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Abstract

Thesisstatement:The Time-varyingReebGraph provides a topological framework to perform visualizationof a time-
varying volumetricdatasetlt assistaisto compue thenumberandgenusof level-setcomporentsfor all (functionvalue,time)
pairs,compue seed-celldor fastlevel-setextraction,andperformtemporalsimpli cation of level-settopology

1 Intr oduction

Physicalprocesssthatare measuredver time, or thataremodeledandsimulatedon a computer canprodiwce large amours
of time-varying datathatmustbe interpretedwith the assistancef compuationaltools. Suchdataarisesin a wide variety of
studiesincludingcompuational uid dynamicsoceangraphy climatemodeling Oftenthedatais scalarvalued with perhaps
several scalarvaluescomptued for eachsamplepoint. E.g: Pressuretemperaturedensity A studyof motion or velocity of
somekind will resultin vectorvalueddata. Sincethe datais sampledregularly, semi-rgularly, or irregularly in bothtime and
spaceijnterpolationallows usto considerit asa continuots scalaror vector eld. Piecavise-linearinterpolationis comman for
largeamourts of data,becausef its relative easemultilinearinterpolationis alsousedfor regulargrids.

The goal of simulationis to gain insightinto the processstudiedand this is often achieved by interpretingthe databy
transformingt into avisualform. Imagesandmoviesof thetransformediataareeasierto understando atrainedscientisthan
alargeamountof numbersandhene techniqesandtoolsto visualizedataarevaluabe.

A usefultool to interpretthe datais graphicalvisualization,oftenby computingslicesor level-setgalsocalledisosurbce$
of the data. In slicing, we restrictthe datawhich lies in 3D or higherto a suitableplane,and display this restrictionon a
computerscreen. By varying the planeof slicing we can study the variation of datain spaceandtime. In level-setbased
visualization,we x ascalarvalue,computethe pointsin spacewith thatvalueanddisplaythe results. By varying the scalar
valuewe canstudythe variationin the data. Both thesemethodsare amenale to the visualizationof scalarvalueddata-sets.
Vectorvalueddata-setaretypically visualizedeithercomporent-wise,or by the useof a transferfunction (e.g: magnitudeof
velocity) to producea scalarvalueddata-setandthenusingeitherslicing or level-setvisualization.In this thesiswe will focus
on scalarvalueddata-setandon toolsto understandevel-setbehaior.

We addresghe following questionwhenvisualizingusinglevel-sets:what level valuesresultin interestinglevel-setsthat
provide insight into the process? Moreover, the evolution of the level-setasthe level value is continuously varied is also
important.How do thedifferentcomporentsof alevel-setinteract?At whatlevel valuesdo new comporentsappeardisappear,
meige, split or chang genus?Whattools exist thatcanprovide this topologicd informationwithout actuallycompuing each
possibldevel-set?Sincetime-varyingvolumedatagivesalarge spaceof sliceandlevel-setparameter$o explore,development
of toolsto intuitively presenthetopologcal propertiesof thelevel-setdor all level valuesandtime, is animportantsteptowards
improvedvisualization.

| proposethe time-varying Reebgraph as a topologcal framework to perform visualizationof time-varying volumetric
datasetslintuitively, the Reebgraphencalestopologicalchargesto thelevel setasthelevel valueis varied. Thesechangs are
creationdestructionsplit, melge andgenuschangeof level setcompments. The Reebgraphcanalsobe usedto extractlevel-
setsefciently, by nding a seededgefor eachconneted comporent of the level-set,andvisiting only thosemeshelements
thatintersecthelevel-set.

In the caseof time-varying data,we areinterestedn the Reebgraphof the volumeslice at every instantof time. We raise
thefollowing questions:

How canwe compte the Reebgraphfor every instantof time andstoreit compactlyin atime-varying Reebgraph?
How do we augment the time-varying Reebgraphwith informationabou thetopologyof the level-sets?
How canwe usetime-varying Reebgraphsto identify "short-lived” level-setcompmentsandremore them?



In thefollowing sectionswe lay outaresearctplanaimedatansweringhesequestionsThedocumenis organizedasfollows:

In section2 we provide thenecessarpackgraind,in section3 we discusgelatedprior work, in sectiord we describehetheory
andalgorithmdevelopedto computetime-varying Reebgraphsandaugmenthemwith topologicalinformationabott thelevel-

sets,and in section5 we discusspossibleresearchdirectionsto perform temporalsimpli cation using time-varying Reeb
graphs.Section6 lists expectedresults,section7 providesa classi cationof data-setsvailable,section8 lists contributionsby

coauthorsandsection9 outlinesthe progresgo dateandplannedmilestones.

2 Background

Our work draws from and extendsconceptsrom Morsetheory[20][21] andfrom combinatorialtopology[22]. We provide
somebackgraindon conceptaised.

Smoothmapson manifolds. Let beasmoothcompat -manifoldwithout bounday, and asmoothmap.
Assuminga local coordinde systemin its neighbahood,a point is acritical pointof if all derivativesof vanishat

, — . If isacritical point, is acritical value Non-critical pointsandnon-criticalvaluesarecalledregular points
andregular values respectiely. TheHessianat is the matrix of secondorderpartial derivatives,

A critical point is non-dgeneate if is non-singular The index of a critical point , dended , Is the numbe
of negative eigervaluesof . Intuitively, it is the numberof mutually orthogona directionsat alongwhich decreases.
For , therearefour typesof non-dgereratecritical points: minimahave index 0, 1-saddeshave index 1, 2-saddeshave
index 2, andmaximahave index 3. A function is a Morsefunctionif

I. all its critical pointsarenon-degenerateand
Il wheneer arecritical.

We will referto | andll asGenericityConditionsasthey preventcertainnon-gereric con gurations of the critical points. This
choiceof nameis justi ed becauseMorsefunctionsaredensen , the classof smoothfunctionson the manifold. In
otherwords,for every smoothfunctionthereis anarbitrarily smallperturbatiornthatmakes it a Morsefunction.
TheEulercharacteristiof — expressedn termsof thecritical points  of is .
A level setis the preimageof a constantalue, , . If isaregularvaluethen isa( )-manifold.

ReebGraph. A level setof isnotnecessadly conneted. If we call two points equivalentwhen
andboth pointsbelongto the samecompamentof the level set,thenwe obtainthe Reebgraph asthe quotientspacen which
every equivalenceclassis represeted by a pointandconnectiity is de ned in termsof the quaienttopology[24].

We call a point on the Reebgrapha nodeif the correspamdinglevel setpasseshrougha critical pointof . Therestof the
Reebgraphconsistsof arcsconneting the nodes. The degree of a nodeis the numberof arcsthatareincidentto the node.
A minimum createsanda maximumdestrgys a level setcomponat andthus correspondo degree-1nodes. A saddlepoint
splits or memgescomporents. If a saddleeither splits one comporentinto two or melgestwo componets into one, thenthe
corresponihg nodeis of degree-3. If a saddledoesnot chang the numberof comporents,thenit correspodsto a degree-2
nodeandthelevel setchangegenusonly. Nodesof degreehigherthanthreeoccuronly for non-Marsefunctions.

Figurel: The Reebgraphof the function on a 2-manifold,which mapsevery point of the doule torusto its distanceabore a horizontal
planebelow the surface.

In mathematicsthe Reebgraphis oftenusedto studythemanifold  thatformsthe domainof thefunction. For example,
theReebgraphin Figurel revealsthatthefunctionis de ned onadoubletorus,assumingve know it is anorientable2-manifold



without bourdary: In contrastwe will usethe Reebgraphto studythe behaiior of functions. The domainof interestis  but
it is corvenientto compactifyit andconsiderfunctionson the 3-sphere, . All our Reebgraphswill revealthe (un-exciting)
connectity of by beingtrees but the structureof thetreewill tell ussomethingaboutthechoserfunction . Thus,aspects
of theliteraturethatfocuson Reebgraphsin  or  sometimecall themcontou trees[6].

Jacobicurves. WeuseReebgraphsto understad afunctionatmomentsn time andJacol curves,asintroduced in [12], to

getaglimpseof its evolution throughtime. Weintroducethis concept for the slightly moregenerakaseof two Morsefunctions,

; the speci ¢ caseof atime-varyingfunction, , is obtainedby addingtime asan extra dimensionto the domain

andletting representime. For aregularvalue , we have thelevel set andtherestrictionof  to this level set,

. TheJacol curveof and istheclosureof thesetof critical pointsof the functions , for all . The

closureoperationaddsthe critical pointsof  restrictedto level setsat critical values,aswell asthe critical pointsof , which
form singularitiesin theselevel sets.

We conside a 1-parametefamily of Morsefunctionsonthe3-sphere, , andintroduceanaukxiliary function
de ned by . A level sethasthe form , andthe restrictionof to this level
setis . The Jacobicurve of and may consistof several comporents,andin the assumedyenericcase

eachis a closed1-manifold. We canidentify the birth-deathpointswherethelevel setsof and andthe Jacobicurve have a
commonnormaldirection. To understandhesepoints,imaginealevel setin theform of a (two-dimensioml) spheredeforming
sproutinga bud, aswe go forward in time. The bud hastwo critical points,onea maximumandthe othera 2-saddle.At the
time whenthe bud just startssprouting thereis a point on the sphere a birth point, whereboth thesecritical pointsareborn.
Runthis in reverseorderto undestanda deathpoint. Birth-deathpoints suggest further decommsition of eachcompment
into sgmentsvhereeachsegmert is thetraceof a critical pointof  betweerits birth anddeathpoint. Theindex of thecritical
pointtracinga segmentis the sameeverywhee alongthe segment.

Betti numbers Thek-th Bettinumber denotedas |, is therankof the -th homdogy group: . Intuitively,
is the numberof conneted componets of the space, is the numberof tunnels,and is the numberof voids of the
space For examplea 2-torus  hasthefollowing Betti numbers: , ,and . Thetorushastwo cycles,one

latitudinalandonelongitudnal cycle boundingatunneleach hence

3 RelatedPrior Work

In this sectionwe look at prior work relatedto visualizationof volumetricdatasetsMost of thework donesofar hasconcen

tratedon static 3D volumes. The datais usually given in the form of a collectionof scalarvaluesat regularly or irregularly

sampledpointsin space.Oftenthe spaces decommsedinto cubicalcellsin the caseof regulargrids or simplicesin the case
of irregularly samplecdata.Interpolationis usedto geta continuots scalarvaluedfunctionthrouglout the space.

Iso-surfaceextraction Therehasbeenaconsideralte bodyof work developed in isosurficeextraction,of whichwe look at
aselectiorhere. TheMarching Cubesalgorithm[18], enumerateall cellsin thevolumeandcomputeghepartof theisosurfice
intersectingeachcell basedon a classi cation of eachvertex of the cell. A vertex getsa positivelabel if its functionvalueis
greaterthantheiso-valueanda neggativelabel otherwise.The dravbackwith this methodis thattheratio of the cellsinspected
to the cells actuallyintersectingthe isosurficeis large. Wilhelms andvan Gelder[30] improve the searchby usingan octree
spatialdeconpositionto skip regionsthatdo notintersecttheisosurfce.

Usinganotherapproach[15][14][19] procesghecellsof a meshbasedon their valuespace ratherthanthe domainspace
GilesandHaineg[15] form two sortedlists of cells,oneby maximumvalueandthe otherby minimumvalue.Usingthe overall
maximumcellrange , they limit the searchto cellswith minimumvaluein therange , for agivenisovalue
Livnatetal.[19] usea kd-treeto simultaneosly ordercells accordingto their minimum and maximumvalues,allowing them
an a extractiontime,where isthemeshsizeand istheoutpu size.A dravbackof thesesearchtechniquess the
signi cant memoryoverheal to constru¢ andmaintainthe associatedata-structures.

Seed-setomputation
De niton: A seed-sets a subsebf cells of the mesh,suchthatthe setcontainsat leastone cell intersectingeachconnected
componenof eachisosurfce.

Seedsetbasedmethodq2][28] compue a seed-seandconstructa searchstructureon the signi cantly smallersizedseed
set.Contourpropagation (alsocalledmeshpropagation) [16][17] is usedto extracttheisosurfice startingfrom seedcells. van
Kreveld et al. [28] describeconstructionof a minimal seed-setisingthe contaur treein polynomialtime. They alsoprovide
a practicalapproXmation algorithmthatrunsin time andlinear spacen 2D, and time andlinear spacen
higherdimensionsPascuccietal. [4] presenthreealgorithmsfor generatingseedsets two applicabie to regularandirregular
gridsof arbitrarydimensionandonespecializedo regulargrids. RecentlyCarr[7] hasdevelopedthenotionof apathseed An
edgein the meshthatintersectsa level-setcanbe usedasa seedfor thatlevel-set.Carrchooseseededgessuchthatthey form



monotonepathsstartingat critical points. By storinginformationto starttracingthesemonotore pathsat nodesin the contou
tree,seededgescanbe computedvheneer required by tracingmonotane pathsstartingfrom appropriatecritical points.

ReebGraphs, Contour Trees TheReebgraphof afunctionde ned on a 3D volumeis atree,andis alsoreferredto as
the Contour Treg6]. vanKreveld et al. [28] describean algorithmto computecontourtreesfor 2D meshesvith  elements
in time and time in higherdimensions.Their algorithmsweepghroughthe datafrom low to high values,
while maintainingeachlevel-setcomporent. On encouwnteringa critical point, they determineits type, andmemge or split the
affectedlevel sets.Taras@ andVyalyi [27] presentecn algorithmfor 3D meshesTheiralgorithmperformsthree
sweepsthe rst to identify joins, thesecondn thereversedirectionto identify splits,andthethird to combinetheresultsof the
previous two sweeps.Carr et al. [6] presentedanimproved algorithmthatcomputeghe contourtreein arbitrary but constam
dimensionin time wherethethemeshhas vertices, simplices,and is thevery slowly growing
inverseof ackermarnis function. For the caseof 3-manifolds this algorithmhasbeenextendedto includeinformationabou the
genusof the level setsin [23]. Cole-McLaughlinet al. [8] provide tight uppe andlower bounds on the numberof loopsin
the Reebgraphof a Morsefunctionde ned on a 2-manifold,and provide an time algorithmto constru¢ the Reeb
graph,where is thenumberof edgedn thetriangulationof the the 2-manifold.

The Contour Spectrum
De nition: The ContourSpectrunis a collectionof graphsof a variety of scalardataandcontourattributes(e.g. contourarea,
volume),compuedover therangeof scalarvalues.

Bajajetal. proposethe useof the ContourSpectruni3] to guideselectionof thelevel during visualization.Their interface
providesgraptsfor level-setpropertiesasa function of thelevel. Thepropetiesgraphedncludethe surfaceareaandenclosed
volumeof thelevel-set. They shavedthatsurfaceareaandenclosed/olumecould be compuedanddisplayedwithoutcompu-
ing all of theisosurfices.Thisis becasethesepropertiesaredecommsable:their valuesovertheentiresurfacecanbeobtained
by combiring valuescompuedin eachinterpolationcell. Within eachinterpolationcell, they shav thatthepropertiesaregiven
by aunivariateB-splinefunction of thelevel. The sumof thesesplinesresultsin aglobal splinefunctionfor the property

Visualization of time-varying volume datasets Weigleetal.[29] extract2D isosurficesfrom time-varying datain 4D.
They rst extracta 3D solid meshwith all function valuesequalto the iso-value,andthenextracta 2D isosurficefrom this
meshusingtime astheiso-value. Their methodis ableto generatessmoothanimationsput is time consuming. For ameshwith

pointsthey reportanisosurficeextractiontime on theorderof 2 minutes.The TemporalHierarchicallndex
(THI) Treeproposel by Shen[25] adaptiely coalescegells, basedon temporalvariation,andstoresthemin atreestructure.
Thisresultsin aspacesaving for the searchstructure put is still prohibitively largeto comgdetely t in mainmemory Suttonet
al. [26] propcsethe TemporalBranch-on-Needree (T-BON) to minimize unnecesary I/O accesdy constructingthe octree
decomposion of Wilhelmsandvan Gelder[3Q for eachtime step.Bajajetal. [5] performprogressie trackingof isosurbices
in time-varying scalar elds by usingtemporalcontourpropagatiorof theisosuraicefrom time to compute the isosurficeat
time . New isosuricecompone@tscreatedn time aregeneratedrom seedsetsfor thattime step.

4 Time-varying ReebGraphs: Theory and Algorithms

This sectionexplainsbrie y someof the work donetowardssuppating my thesis.We shaw thatit is possibleto classifythe
changedn the Reebgraph  of aswe varytime . We provide an algorithmto performthesechangesand computethe
time-varying Reebgraph.

Jacobi curvesconnectReebgraphs. Let  bethe Reebgraphof |, thefunctionon attime . The nodesof
correspondo critical pointsof , andaswe vary , they traceout the segmerts of the Jacobicurve. The sgmentsconnecthe
family throughtime, giving usa mechanisnfor identifying nodesin differentReebgraphs.We illustratethis ideain Figure?2.

Figure2:Reebgraphsatthreemomentsn time whosenodesareconnectedy two segmentsof the Jacobicurve.



Generically the function  is Morse. However, there are discretemomerts in time at which  violatesone or both
GenericityConditionsof Morsefunctionsandthe Reebgraphof — experiencesa combinataial chang. Sincewe have only
onevarying parameternamelytime, we may assumehatthereis only a singleviolation of the GenericityConditionsat ary
of thesediscretemoments,andthereareno violationsat all othertimes. Conditionl is violatediff  hasa birth-deathpoint
at which a cancellationannihilatestwo converging critical pointsor an anti-cancellatiorgives birth to two diverging critical
points. Condition|l is violatediff  hastwo critical points with thatform aninterchange The two
critical pointsmay be indepen@ntandhave no effect on the Reebgraph or they may belongto the samelevel setcompment
of andcorrespondo two nodeghatswaptheir positionsalongthe Reebgraph.We provide a brief descriptionof thechanges
causedy birth-deathpointsandby interchangesfor detailssee[13]

Nodesappearand disappear A pair of critical pointsarecreatedat a birth point of the Jacobicurve; the correspouing
nodes,joined by anarc, appeatin the Reebgraph . We canhave threecaseddependihg on the indicesof the critical point
pairsthatare created: corresponing to a minimum, index-1 pair, corresponihg to aindex-1, index-2 pair, and
correspoding to aindex-2, maximumpair. SeeFigure3.
A pair of critical pointsannihilateeachotherat a deathpoint;in , anarcjoining correspoding nodes contractsandthe
nodesdisappea Thisis thereverseof nodeappearancesowe have the samecasesliscussedbove, andillustratedin Figure3
if wereadit from right to left.

Figure3: Level setsandReebgraphsarounda 0-1 birth point on theleft, anda 1-2 birth point ontheright. Time increasesrom left to right
andthe level setparameterindicatedby arectangulaslider bar, increasedgrom bottomto top. Goingforwardin time, we seethe sprouting
of abud, while goingbackward in time we seeits retraction.

Node swap. A pair of critical points and , with index 1 or 2, andwhosecorresponihg nodesare joined by an arcin
the Reebgraph,maychangeorderalong attime . Withoutlossof generality we may assumehat and

. We have four choicesfor eachof and dependéhg on whetherthey add or remove a handle,memge
two level setcompnentsor split a level setcomponat. This gives a total of sixteencon gurations. We analyzepossible
beforeandaftercombindionsandpair them,giving usthecasesllustratedin Figure4. It is corveniert to groupthe caseswith

similar startingcon gurationstogether We use to mean hande addition’, *handledeletion’, compmentmeme’,
and comporentsplit', respectrely, anda pair of theseto indicatethetypesof and . For detailsonthecompleteenumeration
seg[13].

Time-SweepAlgorithm To computeall time-varying Reebgraphswe startwith aninitial Reebgraph  attime ,

andsweepforwardin time modifying thecurrentReebgraph.With eachnodein  we storeinformationaboutthe segmentof
the Jacobicurve thatcontainsthe correspouing critical point. We think of the sweepforwardin time assliding the Reebgraph
forward usingthe Jacobicurve asa path. In practice,the sweepis achiezed by usinga priority queue(increasingn time) of
birth, deathand swap events,at which nodesappea, disappearandchangd orderrespectiely. We remove aneventfrom the
gueueandmodify the currentReebgraphto give anew versionof the Reebgraph.All Reebgraphversionscanbe storedusing
apartially persistentlata-structurgl10]. Detailsarein [13].
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locally atthecritical point.



Betti numbersof level-sets. Cole-McLaudnlin etal.[23]augmat the Reebgraphwith topologicalinformationto enhance
visualization. Eacharc s labeledwith the Betti numbersof the family of level-setscorresponihg to thatarc. Note thatthe
Betti numbersarecomputedwithout actuallycomptting the level sets.

As a part of this dissertationl will investigatemethod to extendthis ideato time-varying Reebgraphs. Given the Betti
numberdgor eacharcof theinitial Reebgraph,we studyhow the updaesto the Reebgraphchange the Betti numbers.

5 Temporal Simpli cation Using Time-varying ReebGraphs.

This sectionoutlineswork thatneedsto be doneto performtemporalsimpli cation of time-varying ReebGraphs.We sketch
the basicideaandposesomequestionghatneedto be answered.

Thetime-varying Reebgraphprovidesus with a notion of the persistencef a level-setcomporent over time. For anarc

, dene asits birth-time, and asits death-time. We de ne the persistenceof the arc as

Th|s de nition givesus a mechaism for sorting the arcsin the time-varying Reebgraphin increasingorder of per5|stence
andremoving “short-lived” arcsbasedon a thresholdpersistence Simpli cation will play animportantrole in our ability to
visualizelarge data-setsvhoseReebgraphsmay alsobe prohibitively large. By comptting progressiely simplerReebgraphs
we enablethe userto seethebig picture” andthenselectvely choosecertainregionsin the volumefor a ner visualization.

Furtherresearchis needél to investigatethe implicationsof simplifying the time-varying Reebgraphusingtemporalper
sistence.

Is our de nition sufcient to capture eeting level-setcompaents?We expectsuch eeting compaentsto be smallin
size.How dowe includea parameteto indicatesomemeasureproperty like areaor volume,of thelevel-setcompment
beingremoved?

How doesdeletinganarcaffectour ability to nd aseed-celfrom the Reebgraph?

Canwe extractlevel-setsthatareconsistentith the simpli ed Reebgraphwithout modifying the data-setdf not, how
do we modify the data-seto be consistentvith the simpli ed Reebgraph?

6 ExpectedResults

Themaincontributionsof this dissertatiorarelistedbelow.

Classi cationof changego the Reebgraphovertime. % done- 100

Algorithm to computetime-varying Reebgraphs.% done- 100

Implementatiorof algorithmto computetime-varying Reebgraphs.% done- 80

Extendingthe concep of path-seed$o time-varying Reebgraphs.To bedone

ComputingBetti numbes of the classof level-setsfor eachedgeof thetime-varying Reebgraph.% done- 100
An algorithmto performtemporalsimpli cation ontime-varying Reebgraphs.To bedone

7 Time-varying Volume Data-sets

In this sectionwe considera few data-setshatwe will useto demorstratecapabilities. All data-setsonsistof scalarvalues

sampledon aregulargrid in spaceandtime. We createa simplicial complex usingthe samplepointsasverticesandextendthe

scalarvalueto all spaceandtime usingbarycentricinterpolation- i.e the scalarvalueat ary pointin the corvex hull of the set

of pointsis got by interpolatingthe scalarvalueat the verticesof the simplex thatcontainsthe point. We considerthreeclasses
of data-setbasedn their size.

SMALL: Gridsof size andsmaller Theseincludetoy data-setgmainly usedto testthe algorithm)andsub-sampled
versionsof largerdata-sets.

MEDIUM: Grids of size to . We planto usethesedata-setgo stresstestour algorithmon desktopcomputers.
Available data-sets:JETDATA - a simulationof a supersoit Jetstream(courtesyof the AdvancedVisualizationData
Centers datarepository),COMBUSTION - simulationof fuel comhustion(courtesyof SuresiMenonandChris Stoneat

GeogiaTech).
LARGE: Grids of size andmore. We expectto run our algorithm on high performane compuer suchasthose
available in LawrenceLivermoreNational Labs. A data-setin this classis the sized PPM data-set(courtesy

of Valerio Pascucci)which is a simulationof the RichtmyerMeshlov instability thatoccurswhena shockwave passes
throughaninterfaceof two uids of differing density Thelargesizeof thisdata-sewill certainlyrequirespecialattention
to memoryusagedisk accesgpatternsaandcachebehaior makingvisualizationa challengng task.



8 Contrib utions of Co-Authors

Time-varying Reebgraphs The classi cation of changsto Reebgraphover time was developedjointly with Herbert
EdelsbrunnerJohnHarer, Valerio PascucciandJackSnogink. The path-tracingechniqueto disambiguatanode swap cases
wasdevelopedjointly with JackSnosink, ValerioPascucciandHerbertEdelsbruner.

Out-of-core streamingisosurfaceextraction. Thisis work submittedto the SecondnternationalSymposiumon 3D
DataProcessingYisualization,and Transmission Thetopic is not directly relatedto the thesisbut | mentionit hereaspart of
my researchn visualizingvolumetricdatasetsThe ideaof usingthe seed-setomputationalgorithmto generatea disk layout
for out-of-coreisosurficeextractionwasdevelopedduring discussios with JackSnogink. Martin Isenturg suggetedpossible
disk layoutschems drawing from his experiencein compressiorof hexahedralmeshesMartin alsoprovided help with range
codingsoftwareusedto compresghescalar eld. ValerioPascucciprovidedvaluabe inputin developingthealgorithm.

9 PlannedMilestones

9.1 Progressto Date

Fall 1999

— Startedwork on 6 Degree-of-freedon{6-dof) hapticrenderingwith Ming Lin.

— Workedondeveloping a hapticrenderingsystenfor simplepolygoral modelswith Arthur Gregory. Partof thework
waslatersubmittedasa paperto IEEE VisualizationConference2000

Spring2000
— Developeda systemto perform6-dof hapticvisualizationof volumetricforce- elds.
— Workedwith StepherEhmannon developing a 6-dof interactionsystemin adynamicervironment.
— Thepaperdescribingthis work wassubmittedto IEEE Visualization

Summer2000

— Worked on a papersubmissiornto “Touchin Virtual Environmerts”, a workshg on hapticsheld at the Integrated
Media SystemCenter University of SouthernCalifornia.

— Investigateduilding bottom-upbourding volumehierarchies.
Fall 2000

— Startedwork with JackSnosink on building pentatojg meshegor time-varyingvolumetricdatasetsisingimportant
pointinsertion.

Spring2001
— Worked on computing seed-setfor fastisosurficeextractionin time-varying volumetricdatasets.

— Presente®-dof hapticwork at“Touchin Virtual Environmens”, aworksh@ on hapticsheldatthe IntegratedMedia
SystemCenter University of SouthernCalifornia.

Summer2001

— Workedon predictingpotentialligandbinding conformationsn thehumare PreggnaneX Recepto(hPXR)molecule
with Robert-Rwl Berretty andDavid Hsu.

Fall 2001

— Satis edIntegrative Paper(IP) requiremen

— Worked on usingGraphicshardware to compue seed-setfor fastisosurbceextraction.
Spring2002

— Continuedwork on usingGraphicshardware to computeseed-setfor fastisosurficeextraction.
Summer2002

— Summetinternshipat LawrenceLivermoreNationalLaboratory(LLNL). Developedcodeto compte Jacobisetof
time-varying volumetricdatasets

Fall 2002

— Startedstudyof time-varying Reebgrapls.

— Worked on integrating Sphere-baseBelaunayconstructionn 4D with meshre nementto build pentatoje meshes
for time-varying volumetricdatasets.

Spring2003



— Experimentson building pentatopemeshedor time-varying volumetricdatasets.
— Developedalgorithmto computeseed-setfor time-varying volumetricdata-setsle ned on aregulargrid.
— Wroteamanuscriptescribingthe seed-sealgorithmandresults.Thisis to becompletedandpublished (by endof
April 2004)
Summer2003

— Completedeachingrequirement.
— Summetinternshipat LawrenceLivermoreNationalLabs

— Worked on developing theory andalgorithmto compue time-varying Reebgraphs. A paperdescribingthe theory
andalgorithmwaswritten, andis to be published.(Aiming for submissiorto Visualization2004)

— Developed codeto createa disk layout for volumetric data-setgo enableout-of-coreisosurfceextraction. This
work is to be continuied andpublished.
Fall 2003

— Implementatiorof time-varying Contourtreealgorithm. (80%dong
— Submittedpaperon time-varying Contourtreesto Symposiunon ComputationalGeometry (Dec12th2003)[13]
— Workedon out-of-cae isosurficeextraction.

Spring2004

— Submittedpaperon organizing volumetric scalardatafor out-of-corestreamingisosureice extractionto Second
InternationalSymposiumon 3D DataProcessingYisualizationand Transmission.

9.2 Future Research Plans

Summer2004

Ph.D.Proposal

Attend Workshopin Banff, Canada.

Presenpaperat ScGin June,2004.

Completeimplementatiorof time-varying Contourtreealgorithm.

Work on computingBetti numbersof the classof level-setsfor eachedgeof thetime-varying Reebgraph
Extendingthe concept of path-seedto time-varying Reebgraphs.

— Work on temporalsimpli cation of time-varying Reebgraphs.

— Publishresults.

— Write Dissertation.

Fall 2004
— Ph.DOral Exam.
— Write Dissertation.
— Defend(Decembe2004).
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