thefollowing condition
is satisfied Theintersectiorof two elementgs eitherempty
or a commonface,or a commonedge,or a commonver-
tex. We areinterestedn a local refinementlgorithmwhich
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producesstablepatrtitionsin the following sensefor each
element € 7 theratio of its diameterandthe radiusof its
largestinscribedball p(t) is boundedoy a constant which
isindependenoft.

Startingwith anintentionallycoarsepartition‘Zg of Q we
wantto generatea sequencely, -- -, 7j of increasinglyfiner
partitionsby successie local meshrefinementTheseparti-
tionsarerequiredto satisfythefollowing properties:

P1 NestednessEachelementt € 7y is covered ex-
actly by oneelement’ € 7;_; whichis calledthe
parentelementFurthermorethe union of all chil-
drenof anelements equalto the parentelement.

P2 Consistency:All meshesn the hierarchyarere-
quiredto beconforming,i.e. no hangingnodesare
allowed.

P3 Stability: All elementsin a partition 7 are re-
quiredto be stable,wherethe constantc is inde-
pendenof therefinementevel.

Condition(P1)is necessaryn orderto constructnestedse-
gquence®f finite elemenspaces

SHCSC--C

andit guaranteeshat eachfunction u € § canbe written
asalinearcombinatiorof functionsin S, ;. Condition(P2)
avoidstheintroductionof hanginghodesHangingnodesare
responsibldor discontinuitiesn thefunction,which causes
artifactsin the visualization,i.e. cracksin the surfacesob-
tainedby standardsnarchingcubesalgorithms Thestability
property(P3)is essentiato guaranteavell conditionedsys-
temsandnumericalcorvergenceof the finite elementcom-
putationsandto avoid thin or flat elementsvhich mayintro-
duceartifactsin thevisualization.

In orderto keepadaptvity andto simultaneouslyfulfill
the properties(P1) - (P3), the refinementalgorithmhasto
be constructedn threesteps.We first needa regular ele-
mentrefinementule which producesstablepartitionsafter
successie subdvisions.Secondwe defineirr egular refine-
mentrulesfor transitionelementsetweenrefinementev-
elsin orderto satisfy condition (P2). The irregular refine-
mentstepis calledtheconformingclosue. In thefollowing,
elementswhich resultfrom a regular refinementare called
regular Similarly, elementsresultingfrom an irregular re-
finementarecalledirregular As a third step,the globalre-
finementalgorithm startswith a coarsepartition 7y of the
domainandgenerates meshhierarchy7y, 7y, - - -, 7j with
thefollowing properties:

Condition(H2) avoids the refinemenif irregular elements
which would resultin unstablemeshesDue to condition
(H3) it makessenseo assigra level index to eachelement.
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H1 Eachvertex in Zx,1 which doesnot belongto 7y
is a vertex of a regular element,i.e. only regular
refinementintroducesnew verticesinto the trian-
gulation

H2 Irregularelementsarenever refined.

H3 If an elementis not refined passingfrom 7 to
Ty+1, thenit remainsunrefinedor all 7; with | > k.

3.2. Element Refinement

In this sectionwe briefly describethe elementrefinement
rules, we developedin23. Our algorithm for adaptve 3D
meshrefinements basecdn the partitionof thedomaininto
two regular polytopes,tetrahedraand octahedraand two
regular refinementules,onefor tetrahedraand onefor oc-
tahedraThe regular refinementules generatedescendants
which aretranslatecandscaledversionsof theinitial poly-
topesthusthe partitionsarestablein the senseof (P3).The
regularrefinementule for tetrahedraubdvidesanelement
into four tetrahedraandoneoctahedronBy connectinghe
edgemidpointsof eachfacewe obtainfour tetrahedragach
of which correspond$o a cornerof the parentelement.

Theregularrefinementule for the remainingoctahedron
subdvidesthe elementinto six octahedraandeighttetrahe-
dra.By connectinghe edgemidpointsof eachfaceandall
edgemidpointsto the barycenternf the parentelementwe
getthesix childrenoctahedraTheeightchildrentetrahedra
areobtainedby connectinghetrianglesatthe middle of the
facesof the parentelementwith its barycenter

The regular refinementrules can be appliedto neighbor
elementsvithoutconsisteng problemsln the caseof adap-
tive refinementhowever, only asubsebf thegivenelements
will beregularly refined.Thus,thepartitionhasto beclosed
by irregular refinemenbf transitionelementsWe have im-
plementeda full setof refinementuleswhichfit all possible
edgeandfacerefinementpatterns All elementsgenerated
by theirregularrefinementireconstructedisingthevertices
introducedby the regular refinementof neighborelements,
which is conformto the property (H1). If anirregular el-
ementhasto be refined,in orderto satisfy (H2), irregular
elementdave to be substitutedy regularones,.e. the par
entelementis refinedregularly. Technically this condition
impliesthatirregularelementhave to beremaoved from the
datastructuresWe notethatirregularelementsarenot nec-
essaryfor the adaptve refinementalgorithm. It is enough
to know, if the parentelements refinedirregularly. In23 we
introducedhe concepbf virtual elementsAll irregularele-
mentsin our meshhierarchyarevirtual, i.e they areactually
not existentin our datastructureshut they arecomputecn
demandf required.

In orderto constructa completesetof basisfunctionsfor
the piecavise finite elementspacewe have to include the
barycenteof the octahedranto the meshstructurés. Thus,

an octahedrorcan also be handledas eight tetrahedraob-
tainedby connectinghe verticeswith the barycenter

4. Abstract Mesh Representation

In this sectionwe introduceour datastructuresand a nen

algorithmfor an abstractdescriptionanda progressie ma-
nipulationof the completemeshhierarchy The description
consistsof a coarsebasemeshanda setof recordswhich

indicatewhich elementshave to be refinedin orderto pass
from onelevel to the next finerlevel in the hierarchy Based
on this abstractmeshdescriptionwe develop an algorithm
which allows to reconstructhe meshat anarbitrarylevel of

resolutionatinteractve rates.

4.1. Data Structures

Thebasicobjectswhich describéhemeshhierarchyarever
tices edgsandelementswhich maybeatetrahedon or an
octahedon. We furtherintroducethe objectsgrid level and
multilevelgrid. A grid level Gy is definedasfollows: Gy con-
tainsall elementf the coarsenitial partition Zp, whereas
Gk = %\ Zk_1, i.e. Gk containsall new vertices,edgesand
elementavhich arenotin Gy_;. Due to the property(H1)
Gk containsall the vertices,edgesand elementsreatedby
therefinemenbf elementsn G_4. All theseelementsn Gy
areassignedhelevel k (H3). A multilevel grid M is a stak
of grid levelsandrepresentshe entiremeshhierarchy

The elementsn the meshhierarchyare characterizedby
a state they canbe marked asregular, irregular or refined
By default, an elementis marked asregular. An elementis
marked asirregular, if it hasto be refinedirregularly. The
childrenarevirtual. They areobtainedby anirregularrefine-
ment. Theseelementsarerefinedon thefly if required,for
exampleby theiso-surficealgorithm.If anelementwasre-
finedby oneof theregularrefinementules,thenit is marked
asrefined

The vertices,edgesandelementsat grid level Gy areob-
tainedby the regularrefinemenof elementsat G,_;. Irreg-
ular elementsat Gy are computedfrom thoseelementsin
Gk_1 which aremarkedasirregular only ondemandThus,
the grid level G¢ canbe obtainedfrom the grid level Gy_;
andtwo setsof integers.Thefirst list indicateswhich ele-
mentsin Gy_1 haveto berefinedregularlyin orderto obtain
Gk. Thesecondist indicateswhich elementaremarked as
irregular. Dueto the propertiegH2) and (H3), elementsn
Gk_1 Whicharemarkedasregular or asirr egular remainun-
alteredby furtherrefinementsf themeshhierarchyStarting
with the coarsebasegrid level Gg by recursve application
of theserules,the completehierarchycanbereconstructed

In our implementation,each grid level containsthree
lists, onefor the vertices,onefor the edgesandonefor the
elements.

(© TheEurographic#ssociatiorandBlackwell Publishers1998.
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struct GidLevel {
Li st <Vertex> vertices;
Li st <Edge> edges;
Li st <El emrent > el enent s;

}s

A multilevel grid containsall the grid levels from the
coarsebasegrid up to the highestgrid level alreadyrecon-
structed(t opLevel ). Sincewe successiely addfiner grid
levelsontop, but alsoneedaccesgo all othergrid levelsin
the hierarchy we usea St ack datastructureimplemented
as a generalizedvector Besidesthe standardpop() and
push() operationsit is possibleto accessary elementin
the stack by meansof indices. Such stacksare also used
for the representationf the vectorsof integersdescribing
the meshrefinementr egRef containsthe lists of thein-
dices of the elementswhich have to be refined regularly,

i rregRef containsthe lists the indices of the elements
which aremarked asirr egular. More precisely the element
regRef (i) of the stackr egRef containsthelist of the

indicesof the elementsat the grid level i which have to be

regularrefined.

struct Multilevel Gid {
/1 max. depth of mesh hierarchy
int maxLevel ;
/1 current depth
int toplLevel;

/1 the mesh hierarchy
/| stack of depth topLevel
St ack<Gri dLevel *> gri d;

/'l stacks of depth maxLevel

/1 lists of reg. refinenment

St ack<Vect or <i nt >*> r egRef;

/1 lists of irreg. refinenents
St ack<Vect or <i nt >*> irregRef;

}s

The actualvaluesof the scalaror vectorfunctionsrepre-
sentedby the meshare storedin separatearrays.In order
to establisha correspondenckeetweenthesevaluesandthe
meshstructure the verticesare numberedaccordingto the
following schemeThey arenumberegerlevel with respect
to theirorderof appearanci thevertex list, beginningwith
theverticesin Gg andcontinuingwith theverticesin G1, G,

4.2. RefinementAlgorithm

Our meshrefinementalgorithmis designedto reconstruct
the meshhierarchyup to a given level of resolutionby
usingthe abstractdescriptionof the meshgivenabove. The
algorithmtakesthemeshatlevel j (j =t opLevel ) asinput

(© TheEurographic#ssociatiorandBlackwell Publishers1998.

andreconstructshemeshupto level k (k = newLevel ). If

k> j, i.e.themeshhasto bereconstructedb a deepetevel

in the hierarchy the algorithm works level-wise starting
with Gj up to Gx_1. At eachlevel elementsare regularly
refinedor marked asirregular accordingto the information
storedin the lists for the correspondingevel. If j > k,

the grid levels are removed from the stack. In order to

keep the elementstatesof the final level Gy consistent,
all elementsare marled as regular We summarizethe
algorithm which exhibits a quite simple structurein the
following pseudo-codéagments:

refineMul til evel Gid(newLevel)
{
if newLevel > topLevel
for i € {topLevel,---, newLevel }
refineGidLevel (Gj, regRef (i),
irregRef(i))
else if newLevel < topLevel
for i € {newLevel, -, topLevel}
/1l renmove GridLevel from stack
Gi + stack. pop()
del ete Gi
updat eMar ks( Gpewevel )
t opLevel <« newlLevel

}

The correspondingrefinementalgorithm for one grid
level is givenas:

refineGidLevel (G regRef (k),irregRef(Kk))
{
for all elements te Gy
if id of te regRef (k)
regul ar Refine(t)
else if id of te irregRef (k)
cl ose(t)

Themethodcl ose() justmarkstheelementasirregular.

5. The Iso-SurfaceAlgorithm

The main technicalcontritution of the paperis a new iso-
surfacegeneratioralgorithmwhich operate®nthemeshhi-
erarchydescribedn thelastsection.Oncethe meshhierar
chy hasbeenreconstructedip to a given level, onestill has
thefreedonto choosevhichgrid level shouldbeusedor the
iso-surbicegenerationProgressingnerefrom a coarsdevel,
i.e. a coarseiso-surhicerepresentatiorto a higherlevel of
meshresolutionwill automaticallyandadaptvely refinethe
selectedso-surfce.

Our algorithmfor the progressie iso-suracegeneration



GrossoandErtl / Progressivdso-SurfaceExtraction

is basedntwo fundamentastepsFirst,we introducelevels
of resolutiorfor theiso-surfice whichcorrespondo thelev-
elsof resolutionin the meshhierarchy andwhich areauto-
matically computedduring the iso-surficeextraction.If we
decideto changethe resolutionof aniso-surfice,we have
to searchfor the surfaceat a differentlevel in the meshhi-
erarchyapproximatingthe volumedata,i.e. the iso-surfice
refinements computedirectly from thevolumedata.Since
this hierarchywasgeneratedby local meshrefinemenbper
ations,the depthof themeshis differentin differentregions
of the data.Thus, it may happenthat only a few triangles
of theiso-surficewill actuallychangeThereforewe needa
methodto keeptrackof thosetriangles bearingin mindthat
only sometrianglesat the finestlevel of resolutionof the
currentsurfacehave to beupdatedThe secondundamental
stepis an efficient and simple algorithm for removing and
updatingtrianglesfor the iso-surfice refinement.The sur
faceis extractedby slicing a setof meshelementsasin the
standardmarchingcubesor marchingtetrahedralgorithm.
In our casewe have to additionallyconsideroctahedraéle-
ments.n this sectionwe give adescriptiorof theunderlying
datastructuresandof the algorithmfor the progressie iso-
surfaceextraction.

5.1. Data Structures

Weintroducethefollowing classeso describeaniso-surfice
at different level of resolutions:the primitive surface ele-
mentTri angl e,theSur f aceLevel oy whichdescribes
a level of resolutionandthe Mul ti | evel Surface S
which representsan iso-surfice. Each Sur f aceLevel
containsalist of triangles,

struct SurfacelLevel {
Li st<Tri angl e> tri angl es;
}s
andtheMul ti | evel Sur f aceisbuilt from astackof sur
facelevels:

struct Multilevel Surface {
/1 max. depth of iso-surface
int maxLevel ;
/1 current depth
int toplLevel;

/1 the multilevel iso-surface

/'l stack of depth toplLevel

St ack<Sur f aceLevel *> surf ace;
b

In orderto illustratethesedeaswe considera two dimen-
sionalexample.In Figure1l we shav an adaptvely refined
meshwhich approximates slice of a CT scanof a human
headat a resolutionof 512. The meshconsistsof elements
of differentsizeswhichbelongto differentlevelsin themesh
hierarchy An iso-linecomputedn this meshwill consistof
line sggmentsextractedfrom elementsat differentlevels.In

the caseof volumedataandiso-surbceswe have the same
situation.If a trianglewas obtainedby slicing a meshele-
mentat level k, we storethis triangleat the surfacelevel k.

This datastructureis very convenientfor the refinementof

the iso-surficesincein that caseelementsor even surface
levelsmayhave to beremovedfrom the surface.

REREERE

Varird

Figure 1: Adaptivelyrefined2D meshfor a 512 medical
dataset

For efficiengy reasongrianglesaremarkedatsurfacegen-
erationtimeasnot_marledor asmarked_for_emawal. If an
elementn the meshis slicedandwe know thatthis element
will changeby arefinementthenthe resultingtrianglesare
marked asmarled_for_emawal, otherwisethey aremarked
asnot_marled This stateinformationis storedin an addi-
tionalByt e intheTr i angl e datastructure.

5.2. Iso-SurfaceExtraction

Changingheselectedso-valuerequiresacompletenew iso-
surfaceto be computedHowever, if the resolutionof anal-
ready computediso-surficeis changedto a lower or to a
higherlevel, the surfacehasto be coarsenear refinedre-
spectvely. Thereforewe have implementedwo iso-surbice
extraction algorithms.The first one is called when a new
iso-valueis set,the secondoneis called whenthe surface
resolutionhasto be changedBoth algorithmswork level-
wise andstoretheresultsin the correspondingurfacelevel
ok. We note,that at eachlevel Gy the only elementswvhich
may contrikuteto theiso-surficearethoseelementsnarked
asregular or asirregular. The elementsmarked asregular
contritute to the surfacelevel ox. The elementanarked as
irregular have first to be irregularly refinedon the fly and
theresultingtrianglesarestoredin thesurfacelevel oy 1.

We first analyzethe methodfor extractinganiso-surfice
whena new iso-valueis set. The argumentsto this proce-
durearetheiso-valueandthelevel of resolutionfor theiso-
surface.Supposehe iso-surbcehasto be computedup to
thelevel j. Thenthealgorithmprocessethe grid levels Gg
upto Gj startingat the lowestlevel. For all levelsk < j the
algorithm inspectsonly thoseelementswhich are marked
asregular or irregular andstoresthe resultingtrianglesin
the surfacelevels oy and oy 1 respectiely. The grid level
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Gj hasto be handledseparatelyHere, all elementshave
to be sliced and the resultingtriangleshave to be marked
for removal correspondinglyi.e. trianglesextractedfrom
elementsmarked asirregular or asrefinedare marked as
marlked_for_emawal. Thealgorithmis implementedn two
phasesTheglobalphaseprocessethegrid levelswhile the
local phaseprocesseshe elementsat eachgrid level. We
summarizehealgorithmin thefollowing pseudo-code.

get Level Set (M, S, val ue, | evel )

{
for i € {0,---,level -1}
get Level Set ( Gj, 0j, 0j;1, val ue)
get Level Set Al | ( Gjevel, Ojevel, Val ue)
S. set TopLevel (I evel)
}

The first function slices only those elementswhich are
marked asregular or asirregular and storesthe resulting
trianglesin thecorrespondingurfacelevels:

get Level Set ( Gk, Ok, Ok+1, Val ue)

{
for all elements te Gy
if tis marked as regul ar
slice(oy t, val ue)
else if tis marked as irregul ar
slice( ok, t, val ue)
}

The secondunctionslicesall elementsn Gqe] andmarks
thetrianglesasmarked_for_emaal which areslicedfrom

meshelementsmarked asirregular or asrefined Thesetri-

angleswill beremavedfrom theiso-surfceif theresolution
is changed.

get Level Set Al | ( Gjevel, Ojevel, Val ue)

{
for all elements te Ggpel
if tis marked as regul ar
sl i ce(Ojepen t, val ue)
el se
sl i ceAndMar k( Ojepel, t, val ue)
}

The secondiso-surhcegeneratioralgorithmwasimple-
mentedto refinean iso-surfceif the level of resolutionis
changed.Supposethe iso-surbce § was computedat the
resolutionk andwe want to refine this surfaceto the level
j. Two caseshave to be consideredif j > k, the surface
level oy hasto be updated,i.e. the triangles marked as
marked_for_emawal have to be removed from the list and
thesurfacelevels gy 1 to oj have to be processedsabore.
If j <k thesurfacelevels oy to oj41 have to be removed

(© TheEurographic#ssociatiorandBlackwell Publishers1998.

from themultilevel surfaceandthesurfacelevel oj hasto be
completedi.e. thetrianglesfrom the elementsn G; which
aremarkedasirr egular andasrefinedhave to becomputed.

refineLevel Set (M, S, val ue, | evel )
{

k<« S.get TopLevel ()

j < level

if j>k
{
renoveTri angl es( oy)
updat eLevel Set ( Gy, Oks1, val ue)
for i € {k+1,---,j—1
get Level Set ( Gj, gj, 0j11, val ue)

get Level Set Al | (Gj, gj, val ue)
}
elseif j<k
{
for i e {j,-,k
renovelevel (S, gj)

conpl et eLevel Set ( Gj, g, val ue)

}

S. set TopLevel ()

The function updat eLevel Set () compute trian-
gles from elementsmarked as irregular. The function
conpl et eLevel Set () computestriangles from ele-
mentsmarked asirregular and as refined Thesetriangles
aremarkedasmarled_for_emoal.

The slice operationchecksthe intersectionof the iso-
surfacewith an element.Due to performancereasonswe
have extendedthe table of a marchingtetrahedralgorithm
to includeoctahedraklementsin orderto constructhis ta-
ble, the barycenteof the octahedraasto betakeninto ac-
count.

6. Results

We have implementedhedatastructuresandthealgorithms
presentedn the lasttwo sectionsin form of two C++ pro-
grams. The first program readsuncompressedectilinear
volume datasets,computesa multilevel finite elementap-
proximationof the underlying3D function by local mesh
refinementand storesthe compressedhierarchyin the ab-
stractmeshrepresentationlescribedn section4. The sec-
ond programreadsthis compactmeshdescriptionand suc-
cessiely reconstructgshe meshhierarchyfollowing the al-
gorithmsfrom section4. Oncethe meshwasreconstructed
upto adesiredevel of resolutionjso-surbicesarecomputed
asdescribedn section5 ata desiredapproximatiorievel by
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changingheiso-surfcelevel sliderin thegraphicaluserin-
terface.Thesechangesutomaticallyleadto arefinemenbr
coarsenin@f the surfacewithin the Openliventorviewer.

In thissectionwe presentietailedresultsfor two datasets.
The first oneis an analytic datasetwhich correspondgo
one of the sphericalharmonicfunctionswith an exponen-
tially decreasingadial dependenceasit is availableasa
demodatasetin variousvisualizationtoolkits. Thefunction
is discretizedin a unit cubewith a resolutionof 256° and
16 bit precision(33 Mbyte datasetsize). The seconddata
setis a CT scanof anabdomerwith 512 + 181 voxels of 8
bit precision(47 MByte datasetsize)whichis a courtesyof
the VisualizationLaboratoryof the StateUniversity of New
York at Story Brook.

All performanceneasurementserecarriedoutona SGI
02 with a195MHZ R10000processoand128 MBytes of
mainmemory

6.1. RefinementResults

For eachdatasetwe have generatea hierarchyof approxi-
mationsbasecn the Sobole normH?. After eachiteration
the quality of the approximationwas analyzedby extract-

ing iso-surficesfor differentiso-values.The iteration was
stoppedwhena certainaccurag of the approximationwas
reachedFor the sphericalharmonicdatasetwe obtaineda

hierarchyof approximation®f depth9 with a total number
of verticesof 90,675atthefinestlevel of resolution(ascom-

paredo theapproximatelyl 6 Million verticesin theoriginal

dataset).For the abdomerdatasetwe obtaineda hierarchy
of approximation®f depth8 anda total numberof vertices
of 180,338&or thefinestresolution(ascomparedo themore
than47 Million verticesin theoriginal dataset).

We first analyzethe compressiorpotentialof the hierar
chical meshesln orderto reconstructhe meshwe needto
storethecoarsamesh thefunctionvaluesattheverticesand
thelists of recordswhich describethe hierarchy Thecoarse
meshfor the sphericalharmonicconsistof the partition of
the unit cubeinto 6 tetrahedreandis storedasthe coordi-
natesof the eightverticesof the cube.The total numberof
functionvaluesis equalto thetotal numberof verticesatthe
finestlevel of resolution,i.e. 90,675.We storethesevalues
in floatingpointprecisionwith 4 Bytespervalue.Finally, for
thereconstructiorof the meshhierarchyit wasnecessaryo
store38,277integers.Therefore the total memoryrequired
was515,904Bytes. This correspond$o a compressiotiac-
tor of about65. The abdomerdatasetwasalsodiscretized
in acube.Here,we have to storethe coordinate®f theeight
verticesof the cube,180,338functionvaluesand69,850in-
tegersfor thereconstructiorf themeshhierarchy Thetotal
memoryrequiredwas1,000,848Byteswhich is a compres-
sionby afactorof 47. Evenfor thoselarge compressioffiac-
tors, the quality of the approximationis very goodasit can
beseenin Figure3.

In Table 1 we give for varioushierarchylevels the total
numberof vertices,(regular) tetrahedrapctahedraandir-
regularelementgor thesphericaharmonicdatasettogether
with the CPU times for incrementalmeshrefinementand
coarseningln Table2 the sameinformationis givenfor the
abdomerdataset. It canclearly be seenthatthe meshcan
berefinedor coarseneatinteractve rates For theabdomen
dataset, the refinementfrom level 6 to level 7 takes 1.47
secondslin this case,a large numberof elementshave to
berefined,e.g.the numberof verticesis almosttriplicated.
This shavs the strengthof the refinementalgorithm, even
the computatiorof a very large numberof elementdor the
meshrefinementanbedonein lessthantwo seconds.

level verts tetras  octas irreg. time

6 58,491 43,009 19,732 101,663 0.40

7 80,111 53,959 23979 172,745 0.29
8 89,505 57,080 24,571 216,499 0.13
9 90,675 57,376 24,493 223,464 0.02
8 - - - - 0.02
7 - - - - 0.10
6 - - - - 017

Table 1: Meshrefinemenand coarseningtimes(in sec.)for
thesphericalharmonicdataset

level verts tetras  octas irreg. time
5 50,631 44,721 22,505 22,047 0.63
6 168,348 110,180 55,004 310,817 1.47
7 180,304 111,088 53,709 386,717 0.24
8 180,338 111,075 53,696 387,033 0.01
7 - - - - 0.03
6 - - - - 035
5 - - - - 062

Table 2: Meshrefinemenand coarseningtimes(in sec.)for
theabdomerdataset

6.2. Iso-SurfaceResults

Oncethe meshhierarchyis reconstructedip to a certain
level, iso-surfcescanbe extractedat ary lower level, they

can be adaptvely refinedor coarsenedThe Figures3(a)-
3(f) shaw theresultsfor the sphericaharmonicdatasetren-
deredwith flat shading.Betweenrefinementlevels 8 and
9 the iso-suriice exhibits minimal variationsin the central
region, where the data has somesingularity This can be
seenmoreclearlyin Figure2, wherewe shawv the meshof

aniso-surficeat variouslevels of resolutionfor a different
iso-value. The corvergencepropertiesof the algorithmfor

the abdomendataset are shawvn in Figures3(g)-3(i). The
iso-surficesfor the abdomenrdatasetwere renderedusing
Gouraudashading The normalsat the verticesarecomputed
only atthefinestlevel of resolution.This resultsin artifacts

(© TheEurographic#ssociatiorandBlackwell Publishers1998.
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Figure 2: Meshof aniso-surfaceromthe sphericalharmonicdatasetat differentlevelsof resolution

in the imagesappearingas shadws, becausehe normals

. . level triangles refinement extraction
usedfor shadingdo notcorrespondo thenormalsof thetri- 9

anglesatcoarsetevels. 6 29,000 0.31 0.44

In Table 3 we give timing resultsfor the iso-surbiceex- 7 41,554 0.29 0.66
tractionandfor theiso-surficerefinemenglgorithmfor the 8 48,544 0.17 0.78
sphericaharmonicdataset. Togethemith thetime informa- 9 51,288 0.05 0.80
tion we includethe numberof trianglesin theiso-surficeat 8 0.03 -
eachlevel of resolution.In Table4 the correspondinger g 88; -

formanceresultsfor the abdomendata set are presented.
Thesenumberglemonstrat@éow fastiso-surbicescanbeex- ] o ]
tractedfrom the compressedneshesThe extractionof the Table3: Iso-surfaceefinemenandextractiontimes(in sec.)
iso-suricefrom the original voxel datasetfor theabdomen ~ @ndtriangle countfor thesphericalharmonics

with a standardmarchingcubesalgorithmtakes about128

secondsvhereagheextractionof the sameso-surficefrom level triangles refinement extraction
the adaptvely reduceddatasetat the level of resolution7
only takes2.85seconds. > 69,598 0.63 0.56
L . 6 295,811 2.06 2.47
The performancef theprogressivaso-surficealgorithm 7 339576 0.75 285
becomeslsoolvious. In the caseof the abdomerdataset, 8 339,644 0.04 287
therefinemenbf theiso-surbcefrom level 5to level 6 takes 7 0.01 _
2.06 secondsln this case,the meshcontainsat level 6 a 6 0.32 _
muchlarger numberof regular andirregular elementghan 5 0.73 _

at level 5. Furthermorethe numberof trianglesin the iso-
surfaceincreaseduy a factorof 4. This effect canalso be
seenin Figures3(g) and3(h). Oncethe hierarchyof approx-
imationsto the volumedatawasreconstructedip to agiven
level, the progressie iso-surfice algorithm can be usedto
interactvely browvse the dataandto obtain information at
differentlevels of resolution. however, the applicationto volumedatapresentadditional
problems First, 3D datasetsare usually by itself so huge,
that elaboratedatastructuresand sophisticategreprocess-
ing of theentiredatasetcannotbeafforded.Secondinterac-

Table4: Iso-surfaceefinemenandextractiontimes(in sec.)
andtriangle countfor theabdomerdataset

7. Conclusions

Oneof the main approacheso interactvely visualizevery tive processings not only limited by purerenderingspeed,
large datasetsis to work on multiresolutionrepresentations but alsoby thevisualizationalgorithmwhich mapsthefields

of the datasetandto useadaptve visualizationalgorithms to geometrigorimitivesin thefirst place. Thereforewe have

which can exploit this hierarchyin allowing the userto developeda meshoptimizationstratgy, which generates

choosebetweenaccurag and processingpeed.This prin- hierarchybasedon functionalapproximatiorby proceeding
ciple hasbeenappliedalreadyin variouswaysto surfaces, from coarseo fine.

(© TheEurographic#ssociatiorandBlackwell Publishers1998.



In this papemwe have presentec very compactepresen-

tationof this meshhierarchyandanefficientiso-surficeex-
tractionalgorithmwhich takesadwantageof themultiresolu-

tion approximatiorof ourvolumedata.Dueto theenormous
compressiorpotentialand the possibility of reconstructing

the meshesn a level-wise mannerat interactve rates,the
algorithmsare very cornvenientfor a progressie network
transmissiorand visualization.In future work we plan to
exploit this for a distributedvisualizationsystemwherethe
generatiorof the hierarchiedor very large datasetsis per
formedon a parallel computesener, while the interactve
visualizationis realizedin a Java applet. Furthermorewe
will investigatehepossibilitiesto transferourideasto other
visualizationalgorithms.
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(a) SphericaharmonicJevel 4 (b) Sphericaharmonicevel 5 (c) Sphericaharmonicjevel 6

(d) Sphericaharmonic/evel 7 (e) Sphericaharmonicjevel 8 (f) Sphericaharmonic/evel 9

(g) Abdomen Jevel 5 (h) Abdomen Jevel 6 (i) Abdomen/evel 7

Figure 3: Image plate showingthe resultsof the progressiveiso-surfaceextraction from the sphericalharmonicsand the
abdomerdataset
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