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Abstract

Thesisstatement:The Time-varyingReebGraph provides a topological framework to perform visualizationof a time-
varyingvolumetricdataset.It assistsusto compute thenumberandgenusof level-setcomponentsfor all (functionvalue,time)
pairs,computeseed-cellsfor fastlevel-setextraction,andperformtemporalsimpli�cation of level-settopology.

1 Intr oduction
Physicalprocessesthataremeasuredover time, or thataremodeledandsimulatedon a computer, canproducelargeamounts
of time-varying datathatmustbe interpretedwith theassistanceof computationaltools. Suchdataarisesin a wide varietyof
studiesincludingcomputational�uid dynamics,oceanography, climatemodeling. Oftenthedatais scalarvalued, with perhaps
several scalarvaluescomputed for eachsamplepoint. E.g: Pressure,temperature,density. A studyof motion or velocity of
somekind will resultin vector-valueddata.Sincethedatais sampledregularly, semi-regularly, or irregularly in bothtime and
space,interpolationallows usto considerit asa continuousscalaror vector�eld. Piecewise-linearinterpolationis common for
largeamountsof data,becauseof its relative ease;multilinear interpolationis alsousedfor regulargrids.

The goal of simulationis to gain insight into the processstudiedand this is often achieved by interpretingthe databy
transformingit into avisualform. Imagesandmoviesof thetransformeddataareeasierto understandto a trainedscientistthan
a largeamountof numbersandhence techniquesandtoolsto visualizedataarevaluable.

A usefultool to interpretthedatais graphicalvisualization,oftenby computingslicesor level-sets(alsocalledisosurfaces)
of the data. In slicing, we restrict the datawhich lies in 3D or higher to a suitableplane,anddisplay this restrictionon a
computerscreen. By varying the planeof slicing we canstudy the variation of datain spaceand time. In level-setbased
visualization,we �x a scalarvalue,computethepointsin spacewith thatvalueanddisplaytheresults.By varying thescalar
valuewe canstudythevariationin thedata.Both thesemethodsareamenable to thevisualizationof scalarvalueddata-sets.
Vector-valueddata-setsaretypically visualizedeithercomponent-wise,or by theuseof a transferfunction(e.g: magnitudeof
velocity) to produceascalarvalueddata-set,andthenusingeitherslicingor level-setvisualization.In this thesis,wewill focus
on scalar-valueddata-setsandon toolsto understandlevel-setbehavior.

We addressthe following questionwhenvisualizingusinglevel-sets:what level valuesresult in interestinglevel-setsthat
provide insight into the process?Moreover, the evolution of the level-setas the level value is continuously varied is also
important.How do thedifferentcomponentsof a level-setinteract?At whatlevel valuesdonew componentsappear, disappear,
merge,split or change genus?Whattoolsexist thatcanprovide this topological informationwithout actuallycomputing each
possiblelevel-set?Sincetime-varyingvolumedatagivesa largespaceof sliceandlevel-setparametersto explore,development
of toolsto intuitively presentthetopological propertiesof thelevel-setsfor all level valuesandtime,is animportantsteptowards
improvedvisualization.

I proposethe time-varying Reebgraphasa topological framework to perform visualizationof time-varying volumetric
datasets.Intuitively, theReebgraphencodestopologicalchangesto thelevel setasthelevel valueis varied.Thesechangesare
creation,destruction,split, mergeandgenuschangeof level setcomponents.TheReebgraphcanalsobeusedto extract level-
setsef�ciently , by �nding a seededgefor eachconnectedcomponent of the level-set,andvisiting only thosemeshelements
thatintersectthelevel-set.

In thecaseof time-varyingdata,we areinterestedin theReebgraphof thevolumesliceat every instantof time. We raise
thefollowing questions:

� How canwecompute theReebgraphfor every instantof timeandstoreit compactlyin a time-varyingReebgraph?
� How do weaugment thetime-varyingReebgraphwith informationabout thetopologyof thelevel-sets?
� How canweusetime-varyingReebgraphsto identify ”short-lived” level-setcomponentsandremove them?
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In thefollowing sections,welay outaresearchplanaimedatansweringthesequestions.Thedocument is organizedasfollows:
In section2 weprovide thenecessarybackground,in section3 wediscussrelatedprior work, in section4 wedescribethetheory
andalgorithmdevelopedto computetime-varyingReebgraphsandaugmentthemwith topologicalinformationabout thelevel-
sets,and in section5 we discusspossibleresearchdirectionsto perform temporalsimpli�cation using time-varying Reeb
graphs.Section6 listsexpectedresults,section7 providesa classi�cationof data-setsavailable,section8 listscontributionsby
coauthors,andsection9 outlinestheprogressto dateandplannedmilestones.

2 Background
Our work draws from andextendsconceptsfrom Morsetheory[20][21] andfrom combinatorialtopology[22]. We provide
somebackgroundon conceptsused.

Smoothmapson manifolds. Let
�

bea smooth, compact � -manifoldwithout boundary, and ���

�����

a smoothmap.
Assuminga local coordinate systemin its neighborhood,a point 	�
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is a critical point of � if all derivativesof � vanishat
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. If 	 is a critical point, ����	�� is a critical value. Non-criticalpointsandnon-criticalvaluesarecalledregular points
andregular values, respectively. TheHessianat 	 is thematrix of secondorderpartialderivatives,
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A critical point 	 is non-degenerate if
�

��	�� is non-singular. The index of a critical point 	 , denoted (*)#+-,/.0	 , is thenumber
of negative eigenvaluesof

�

��	�� . Intuitively, it is thenumberof mutuallyorthogonal directionsat 	 alongwhich � decreases.
For �

�21

, therearefour typesof non-degeneratecritical points:minimahave index 0, 1-saddleshave index 1, 2-saddleshave
index 2, andmaximahave index 3. A function � is aMorsefunctionif

I. all its critical pointsarenon-degenerate,and

II. ����	��43

�

����56� whenever 	73

�

5 arecritical.

Wewill refer to I andII asGenericityConditionsasthey preventcertainnon-generic con�gurations of thecritical points.This
choiceof nameis justi�ed becauseMorsefunctionsaredensein 8:9;�

�

� , the classof smoothfunctionson the manifold. In
otherwords,for every smoothfunctionthereis anarbitrarily smallperturbationthatmakes it a Morsefunction.

TheEulercharacteristicof
�

expressedin termsof thecritical points 	 of � is <:�

�

�

��=

�

�?>A@B�?C DFEFGIH

�

.
A level setis thepreimageof a constantvalue, �KJ�LB�NMB� , MA


�

. If M is a regularvaluethen ��J�LB�NMB� is a ( �O>P@ )-manifold.

ReebGraph. A level setof � is not necessarily connected. If we call two points 	�QR5;


�

equivalentwhen ����	��

�

����56�

andboth pointsbelongto thesamecomponentof the level set,thenwe obtaintheReebgraph asthequotientspacein which
every equivalenceclassis representedby a point andconnectivity is de�ned in termsof thequotient topology[24].

We call a point on theReebgrapha nodeif thecorresponding level setpassesthrougha critical point of � . Therestof the
Reebgraphconsistsof arcsconnecting the nodes. The degree of a nodeis the numberof arcsthat are incident to the node.
A minimum createsanda maximumdestroys a level setcomponent andthuscorrespondto degree-1nodes.A saddlepoint
splits or mergescomponents. If a saddleeithersplits onecomponent into two or mergestwo components into one,thenthe
corresponding nodeis of degree-3. If a saddledoesnot change the numberof components,thenit corresponds to a degree-2
nodeandthelevel setchangesgenusonly. Nodesof degreehigherthanthreeoccuronly for non-Morsefunctions.

Figure1: TheReebgraphof the function � on a 2-manifold,which mapsevery point of thedouble torusto its distanceabove a horizontal
planebelow thesurface.

In mathematics,theReebgraphis oftenusedto studythemanifold
�

thatformsthedomainof thefunction. For example,
theReebgraphin Figure1 revealsthatthefunctionis de�nedonadoubletorus,assumingweknow it isanorientable2-manifold
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without boundary. In contrast,we will usetheReebgraphto studythebehavior of functions.Thedomainof interestis
���

but
it is convenientto compactifyit andconsiderfunctionson the3-sphere,

�

�

. All our Reebgraphswill reveal the(un-exciting)
connectivity of

�

�

by beingtrees,but thestructureof thetreewill tell ussomethingaboutthechosenfunction � . Thus,aspects
of theliteraturethatfocuson Reebgraphsin

�

�

or
� �

sometimecall themcontour trees[6].

Jacobi curves. WeuseReebgraphsto understand afunctionatmomentsin timeandJacobi curves,asintroduced in [12], to
getaglimpseof its evolution throughtime. Weintroducethisconcept for theslightly moregeneralcaseof two Morsefunctions,

�KQ�� �

� ���

; thespeci�c caseof a time-varyingfunction, � , is obtainedby addingtime asanextra dimensionto thedomain
andletting � representtime. For a regular value � 


�

, we have the level set � J�L ���R� andtherestrictionof � to this level set,
��� ���

J�L

��� �

� �

. TheJacobi curveof � and � is theclosureof thesetof critical pointsof thefunctions �	� , for all � 


�

. The
closureoperationaddsthecritical pointsof � restrictedto level setsat critical values,aswell asthecritical pointsof � , which
form singularitiesin theselevel sets.

Weconsider a1-parameterfamily of Morsefunctionson the3-sphere,�;�
�

��
 � ���

, andintroduceanauxiliary function
� �

�

� 
 � � �

de�ned by ����	 Q	�R�

�

� . A level sethasthe form �

J L

��� �

�

�

� 


� , and the restrictionof � to this level
set is � � �

�

��


�

� �

. The Jacobicurve of � and � may consistof several components,andin the assumedgenericcase
eachis a closed1-manifold.We canidentify thebirth-deathpointswherethelevel setsof � and � andtheJacobicurve have a
commonnormaldirection.To understandthesepoints,imaginea level setin theform of a(two-dimensional) 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.
Run this in reverseorderto understanda deathpoint. Birth-deathpointssuggesta further decompositionof eachcomponent
into segmentswhereeachsegment is thetraceof acritical pointof �

� betweenits birth anddeathpoint. Theindex of thecritical
point tracinga segmentis thesameeverywhere alongthesegment.

Betti numbers Thek-th Betti number, denotedas 
�� , is therankof the � -th homology group: 
��

�

���

)������ . Intuitively,

�� is the numberof connected components of the space,


L

is the numberof tunnels,and 


 is the numberof voids of the
space.For examplea 2-torus �

 

hasthefollowing Betti numbers:
��

�

@ , 


L

�

�

, and 


 

�

@ . Thetorushastwo cycles,one
latitudinalandonelongitudinal cycle boundinga tunneleach,hence


L

�

�

.

3 RelatedPrior Work
In this sectionwe look at prior work relatedto visualizationof volumetricdatasets.Most of thework donesofar hasconcen-
tratedon static3D volumes. The datais usuallygiven in the form of a collectionof scalarvaluesat regularly or irregularly
sampledpointsin space.Oftenthespaceis decomposedinto cubicalcells in thecaseof regulargridsor simplicesin thecase
of irregularly sampleddata.Interpolationis usedto geta continuous scalarvaluedfunctionthroughout thespace.

Iso-surfaceextraction Therehasbeenaconsiderable bodyof work developed in isosurfaceextraction,of whichwelook at
aselectionhere.TheMarchingCubesalgorithm[18], enumeratesall cellsin thevolumeandcomputesthepartof theisosurface
intersectingeachcell basedon a classi�cationof eachvertex of thecell. A vertex getsa positivelabel if its functionvalueis
greaterthantheiso-valueanda negativelabelotherwise.Thedrawbackwith this methodis thattheratio of thecellsinspected
to thecells actuallyintersectingthe isosurfaceis large. Wilhelmsandvan Gelder[30] improve thesearchby usingan octree
spatialdecompositionto skip regionsthatdo not intersecttheisosurface.

Usinganotherapproach, [15][14][19] processthecellsof a meshbasedon their valuespace, ratherthanthedomainspace.
GilesandHaines[15] form two sortedlistsof cells,oneby maximumvalueandtheotherby minimumvalue.Usingtheoverall
maximumcell range��� , they limit thesearchto cellswith minimumvaluein therange  � >!��� Q"�$# , for a givenisovalue � .
Livnatet al.[19] usea kd-treeto simultaneously ordercellsaccordingto their minimumandmaximumvalues,allowing them
an % �'& (*)+�6� extractiontime,where ( is themeshsizeand � is theoutput size.A drawbackof thesesearchtechniquesis the
signi�cant memoryoverhead to construct andmaintaintheassociateddata-structures.

Seed-setcomputation
De�niton: A seed-setis a subsetof cells of the mesh,suchthat the setcontainsat leastonecell intersectingeachconnected
component of eachisosurface.

Seedsetbasedmethods[2][28] compute a seed-setandconstructa searchstructureon thesigni�cantly smallersizedseed
set.Contourpropagation(alsocalledmeshpropagation)[16][17] is usedto extracttheisosurface, startingfrom seedcells.van
Kreveld et al. [28] describeconstructionof a minimal seed-setusingthe contour treein polynomial time. They alsoprovide
a practicalapproximationalgorithmthat runsin % �,(.-0/1�

 

( � time andlinearspacein 2D, and % �,(

 

� time andlinearspacein
higherdimensions.Pascucciet al. [4] presentthreealgorithmsfor generatingseedsets,two applicable to regularandirregular
gridsof arbitrarydimension,andonespecializedto regulargrids.Recently, Carr[7] hasdevelopedthenotionof apathseed. An
edgein themeshthatintersectsa level-setcanbeusedasa seedfor thatlevel-set.Carrchoosesseededgessuchthatthey form
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monotonepathsstartingat critical points.By storinginformationto starttracingthesemonotone pathsat nodesin thecontour
tree,seededgescanbecomputedwhenever required,by tracingmonotonepathsstartingfrom appropriatecritical points.

ReebGraphs, Contour Trees TheReebgraphof a functionde�ned on a 3D volumeis a tree,andis alsoreferredto as
the ContourTree[6]. van Kreveld et al. [28] describean algorithmto computecontourtreesfor 2D mesheswith ( elements
in % �,(�- /1���,( �R� time and % �,(

 

� time in higherdimensions.Their algorithmsweepsthroughthedatafrom low to high values,
while maintainingeachlevel-setcomponent. On encounteringa critical point, they determineits type,andmergeor split the
affectedlevel sets.Tarasov andVyalyi [27] presentedan % �,(.-0/����,(��R� algorithmfor 3D meshes.Theiralgorithmperformsthree
sweeps:the�rst to identify joins,thesecondin thereversedirectionto identify splits,andthethird to combinetheresultsof the
previous two sweeps.Carret al. [6] presentedan improved algorithmthatcomputesthecontourtreein arbitrarybut constant
dimensionin time % �,(

�����

( )��	� �
� �R� wherethethemeshhas ( vertices,� simplices,and � ��� � is thevery slowly growing
inverseof ackerman's function.For thecaseof 3-manifolds,this algorithmhasbeenextendedto includeinformationabout the
genusof the level setsin [23]. Cole-McLaughlinet al. [8] provide tight upper andlower boundson the numberof loops in
theReebgraphof a Morsefunctionde�ned on a 2-manifold,andprovide an % �,(

���
�

( � time algorithmto construct theReeb
graph,where ( is thenumberof edgesin thetriangulationof thethe2-manifold.

The Contour Spectrum
De�nition: TheContourSpectrum is a collectionof graphsof a varietyof scalardataandcontourattributes(e.g.contourarea,
volume),computedover therangeof scalarvalues.

Bajajet al. proposetheuseof theContourSpectrum[3] to guideselectionof thelevel duringvisualization.Their interface
providesgraphs for level-setpropertiesasa functionof thelevel. Thepropertiesgraphedincludethesurfaceareaandenclosed
volumeof thelevel-set.They showedthatsurfaceareaandenclosedvolumecouldbecomputedanddisplayedwithoutcomput-
ing all of theisosurfaces.This is becausethesepropertiesaredecomposable:theirvaluesover theentiresurfacecanbeobtained
by combining valuescomputedin eachinterpolationcell. Within eachinterpolationcell, they show thatthepropertiesaregiven
by a univariateB-splinefunctionof thelevel. Thesumof thesesplinesresultsin a globalsplinefunctionfor theproperty.

Visualization of time-varying volumedatasets Weigleetal.[29] extract2D isosurfacesfrom time-varyingdatain 4D.
They �rst extract a 3D solid meshwith all function valuesequalto the iso-value,andthenextract a 2D isosurfacefrom this
meshusingtime astheiso-value.Their methodis ableto generatesmoothanimations,but is timeconsuming. For a meshwith

�
� 


�
� 


�
� 


1

�

pointsthey reportanisosurfaceextractiontimeon theorderof 2 minutes.TheTemporalHierarchicalIndex
(THI) Treeproposed by Shen[25] adaptively coalescescells,basedon temporalvariation,andstoresthemin a treestructure.
This resultsin aspacesaving for thesearchstructure,but is still prohibitively largeto completely �t in mainmemory. Suttonet
al. [26] proposetheTemporalBranch-on-NeedTree(T-BON) to minimizeunnecessary I/O accessby constructingtheoctree
decomposition of WilhelmsandvanGelder[30] for eachtime step.Bajaj et al. [5] performprogressive trackingof isosurfaces
in time-varyingscalar�elds by usingtemporalcontourpropagationof the isosurfacefrom time � to compute the isosurfaceat
time ��) @ . New isosurfacecomponentscreatedin time ��) @ aregeneratedfrom seedsetsfor thattimestep.

4 Time-varying ReebGraphs: Theory and Algorithms
This sectionexplainsbrie�y someof the work donetowardssupporting my thesis.We show that it is possibleto classifythe
changesin the Reebgraph �

�
of �

�
aswe vary time � . We provide an algorithmto performthesechangesandcomputethe

time-varyingReebgraph.

Jacobi curvesconnectReebgraphs. Let �
� be the Reebgraphof �

� , the function on
�

�

at time � . The nodesof �
�

correspondto critical pointsof �"� , andaswe vary � , they traceout thesegmentsof theJacobicurve. Thesegmentsconnectthe
family throughtime,giving usa mechanismfor identifying nodesin differentReebgraphs.We illustratethis ideain Figure2.

x x
y

y
x

y

Figure2:Reebgraphsat threemomentsin timewhosenodesareconnectedby two segmentsof theJacobicurve.
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Generically, the function � � is Morse. However, thereare discretemoments in time at which ��� violatesone or both
GenericityConditionsof MorsefunctionsandtheReebgraphof � � experiencesa combinatorial change. Sincewe have only
onevarying parameter, namelytime, we may assumethat thereis only a singleviolation of the GenericityConditionsat any
of thesediscretemoments,andthereareno violationsat all othertimes. ConditionI is violatediff � � hasa birth-deathpoint
at which a cancellationannihilatestwo converging critical pointsor an anti-cancellationgivesbirth to two diverging critical
points. Condition II is violated iff � � hastwo critical points 	 3

�

5 with � � ��	��

�

� � ��56� that form an interchange. The two
critical pointsmaybeindependentandhave no effect on theReebgraph, or they maybelongto thesamelevel setcomponent
of � � andcorrespondto two nodesthatswaptheirpositionsalongtheReebgraph.Weprovideabrief descriptionof thechanges
causedby birth-deathpointsandby interchanges,for detailssee[13]

Nodesappear and disappear. A pair of critical pointsarecreatedat a birth point of theJacobicurve; thecorresponding
nodes,joined by an arc,appearin theReebgraph � � . We canhave threecasesdepending on the indicesof thecritical point
pairsthat arecreated: �

�

QF@B� corresponding to a minimum, index-1 pair, �?@�Q

�

� corresponding to a index-1, index-2 pair, and
�

�

Q

1

� corresponding to a index-2, maximumpair. SeeFigure3.
A pair of critical pointsannihilateeachotherat a deathpoint; in � � , anarc joining corresponding nodes contractsandthe

nodesdisappear. This is thereverseof nodeappearance, sowe have thesamecasesdiscussedabove,andillustratedin Figure3
if we readit from right to left.

1 2

1 2

1 2

1 2 1
2

21 1
2

1 2 1
2

0 1 0 1

0 1 0 1
0

1

0
10 1

0 1
10 0

1

Figure3: Level setsandReebgraphsarounda 0-1 birth point on theleft, anda 1-2 birth point on theright. Time increasesfrom left to right
andthe level setparameter, indicatedby a rectangularsliderbar, increasesfrom bottomto top. Goingforward in time,we seethesprouting
of a bud,while goingbackward in time we seeits retraction.

Node swap. A pair of critical points 	 and 5 , with index 1 or 2, andwhosecorresponding nodesare joined by an arc in
theReebgraph,maychangeorderalong � at time � . Without lossof generality, we mayassumethat � �

J��

��	��

�

�1�

J��

��56� and
�

���

�

��	���� �
���

�

��56� . We have four choicesfor eachof 	 and 5 depending on whetherthey addor remove a handle,merge
two level setcomponentsor split a level set component. This givesa total of sixteencon�gurations. We analyzepossible
beforeandaftercombinationsandpair them,giving usthecasesillustratedin Figure4. It is convenient to groupthecaseswith
similar startingcon�gurationstogether. We use ) QF>AQ���Q�	 to mean`handle addition', `handledeletion', `componentmerge',
and`componentsplit', respectively, andapairof theseto indicatethetypesof 	 and 5 . For detailsonthecompleteenumeration
see[13].

Time-SweepAlgorit hm To computeall time-varyingReebgraphs,we startwith an initial Reebgraph ��� at time �

�

�

,
andsweepforwardin timemodifying thecurrentReebgraph.With eachnodein �

� westoreinformationaboutthesegmentof
theJacobicurve thatcontainsthecorrespondingcritical point. Wethink of thesweepforwardin timeassliding theReebgraph
forward usingthe Jacobicurve asa path. In practice,the sweepis achieved by usinga priority queue(increasingin time) of
birth, deathandswapevents,at which nodesappear, disappearandchangedorderrespectively. We remove anevent from the
queueandmodify thecurrentReebgraphto give anew versionof theReebgraph.All Reebgraphversionscanbestoredusing
apartially persistentdata-structure[10]. Detailsarein [13].
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Figure4: On theleft, Reebgraphportionsbeforeandaftertheinterchange 	 and 5 . On theright, level setsat a valuejust below thefunction
valueof 	 and 5 . In eachcase,the index of a critical point canbe inferred from whetherthe level setmerges(index 1) or splits (index 2)
locally at thecritical point.
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Betti numbersof level-sets. Cole-McLaughlin etal.[23]augment theReebgraphwith topologicalinformationto enhance
visualization. Eacharc is labeledwith the Betti numbersof the family of level-setscorresponding to that arc. Note that the
Betti numbersarecomputedwithout actuallycomputing thelevel sets.

As a part of this dissertationI will investigatemethods to extendthis ideato time-varying Reebgraphs.Given the Betti
numbersfor eacharcof theinitial Reebgraph,westudyhow theupdatesto theReebgraphchange theBetti numbers.

5 Temporal Simpli�cation Using Time-varying ReebGraphs.
This sectionoutlineswork thatneedsto bedoneto performtemporalsimpli�cation of time-varying ReebGraphs.We sketch
thebasicideaandposesomequestionsthatneedto beanswered.

The time-varying Reebgraphprovidesus with a notion of the persistenceof a level-setcomponent over time. For an arc
� , de�ne 
:�

�

� as its birth-time, and
�

�

�

� as its death-time. We de�ne the persistenceof the arc as � �

�

�

�

�

�

�

��> 
 �

�

� .
This de�nition givesus a mechanism for sorting the arcsin the time-varying Reebgraphin increasingorder of persistence
andremoving “short-lived” arcsbasedon a thresholdpersistence.Simpli�cation will play an importantrole in our ability to
visualizelargedata-setswhoseReebgraphsmayalsobeprohibitively large.By computing progressively simplerReebgraphs
weenabletheuserto seethe”big picture” andthenselectively choosecertainregionsin thevolumefor a �ner visualization.

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

� Is our de�nition suf�cient to capture�eeting level-setcomponents?We expectsuch�eeting componentsto besmall in
size.How do we includea parameterto indicatesomemeasureproperty, like areaor volume,of thelevel-setcomponent
beingremoved?

� How doesdeletinganarcaffect our ability to �nd a seed-cellfrom theReebgraph?
� Canwe extract level-setsthatareconsistentwith thesimpli�ed Reebgraphwithout modifying thedata-set?If not, how

do wemodify thedata-setto beconsistentwith thesimpli�ed Reebgraph?

6 ExpectedResults
Themaincontributionsof this dissertationarelistedbelow.

� Classi�cationof changesto theReebgraphover time. % done- 100
� Algorithm to computetime-varyingReebgraphs.% done- 100
� Implementationof algorithmto computetime-varyingReebgraphs.% done- 80
� Extendingtheconcept of path-seedsto time-varyingReebgraphs.To bedone.
� ComputingBetti numbers of theclassof level-setsfor eachedgeof thetime-varyingReebgraph.% done- 100
� An algorithmto performtemporalsimpli�cation on time-varyingReebgraphs.To bedone.

7 Time-varying VolumeData-sets
In this sectionwe considera few data-setsthatwe will useto demonstratecapabilities.All data-setsconsistof scalarvalues
sampledon aregulargrid in spaceandtime. We createa simplicial complex usingthesamplepointsasverticesandextendthe
scalarvalueto all spaceandtime usingbarycentricinterpolation- i.e thescalarvalueat any point in theconvex hull of theset
of pointsis got by interpolatingthescalarvalueat theverticesof thesimplex thatcontainsthepoint. Weconsiderthreeclasses
of data-setsbasedon their size.

� SMALL: Gridsof size
�

���

andsmaller. Theseincludetoy data-sets(mainly usedto testthealgorithm)andsub-sampled
versionsof largerdata-sets.

� MEDIUM: Gridsof size
�

�
�

to @

�����

. We plan to usethesedata-setsto stresstestour algorithmon desktopcomputers.
Availabledata-sets:JETDATA - a simulationof a supersonic Jetstream(courtesyof the AdvancedVisualizationData
Center's datarepository),COMBUSTION - simulationof fuel combustion(courtesyof SureshMenonandChrisStoneat
Georgia Tech).

� LARGE: Grids of size @

���
�

andmore. We expect to run our algorithmon high performance computer suchas those
available in LawrenceLivermoreNational Labs. A data-setin this classis the @

� �
�

�

sizedPPM data-set(courtesy
of ValerioPascucci),which is a simulationof theRichtmyer-Meshkov instability thatoccurswhena shockwave passes
throughaninterfaceof two �uids of differingdensity. Thelargesizeof thisdata-setwill certainlyrequirespecialattention
to memoryusage,disk accesspatternsandcachebehavior makingvisualizationachallenging task.
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8 Contrib utions of Co-Authors
Time-varying Reebgraphs The classi�cationof changesto Reebgraphover time wasdevelopedjointly with Herbert
Edelsbrunner, JohnHarer, ValerioPascucci,andJackSnoeyink. Thepath-tracingtechniqueto disambiguatenode swapcases
wasdevelopedjointly with JackSnoeyink, ValerioPascucci,andHerbertEdelsbrunner.

Out-of-core streaming isosurfaceextraction. This is work submittedto the SecondInternationalSymposiumon 3D
DataProcessing,Visualization,andTransmission.Thetopic is not directly relatedto thethesisbut I mentionit hereaspartof
my researchin visualizingvolumetricdatasets.Theideaof usingtheseed-setcomputationalgorithmto generatea disk layout
for out-of-coreisosurfaceextractionwasdevelopedduringdiscussionswith JackSnoeyink. Martin Isenburg suggestedpossible
disk layoutschemes drawing from his experiencein compressionof hexahedralmeshes.Martin alsoprovidedhelpwith range
codingsoftwareusedto compressthescalar�eld. ValerioPascucciprovidedvaluable input in developingthealgorithm.

9 PlannedMilestones

9.1 Progressto Date
� Fall 1999

– Startedwork on 6 Degree-of-freedom(6-dof) hapticrenderingwith Ming Lin.

– Workedondeveloping ahapticrenderingsystemfor simplepolygonal modelswith Arthur Gregory. Partof thework
waslatersubmittedasa paperto IEEEVisualizationConference,2000

� Spring2000

– Developeda systemto perform6-dof hapticvisualizationof volumetricforce-�elds.
– Workedwith StephenEhmannon developing a 6-dof interactionsystemin adynamicenvironment.
– Thepaperdescribingthis work wassubmittedto IEEEVisualization

� Summer2000

– Worked on a papersubmissionto “Touchin Virtual Environments”, a workshop on hapticsheld at the Integrated
MediaSystemCenter, Universityof SouthernCalifornia.

– Investigatedbuilding bottom-upbounding volumehierarchies.
� Fall 2000

– Startedwork with JackSnoeyink onbuilding pentatopemeshesfor time-varyingvolumetricdatasetsusingimportant
point insertion.

� Spring2001

– Workedon computing seed-setsfor fastisosurfaceextractionin time-varyingvolumetricdatasets.

– Presented6-dofhapticwork at“Touchin Virtual Environments”, aworkshop onhapticsheldat theIntegratedMedia
SystemCenter, Universityof SouthernCalifornia.

� Summer2001

– Workedonpredictingpotentialligandbindingconformationsin thehumanePregnaneX Receptor(hPXR)molecule
with Robert-Paul Berretty, andDavid Hsu.

� Fall 2001

– Satis�edIntegrative Paper(IP) requirement.

– Workedon usingGraphicshardware to computeseed-setsfor fastisosurfaceextraction.
� Spring2002

– Continuedwork on usingGraphicshardware to computeseed-setsfor fastisosurfaceextraction.
� Summer2002

– Summerinternshipat LawrenceLivermoreNationalLaboratory(LLNL). Developedcodeto compute Jacobisetof
time-varyingvolumetricdatasets

� Fall 2002

– Startedstudyof time-varyingReebgraphs.
– Workedon integratingSphere-basedDelaunayconstructionin 4D with meshre�nementto build pentatope meshes

for time-varyingvolumetricdatasets.
� Spring2003
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– Experimentson building pentatopemeshesfor time-varyingvolumetricdatasets.

– Developedalgorithmto computeseed-setsfor time-varyingvolumetricdata-setsde�ned on a regulargrid.

– Wroteamanuscriptdescribingtheseed-setalgorithmandresults.This is to becompletedandpublished. (by endof
April 2004)

� Summer2003

– Completedteachingrequirement.

– Summerinternshipat LawrenceLivermoreNationalLabs

– Worked on developing theoryandalgorithmto compute time-varying Reebgraphs. A paperdescribingthe theory
andalgorithmwaswritten,andis to bepublished.(Aiming for submissionto Visualization2004.)

– Developed codeto createa disk layout for volumetricdata-setsto enableout-of-coreisosurfaceextraction. This
work is to becontinuedandpublished.

� Fall 2003

– Implementationof time-varyingContourtreealgorithm.(80%done)

– Submittedpaperon time-varyingContourtreesto Symposiumon ComputationalGeometry. (Dec12th2003)[13]

– Workedon out-of-core isosurfaceextraction.
� Spring2004

– Submittedpaperon organizingvolumetric scalardatafor out-of-corestreamingisosurfaceextraction to Second
InternationalSymposiumon 3D DataProcessing,Visualization,andTransmission.

9.2 Futur e Research Plans
� Summer2004

– Ph.D.Proposal

– AttendWorkshopin Banff, Canada.

– PresentpaperatScGin June,2004.

– Completeimplementationof time-varyingContourtreealgorithm.

– Work on computingBetti numbersof theclassof level-setsfor eachedgeof thetime-varyingReebgraph
– Extendingtheconcept of path-seeds to time-varyingReebgraphs.

– Work on temporalsimpli�cation of time-varyingReebgraphs.

– Publishresults.

– Write Dissertation.
� Fall 2004

– Ph.DOral Exam.

– Write Dissertation.

– Defend(December2004).
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