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Abstract

WEAVE (WorkbenchEnvironmentfor AnalysisandVisual Explo-
ration) is an ervironmentfor creatinginteractve visualizationap-
plications. WEAVE differs from previous systemsin thatit pro-
vides transparentinking betweencustom3-D visualizationsand
multidimensionalstatisticalrepresentationsand providesinterac-
tive color brushingbetwenall visualizations.

In this paper we demonstratehov WEAVE can be usedto
rapidly prototypea biomedicalapplication weaving togethersimu-
lation data,measuremerdata,and3-d anatomicabataconcerning
the propagatiorof excitationin the heart. Theselinked statistical
andcustomthree-dimensionalisualizationof the heartcanallow
scientistso moreeffectively studythe correspondancef structure
andbehaior.

CR Categories. 1.3.6 [ComputerGraphics]: Methodologyand
Technigues—Interactioiechniques
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1 Introduction

Several differenttypesof visualizationsystemshave beendevel-
opedto handledifferenttypesof data. For example,scientificvi-
sualizationsystemshave beendevelopedfor datawhich have an
inherentspatialframeof referencesuchassimulationor measure-
mentswithin avolumeof space They areexcellentfor demonstrat-
ing patternscorrelationsandstructuresn three-dimensionalpace.
They also excel at representinggeometricrelationshipsextracted
from the data, suchas streamlinesjsosurfices,cutting planes,
volumerenderingsandheightdisplacementepresentationslhese
systems(e.g.,, [UFKT89], [LACT92], [WS97]) allow the userto
createcustomvisualizationgor a particulardatasetor domainap-
plication. However, scientificvisualizationtoolkits donotgenerally
supportquantitatve comparisoracrossmultiple variableswith dy-
namicbrushingandlinking.

Interactve statisticalvisualization packageshave beendevel-
opedfor takular data. They typically provide a library of stan-
dardviews, suchasscatterplotsparallelcoordinatesandline plots.
The mostsophisticatedf thesesystemsalsoprovide mechanisms
whichallow theuserto usecolorto interactvely marksubset®f the
dataandinteractively interrogatethe data,quickly observingcor
relationsbetweenmultiple variables(e.g. [BCW87], [BMMS91],
[ID91],[Rab94, [RC94],[AW95]). Howeverthis classof statistical
visualizationtoolsis appropriatefor strictly tabular or hierarchical
data,andis not well suitedto visualizationsof spatialdata,which
includesnot only measurementst a numberof pointsin spacebut
alsometadatadescribingthe contet of thosepoints, thatis, the
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connectiity betweerthem,andthe correctinterpretatiorthatis to
bemadeof them.

Previous Multi-Component Systems

Thevalueof multiple, coordinatedviews is well-recognizedn the
field of visualizationfRRGK96], [WB97]. The ability to seerela-
tionshipsin onepresentationmarkregionsof interestanddynam-
ically seethe marked regionsin otherpresentationsanleadto in-
sightnot possiblewith singleviews or with multiple,uncoordinated
views. In [NS00], North andShneidermanliscuss‘Snap-Together
Visualization’, whichhassomesimilaritiesto thework we describe
here.In particular they areinterestedn theeasycreationof coordi-
natedviews of data.Userswishingto createa customenvironment
choosdrom amenuof visualizationsandindicatethewayin which
views shouldbe coordinated.Their focusis on a userwho desires
to createa customervironmentfrom a setof existing visualization
componentsyy specifyingthepresentation® displayandthelink-
agebetweenthem. In Visage,describedn [RLS*96], automatic
brushingand linkage is implementedthrough the use of a com-
mon underlyingdatastructure andinvestigationof particulardata
items of interestis performedthough“drag-and-drop”operations
on atomicitemsof datain anobject-orientednanner Customiza-
tion of presentatioripanes”is possiblethroughan exposedscript-
ing language Both of theseemphasizehe desirability of allowing
the usera variety of choicesfor presentatiorstyles. However both
focusprimarily onthesetof typical presentationfor “information”
visualization;that is, visualizationof dataas might be found in
databasesr spreadsheetsOur focusis on creatingcustom,com-
plex, three-dimensionatomponentsisingnon-programmingneth-
ods,linkedin a customervironmentto a setof pawerful statistical
presentations.

The WEAVE System

The WEAVE systemallows seamlessntegrationof customthree-
dimensionalviews basedon flexible and expressive datamodels,
with sophisticatedstatisticaldataanalysisand presentatiortools.
The three-dimensionabiews supportedare completelycustomiz-
able andrapidly modifiableusing a visual programmingerviron-
ment. They arecreatedusingDataExplorer[LA C*+92], whichsup-
portsthe creationof a wide rangeof possiblevisualizations,jn an
easy-to-modifyervironment.Thestatisticalpresentationarebased
on the Diamondtechnology[Rab94 which includesover 20 dif-
ferentrepresentationsf data, which are all automaticallylinked
with oneanother Thepresentationeangefrom commonplotssuch
ashistogramspie chartsandscatterplotdo sophisticategrresenta-
tionsrepresentingorrelationshetweersetsof variablesclustering
of casesandviews of very high dimensionalitydata.



2 Modeling the Heart

Thedataconsideredherecomprisewo separatelatasetsdeveloped
at the Centerfor ComputationaMedicineandBiology in the De-
partmentof BiomedicalEngineeringat JohnsHopkins University
Oneis afinite elementsimulationof heartexcitation. The second
is a setof musclefiber tensorsinferred from imagingdata. The
simulationis athree-dimensionatomputationaimodelof theheart
(the canineventricularcell model [WSH*00]), whosepurposeis
to investigatethe basisof arrhythmia(anomoloushythms)in heart
disease.The myocardium(muscletissueof the heart)is modeled
asa setof nodes,with eachnoderepresenting volume of tissue
centeredabouta particularpoint in space. A setof 32 coupled
nonlinearordinarydifferentialequationsgdefining13 distinctmem-
branecurrentgWRJIT99)], areintegratedin time ateachnodepoint
to simulatecardiacactivation andrepolarization. For purposesf
this analysis,ten differentmeasure®f cardiacactiity have been
selectedor analysisanddisplayateachnode.Thesemeasureg¢and
theirnamedn italics for the purpose®f thevisualizationpresenta-
tions)areasfollows: Voltage, or membrangotential is thevoltage
differencebetweertheinsideandoutsideof thecell. Whencardiac
cells becomeexcited (an event referredto asan actionpotential),
this differencebecomedarge andpositive. Membranecurrent(lm)
correspondgo the currentthat flows betweenthe inside and the
outsideof a cell. Spatialcurrent(Ispacg ata pointin spaceis de-
finedasthetotal outward currentfrom the cell atthatpointinto all
of the cells neighboringthat cell. As membrangotentialevolves
in time, cells becomeexcited, producinglarge spatialcurrentsthat
will excite adjacentellsthatarein front of thetravelling wave.

The simulationalsomodelsthe calciumandpotassiumnion lev-
elsin heartmusclecells. Theseconcentrationgontrol mary cel-
lular functions,includingforce generation Every musclefiber cell
hasa compartmentvhich containghe NSR (network sarcoplasmic
reticulum)andtheJSR(junctionsarcoplasmiceticulum). Thecon-
centratiorof calciumin theNSRis CaNSRtheconcentratiornn the
JSRis CaJSRFollowing an actionpotential(the depolarizingex-
citatory eventwhich triggerscontractionin cardiacmusclefibers)
calciumis pumpedfrom the cytosol (thefluid portion of the cell’s
cytoplasm)into the NSRandis madeavailablefor releasdrom the
JSRfor the next actionpotential. Calciumreleasednto the space
betweertheNSRandthecell membranethediadicspaceis called
CaSsSilt thendiffusesinto thecytosol,whereits concentratiorfCai)
drivesmusclecontraction.

Behavior of a numberof potassiumcurrentsis also simulated.
Thesecurrentsareimportantfor restoringthe membranepotential
of cardiaccellsto therestingvaluefollowing anactionpotential.

The dataconsistof 60 time stepsfollowing the travelling wave
of excitation of the heartthroughthe activation phase.Eachtime
step(spacedl msecapart)definesthe above variablesat a setof
approximatelyl10,000nodepoints.

The seconddataset consistsof measurementef the diffusion
tensorsthroughmagneticresonancéMR) imagingin fixed heart
tissue. It hasbeenpreviously shavn thatthe primary eigervectors
of thesediffusiontensorsarealignedwith the long axis of cardiac
fibers[SHWF99. Fiberorientationcanbe deducedrom diffusion
tensorimagingdataasfollows: In MR images diffusion of water
alongthedirectionof anappliedmagnetidield gradientcausesig-
nal attenuationBecausdliffusionis fastesdown thelong axisof a
cylindrical musclefiber, signalattenuatioris greatestvhenthe ap-
plied magnetidield gradientis alongthefiber direction.By apply-
ing magneticgradientsin at least6 noncollineardirectionsduring
image acquisition, the three-dimensionaliber orientationcan be
deducedatall voxelswithin the MR imageby examiningthedirec-
tional dependencef attenuation.This orientationis embodiedin
the 6 uniquecomponentsf the3x3 symmetricdiffusiontensor We
usethe primary eigervectorto constructa flow field vectorat each

pointin the three-dimensiondield. Streamlineghroughthis flow
field canthenrepresenthefiber structure We alsoimplmentedhe
“tensorline” methodasdescribedby [WKL99]. This methoduti-
lizesall threeeigervectorsalongwith a measuref thelocal linear
anisotropy, andreduceso the streamlinecasefor purely linearly
anisotropigensorfields. Our applicationallows eithermethod;the
figuresreproducedhereusetensorlines.

3 Implementation

WEAVE isimplementedisingActiveX componentechnologyand
the applicationswe have createdthus far usea Visual Basic de-
velopmentervironment. We createdActiveX componentsvhich
wrappedDiamondDLLs for anumberof differentstatisticalviews
andlinkedthemwith anActiveX componentvhichwrappedacus-
tom Data Explorervisual program. We developedspeciallinkage
andnotificationmodulesto bridgethesetwo technologiego allow
automaticinteractive brushingbetweenall components.We also
developedinteractionandbrushingcodefor the three-dimensional
DX views. Theresultis thatthe usercanbrushin ary statistical
presentatiorand seethe colorsreflectednot only in the othersta-
tistical presentationdut alsoin the 3-D view. Similarly, the user
canbrushregionsin the 3-D view andseethecolorsreflectedn the
statisticalpresentations.

In WEAVE all componentsll runin thesameprocesspaceso
sharingof datais possiblebetweerthevariouspresentationsyhich
is a significantbenefitfor large datasets.All objectswhich sharea
datainstanceareautomaticallylinked by the underlyingDiamond
infrastructuresothatno explicit linking is necessargtherthatin-
dicatinga datasource(instance)or eachpresentation.

In orderto createa linkable customthree-dimensiongbresen-
tation, the visualization programmercan createa Data Explorer
visualizationprogramusingits standardvisual programmingen-
vironment. We createda new imagetool in Data Explorerwhich
rendersthe imageand allows userinteraction. We also createda
componenthich senesto identify objectsin the renderedmage
(vertices,marlers,posts,etc.) with specificindicesfrom the tabu-
lar datawhichis to belinkedwith thegeometricdata. Therendered
objectcanbeof ary desiredcompleity, includinganumberof sep-
arateobjects,someof which may be associatedvith the takular
data,andsomewhich arenot. Brushingbetweerthe statisticalpre-
sentationsandthe geometricpresentationvill automaticallyoccur
only for thosepartsof the geometricimage containingthe mark-
ing component.The designerof the visualizationprogramdecides
whatsortof mappingto make from the tatular datato the geomet-
ric data. In the applicationdiscussechere,we usefour different
mappingsasdescribedaterin this section.

We usedWEAVE to develop a customapplicationfor the car
diac simulationand measuremendlatasets. We choseto offer a
two-dimensionabcatterplota histogramanda parallelcoordinate
presentatiorof the simulationdatalinked with one of four com-
plementarygeometricviews with a variety of viewing andinter
action options. Thesegeometricviews were createdspecifically
for this applicationto enablethe scientiststo visualize particular
features. One geometricpresentatiorconstructsa boundingsur
faceof the heartand sharescolors at eachvertex with the statis-
tical presentationswhich containdatafor every nodein the my-
ocardium. This presentatioris particularly valuablefor following
the progressiorof the excitation wave acrosshe epicardium.The
secondresentatioshavs amarkingpointateachvertex in thevol-
ume.Thisallowsthescientistto seethethree-dimensionaitructure
of the marked regions. In orderto seethe marked volumetricre-
gionswithin thecontext of theheart thethird presentatioincludes
the boundarycontour which may be paintedusinga perceptually
appropriatecolormap[RT98] to represenary simulationvariable.
The fourth representatioshavs tensorlinesepresentinghe fiber



structureof the heart,aloneor againin conjunctionwith the sur

faceof the heart. This is valuablebecausét allows the scientist
to studytherole of the heartfiber geometryin the excitation pro-

cess.Becausdhetensorlineslo not sharenodepositionswith the
simulationdata,we developeda generalpurposeool to enableas-
sociationof index valueswith eachpoint on the tensorlines. We

chooseto usethe nearesinodepoint to a particularpoint on the
streamlindfor the associatiowith the statisticalpresentations.

4 Results Using the WEAVE Environment
to Analyze Cardiac Data

We beagin our discussiorof the analysisof the cardiacsimulation
datawith the pair of imagesin Figure 1, which shav a geometric
renderingof the boundaryof themyocardiumwith oneof the sim-
ulationvariableg(in this casevoltage)paintedonthesurfaceusinga
standardainbav color mapon thetop anda perceptuasegmented
colormapon the bottom. Thesearedatafrom 46 msecafterthe be-
ginningof theexcitationwave. Thetop of theheartis notpartof the
simulationandso appeargo be cutawvay. Theleft ventricleis the
cavity towardthefront of theimage theright ventricleis the cavity
towardtherear Thesearetypical scientificvisualization-stylepre-
sentationsshaving onevariableat atime. They allow little in the
way of quantitatve analysisandcomparisorof variables.

Figure2 shavstheprototypeapplicationinterfacewhichwecre-
ated using WEAVE. The datadisplayedare from time step 10,
which is 10 msecafter the beginning of the excitation wave. A
stepinteractorallows the investigationof othertime stepsof the
data. Thetop left imageis one of the four three-dimensionaiep-
resentationsf the heartwe provide. Thetop rightimageis atwo-
dimensionakcatterplothereshaving spatialcurrentasa function
of voltage. The bottomimageis a histogramplot, displayinga his-
togramof spatialcurrent. Using the two-dimensionakcatterplot
view, aregion of high spatialcurrenthasbeeninteractively marked
in red, anda region of high voltagehasbeenmarkedin greenand
the resultingcoloredregions have beendynamicallyand automat-
ically brushedto the othertwo presentations.(Yellow represents
regionswhich have high spatialcurrentAND highvoltage)Thege-
ometric representatiortlearly shawvs the high voltageregions (in
green)surroundedoy the high spatial currentregionsin red, in-
dicating the progressiorof the excitation wave: high spatialcur
rent(red)is exciting setsof cellswhichin turn becomedepolarized
(green).If desired,a separatavindov canbe broughtup display-
ing a parallelcoordinates/iew of the samedata. Figure 3 shavs
suchapresentatiomsingthe samecoloringasin Figure2. Figure4
demonstratetheoptionof displayingonly thered (high spatialcur-
rent) points. Looking acrosshis constellatiorof variableswe can
see for example thatPotassiunturrentdKs andltol arerelatively
low, reflectingthefactthatthecell is notyetrepolarizing.

Thefourimagesin Figure5 shav afew of the alternatepresen-
tationsprovidedto the user All four renderingsarecoloredunder
thesamecriteriaasin Figure2. In thefirstimage,eachpointin the
simulationis shavn asa pointin therenderedmage;we have cho-
senhereto shav onlytheredpoints.Becausé¢hethree-dimensional
imageis interactizely rotatable anunderstandingf the volumetric
shapeof the coloredregion s easilyachievzed. The cloud of points
canalsobe shawvn togetherwith the heartsurface,which may be
optionally be colored,asshavn in the secondmage,which colors
the intracellularcalcium Cai usinga continuouscolor map. The
third image shaws the tensorlinescomputedas describedn Sec-
tion 2 mappedwith thesamecolors.We alsoprovide anoption, not
shawn, to codethe tensorlinesusing opacity by a measureof the
confidenceof themeasurementhatis, by thelinearanisotroy co-
efficient. Thefourthimageshawvstheheartboundaryrepresentation
asin Figure2.

Figure 1: Typical three-dimensionabisualizationsof heartsimu-
lation data,with a rainbav colormapand a segmentedcolormap
appliedto the voltagevariable.While relative levels of the specific
variablecoloredmay be qualitatively comparedthis visualization
is not well suitedto simultaneouslycomparingmultiple variables
in aquantitatve way.
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Figure2: The cardiacapplicationinterface. Using the two-dimensionakcatterplotpresentationhigh valuesof voltage have beencolored
green,and high valuesof spatialcurrenthave beencoloredred. Regionsthat are high in both variablesappearyellow. Using WEAVE,
coloringin ary presentatiorns automaticallyreflectedn all presentations.
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Figure3: Linked parallelcoordinatepresentationavailableasanadditionalwindow in theapplicationshawin in Figure2.
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Figure4: Linkedparallelcoordinatepresentationyith only redcaseshavn, allowing theanalysto seethevaluesof thesimulationvariables
whenspatialcurrentis high, right beforedepolarization.
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Figure5: Four differentrepresentationsf the anatomicaliew. In all casesthered,green,andyellow coloring hasbeensetasin Figure2.
Top Left: acloudof marked nodepositions(with only redpointsshavn); Top Right: marked positionscombinedwith a colormappedurface
rendering;Bottom Left: tensorlinesepresentindiber direction; and Bottom Right: a heartboundaryrepresentationvith verticessharing
colorswith marked cases.



Figure6 shavs theresultsof aninvestigationof therelationship
betweenintracellular calcium (Cai) and calciumin the subspace
(CaS$. Beforethe useof WEAVE in this application the expecta-
tion of theresearchergsingthis applicationwasthatcalciumin the
subspacavould shav two populations:essentiallyzeroand some
finite amount. In fact,a muchmore comple structureis present,
with three populations:a populationwith no calciumin the sub-
space,andtwo populationshaving finite amountsof calcuiumin
the subspaceMarking the two positively-valuedpopulationswith
differentcolors,red andgreen,shaws clearlythatthey overlapone
anotherin anatomicadtistribution.

5 Discussion

In Sectiond we discussedhe advantageof WEAVE for a specific
setof datain understandinghe role of structureandfunctionin a
cardiacapplication.Herewe discusghe specificadvantage®f this
sort of ervironmentas applicableto a broadrangeof application
areas.

A varietyof differentvisualizationrmethodsave beendeveloped
for analyzingandinteractingwith data. Sometools have particu-
lar strengthin highlighting statisticalfeaturesn multidimensional
dataandallowing the userto quickly compareand correlatevari-
ables.Othershave strengthin allowing custom three-dimensional,
realistic views of spatialdata. The WEAVE ervironmentallows
anapplicationdeveloperto incorporatethe strengthof both styles
of visualizationinto a common,customervironment. The three-
dimensionaliewsin this ervironmentcanbecreatedjuickly (in an
houror two) andimmediatelyincorporatednto a prototypeapplica-
tion for testingtheir suitability andappropriatenes®r theproblem
underconsiderationAll controloverthecharacteristicandparam-
etersto modify thethree-dimensionalisualizationis accomplished
throughmaodificationof the visual program,andno recompilation
of the ActiveX controlis necessarat ary time. At the sametime,
dynamic, automaticbrushingcan be incorporatedinto the three-
dimensionalisualizationwith no specialknovledgeor avareness
by thevisualizationdesigner Programmersvith no knowledgeof
C++ or otherhigh level programminglanguagesan createcom-
plex visualizationcomponentdor customapplications,and have
them automaticallylinked to a wide variety of statisticalpresen-
tationssuchas histograms 2- and 3-D scatterplotsdendograms,
parallelcoordinatesetc.

We have demonstratedthat the weaving together of three-
dimensionapresentationwith statisticalvisualizationscanleadto
naw insightsin comple, multivariatedata. We have beenableto
obsere interactionsbetweensimulationand anatomicalvariables
which hadnot beenanticipated.We expectthis environmentto be
valuablein a wide rangeof applicationareaswherethe goalis to
find relationshipsgcorrelations,and patternsacrossmultiple types
of data.
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