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Abstract

WEAVE (WorkbenchEnvironmentfor AnalysisandVisualExplo-
ration) is an environmentfor creatinginteractive visualizationap-
plications. WEAVE differs from previous systemsin that it pro-
vides transparentlinking betweencustom3-D visualizationsand
multidimensionalstatisticalrepresentations,andprovides interac-
tive colorbrushingbetwenall visualizations.

In this paper, we demonstratehow WEAVE can be used to
rapidlyprototypeabiomedicalapplication,weaving togethersimu-
lationdata,measurementdata,and3-d anatomicaldataconcerning
the propagationof excitation in the heart. Theselinked statistical
andcustomthree-dimensionalvisualizationsof theheartcanallow
scientiststo moreeffectively studythecorrespondanceof structure
andbehavior.

CR Categories: I.3.6 [ComputerGraphics]: Methodologyand
Techniques—Interactiontechniques
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1 Introduction

Several different typesof visualizationsystemshave beendevel-
opedto handledifferenttypesof data. For example,scientificvi-
sualizationsystemshave beendevelopedfor datawhich have an
inherentspatialframeof reference,suchassimulationor measure-
mentswithin avolumeof space.They areexcellentfor demonstrat-
ing patterns,correlationsandstructuresin three-dimensionalspace.
They also excel at representinggeometricrelationshipsextracted
from the data,suchas streamlines,isosurfaces,cutting planes,
volumerenderings,andheightdisplacementrepresentations.These
systems(e.g., [UFK � 89], [LAC� 92], [WS97]) allow the userto
createcustomvisualizationsfor a particulardatasetor domainap-
plication.However, scientificvisualizationtoolkitsdonotgenerally
supportquantitative comparisonacrossmultiple variableswith dy-
namicbrushingandlinking.

Interactive statisticalvisualizationpackageshave beendevel-
oped for tabular data. They typically provide a library of stan-
dardviews,suchasscatterplots,parallelcoordinates,andline plots.
Themostsophisticatedof thesesystemsalsoprovide mechanisms
whichallow theuserto usecolorto interactively marksubsetsof the
dataandinteractively interrogatethe data,quickly observingcor-
relationsbetweenmultiple variables(e.g. [BCW87], [BMMS91],
[ID91],[Rab94], [RC94],[AW95]). However thisclassof statistical
visualizationtools is appropriatefor strictly tabular or hierarchical
data,andis not well suitedto visualizationsof spatialdata,which
includesnotonly measurementsatanumberof pointsin space,but
alsometadatadescribingthe context of thosepoints, that is, the
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connectivity betweenthem,andthecorrectinterpretationthat is to
bemadeof them.

Previous Multi-Component Systems

Thevalueof multiple, coordinatedviews is well-recognizedin the
field of visualization[RRGK96], [WB97]. Theability to seerela-
tionshipsin onepresentation,markregionsof interest,anddynam-
ically seethemarkedregionsin otherpresentationscanleadto in-
sightnotpossiblewith singleviewsor with multiple,uncoordinated
views. In [NS00],North andShneidermandiscuss“Snap-Together
Visualization,” whichhassomesimilaritiesto thework wedescribe
here.In particular, they areinterestedin theeasycreationof coordi-
natedviews of data.Userswishingto createa customenvironment
choosefrom amenuof visualizationsandindicatethewayin which
views shouldbecoordinated.Their focusis on a userwho desires
to createa customenvironmentfrom a setof existingvisualization
components,by specifyingthepresentationsto displayandthelink-
agebetweenthem. In Visage,describedin [RLS � 96], automatic
brushingand linkage is implementedthrough the useof a com-
monunderlyingdatastructure,andinvestigationof particulardata
itemsof interestis performedthough“drag-and-drop”operations
on atomicitemsof datain anobject-orientedmanner. Customiza-
tion of presentation“panes”is possiblethroughanexposedscript-
ing language.Both of theseemphasizethedesirabilityof allowing
theusera varietyof choicesfor presentationstyles.However both
focusprimarily onthesetof typicalpresentationsfor “information”
visualization; that is, visualizationof dataas might be found in
databasesor spreadsheets.Our focusis on creatingcustom,com-
plex, three-dimensionalcomponentsusingnon-programmingmeth-
ods,linkedin a customenvironmentto a setof powerful statistical
presentations.

The WEAVE System

TheWEAVE systemallows seamlessintegrationof customthree-
dimensionalviews basedon flexible andexpressive datamodels,
with sophisticatedstatisticaldataanalysisandpresentationtools.
The three-dimensionalviews supportedarecompletelycustomiz-
ableandrapidly modifiableusinga visual programmingenviron-
ment.They arecreatedusingDataExplorer[LAC� 92],whichsup-
portsthecreationof a wide rangeof possiblevisualizations,in an
easy-to-modifyenvironment.Thestatisticalpresentationsarebased
on the Diamondtechnology[Rab94] which includesover 20 dif-
ferent representationsof data,which are all automaticallylinked
with oneanother. Thepresentationsrangefrom commonplotssuch
ashistograms,pie chartsandscatterplotsto sophisticatedpresenta-
tionsrepresentingcorrelationsbetweensetsof variables,clustering
of cases,andviews of very highdimensionalitydata.



2 Modeling the Heart

Thedataconsideredherecomprisetwo separatedatasetsdeveloped
at the Centerfor ComputationalMedicineandBiology in theDe-
partmentof BiomedicalEngineeringat JohnsHopkinsUniversity.
Oneis a finite elementsimulationof heartexcitation. Thesecond
is a set of musclefiber tensorsinferred from imagingdata. The
simulationis a three-dimensionalcomputationalmodelof theheart
(the canineventricularcell model [WSH � 00]), whosepurposeis
to investigatethebasisof arrhythmia(anomolousrhythms)in heart
disease.The myocardium(muscletissueof the heart)is modeled
asa setof nodes,with eachnoderepresentinga volumeof tissue
centeredabouta particularpoint in space. A set of 32 coupled
nonlinearordinarydifferentialequations,defining13distinctmem-
branecurrents[WRJ� 99], areintegratedin timeateachnodepoint
to simulatecardiacactivation andrepolarization.For purposesof
this analysis,ten differentmeasuresof cardiacactivity have been
selectedfor analysisanddisplayateachnode.Thesemeasures(and
theirnamesin italics for thepurposesof thevisualizationpresenta-
tions)areasfollows: Voltage, or membranepotential,is thevoltage
differencebetweentheinsideandoutsideof thecell. Whencardiac
cells becomeexcited (an event referredto asan actionpotential),
this differencebecomeslargeandpositive. Membranecurrent(Im)
correspondsto the currentthat flows betweenthe inside and the
outsideof a cell. Spatialcurrent(Ispace) at a point in spaceis de-
finedasthetotal outwardcurrentfrom thecell at thatpoint into all
of the cells neighboringthat cell. As membranepotentialevolves
in time, cellsbecomeexcited,producinglargespatialcurrentsthat
will exciteadjacentcellsthatarein front of thetravelling wave.

Thesimulationalsomodelsthecalciumandpotassiumion lev-
els in heartmusclecells. Theseconcentrationscontrol many cel-
lular functions,includingforcegeneration.Every musclefiber cell
hasacompartmentwhichcontainstheNSR(network sarcoplasmic
reticulum)andtheJSR(junctionsarcoplasmicreticulum).Thecon-
centrationof calciumin theNSRis CaNSR; theconcentrationin the
JSRis CaJSR. Following anactionpotential(thedepolarizingex-
citatory event which triggerscontractionin cardiacmusclefibers)
calciumis pumpedfrom thecytosol (thefluid portionof thecell’s
cytoplasm)into theNSRandis madeavailablefor releasefrom the
JSRfor thenext actionpotential. Calciumreleasedinto thespace
betweentheNSRandthecell membrane,thediadicspace,is called
CaSS. It thendiffusesinto thecytosol,whereits concentration(Cai)
drivesmusclecontraction.

Behavior of a numberof potassiumcurrentsis alsosimulated.
Thesecurrentsareimportantfor restoringthemembranepotential
of cardiaccellsto therestingvaluefollowing anactionpotential.

Thedataconsistof 60 time stepsfollowing the travelling wave
of excitation of the heartthroughthe activation phase.Eachtime
step(spaced1 msecapart)definesthe above variablesat a setof
approximately110,000nodepoints.

The seconddatasetconsistsof measurementsof the diffusion
tensorsthroughmagneticresonance(MR) imaging in fixed heart
tissue.It hasbeenpreviously shown that theprimaryeigenvectors
of thesediffusion tensorsarealignedwith the long axisof cardiac
fibers[SHWF99]. Fiberorientationcanbededucedfrom diffusion
tensorimagingdataasfollows: In MR images,diffusion of water
alongthedirectionof anappliedmagneticfield gradientcausessig-
nalattenuation.Becausediffusionis fastestdown thelongaxisof a
cylindrical musclefiber, signalattenuationis greatestwhentheap-
pliedmagneticfield gradientis alongthefiber direction.By apply-
ing magneticgradientsin at least6 noncollineardirectionsduring
imageacquisition,the three-dimensionalfiber orientationcan be
deducedatall voxelswithin theMR imageby examiningthedirec-
tional dependenceof attenuation.This orientationis embodiedin
the6 uniquecomponentsof the3x3symmetricdiffusiontensor. We
usetheprimaryeigenvectorto constructa flow field vectorat each

point in the three-dimensionalfield. Streamlinesthroughthis flow
field canthenrepresentthefiberstructure.Wealsoimplmentedthe
“tensorline” methodasdescribedby [WKL99]. This methoduti-
lizesall threeeigenvectorsalongwith a measureof thelocal linear
anisotropy, andreducesto the streamlinecasefor purely linearly
anisotropictensorfields.Our applicationallows eithermethod;the
figuresreproducedhereusetensorlines.

3 Implementation

WEAVE is implementedusingActiveX componenttechnology, and
the applicationswe have createdthus far usea Visual Basic de-
velopmentenvironment. We createdActiveX componentswhich
wrappedDiamondDLLs for a numberof differentstatisticalviews
andlinkedthemwith anActiveX componentwhichwrappedacus-
tom DataExplorervisual program.We developedspeciallinkage
andnotificationmodulesto bridgethesetwo technologiesto allow
automaticinteractive brushingbetweenall components.We also
developedinteractionandbrushingcodefor thethree-dimensional
DX views. The result is that the usercanbrushin any statistical
presentationandseethe colorsreflectednot only in the othersta-
tistical presentationsbut alsoin the 3-D view. Similarly, the user
canbrushregionsin the3-D view andseethecolorsreflectedin the
statisticalpresentations.

In WEAVE all componentsall run in thesameprocessspace,so
sharingof datais possiblebetweenthevariouspresentations,which
is a significantbenefitfor largedatasets.All objectswhichsharea
datainstanceareautomaticallylinkedby theunderlyingDiamond
infrastructure,sothatno explicit linking is necessaryotherthat in-
dicatinga datasource(instance)for eachpresentation.

In order to createa linkable customthree-dimensionalpresen-
tation, the visualizationprogrammercan createa Data Explorer
visualizationprogramusing its standardvisual programmingen-
vironment. We createda new imagetool in DataExplorerwhich
rendersthe imageandallows userinteraction. We alsocreateda
componentwhich servesto identify objectsin the renderedimage
(vertices,markers,posts,etc.) with specificindicesfrom the tabu-
lar datawhich is to belinkedwith thegeometricdata.Therendered
objectcanbeof any desiredcomplexity, includinganumberof sep-
arateobjects,someof which may be associatedwith the tabular
data,andsomewhicharenot. Brushingbetweenthestatisticalpre-
sentationsandthegeometricpresentationwill automaticallyoccur
only for thosepartsof the geometricimagecontainingthe mark-
ing component.Thedesignerof thevisualizationprogramdecides
whatsortof mappingto make from thetabular datato thegeomet-
ric data. In the applicationdiscussedhere,we usefour different
mappingsasdescribedlaterin this section.

We usedWEAVE to develop a customapplicationfor the car-
diac simulationandmeasurementdatasets. We choseto offer a
two-dimensionalscatterplot,a histogram,anda parallelcoordinate
presentationof the simulationdatalinked with one of four com-
plementarygeometricviews with a variety of viewing and inter-
action options. Thesegeometricviews were createdspecifically
for this applicationto enablethe scientiststo visualizeparticular
features. One geometricpresentationconstructsa boundingsur-
faceof the heartandsharescolorsat eachvertex with the statis-
tical presentations,which containdatafor every nodein the my-
ocardium. This presentationis particularlyvaluablefor following
theprogressionof theexcitationwave acrosstheepicardium.The
secondpresentationshowsamarkingpointateachvertex in thevol-
ume.Thisallowsthescientistto seethethree-dimensionalstructure
of the marked regions. In orderto seethe marked volumetricre-
gionswithin thecontext of theheart,thethird presentationincludes
the boundarycontour, which may be paintedusinga perceptually
appropriatecolormap[RT98] to representany simulationvariable.
The fourth representationshows tensorlinesrepresentingthe fiber



structureof the heart,aloneor againin conjunctionwith the sur-
faceof the heart. This is valuablebecauseit allows the scientist
to studythe role of the heartfiber geometryin the excitation pro-
cess.Becausethetensorlinesdo not sharenodepositionswith the
simulationdata,we developeda generalpurposetool to enableas-
sociationof index valueswith eachpoint on the tensorlines.We
chooseto usethe nearestnodepoint to a particularpoint on the
streamlinefor theassociationwith thestatisticalpresentations.

4 Results Using the WEAVE Environment
to Analyze Cardiac Data

We begin our discussionof the analysisof the cardiacsimulation
datawith the pair of imagesin Figure1, which show a geometric
renderingof theboundaryof themyocardium,with oneof thesim-
ulationvariables(in thiscasevoltage)paintedonthesurfaceusinga
standardrainbow color mapon thetop anda perceptualsegmented
colormapon thebottom.Thesearedatafrom 46 msecafterthebe-
ginningof theexcitationwave. Thetopof theheartis notpartof the
simulationandsoappearsto becut away. The left ventricleis the
cavity towardthefront of theimage,theright ventricleis thecavity
towardtherear. Thesearetypical scientificvisualization-stylepre-
sentations,showing onevariableat a time. They allow little in the
wayof quantitative analysisandcomparisonof variables.

Figure2 showstheprototypeapplicationinterfacewhichwecre-
ated using WEAVE. The data displayedare from time step 10,
which is 10 msecafter the beginning of the excitation wave. A
stepinteractorallows the investigationof other time stepsof the
data. The top left imageis oneof the four three-dimensionalrep-
resentationsof theheartwe provide. Thetop right imageis a two-
dimensionalscatterplot,hereshowing spatialcurrentasa function
of voltage.Thebottomimageis a histogramplot, displayinga his-
togramof spatialcurrent. Using the two-dimensionalscatterplot
view, a regionof highspatialcurrenthasbeeninteractively marked
in red,anda region of high voltagehasbeenmarked in greenand
the resultingcoloredregionshave beendynamicallyandautomat-
ically brushedto the other two presentations.(Yellow represents
regionswhichhavehighspatialcurrentAND highvoltage)Thege-
ometric representationclearly shows the high voltageregions (in
green)surroundedby the high spatialcurrentregions in red, in-
dicating the progressionof the excitation wave: high spatialcur-
rent(red)is exciting setsof cellswhich in turnbecomedepolarized
(green). If desired,a separatewindow canbe broughtup display-
ing a parallelcoordinatesview of the samedata. Figure3 shows
suchapresentationusingthesamecoloringasin Figure2. Figure4
demonstratestheoptionof displayingonly thered(highspatialcur-
rent)points.Looking acrossthis constellationof variables,we can
see,for example,thatPotassiumcurrentsIKs andIto1 arerelatively
low, reflectingthefactthatthecell is not yet repolarizing.

Thefour imagesin Figure5 show a few of thealternatepresen-
tationsprovided to theuser. All four renderingsarecoloredunder
thesamecriteriaasin Figure2. In thefirst image,eachpoint in the
simulationis shown asa point in therenderedimage;we have cho-
senhereto show only theredpoints.Becausethethree-dimensional
imageis interactively rotatable,anunderstandingof thevolumetric
shapeof thecoloredregion is easilyachieved. Thecloudof points
canalsobe shown togetherwith the heartsurface,which may be
optionallybecolored,asshown in thesecondimage,which colors
the intracellularcalcium Cai usinga continuouscolor map. The
third imageshows the tensorlinescomputedasdescribedin Sec-
tion 2 mappedwith thesamecolors.Wealsoprovideanoption,not
shown, to codethe tensorlinesusingopacityby a measureof the
confidenceof themeasurement;thatis, by thelinearanisotropy co-
efficient. Thefourthimageshowstheheartboundaryrepresentation
asin Figure2.

Figure1: Typical three-dimensionalvisualizationsof heartsimu-
lation data,with a rainbow colormapand a segmentedcolormap
appliedto thevoltagevariable.While relative levelsof thespecific
variablecoloredmay be qualitatively compared,this visualization
is not well suitedto simultaneouslycomparingmultiple variables
in a quantitative way.



Figure2: The cardiacapplicationinterface. Using the two-dimensionalscatterplotpresentation,high valuesof voltagehave beencolored
green,andhigh valuesof spatialcurrenthave beencoloredred. Regions that arehigh in both variablesappearyellow. Using WEAVE,
coloringin any presentationis automaticallyreflectedin all presentations.

Figure3: Linkedparallelcoordinatespresentation,availableasanadditionalwindow in theapplicationshowin in Figure2.



Figure4: Linkedparallelcoordinatespresentation,with only redcasesshown,allowing theanalystto seethevaluesof thesimulationvariables
whenspatialcurrentis high,right beforedepolarization.

Figure5: Four differentrepresentationsof theanatomicalview. In all cases,thered,green,andyellow coloringhasbeensetasin Figure2.
TopLeft: acloudof markednodepositions(with only redpointsshown); TopRight: markedpositionscombinedwith acolormappedsurface
rendering;Bottom Left: tensorlinesrepresentingfiber direction;andBottom Right: a heartboundaryrepresentationwith verticessharing
colorswith markedcases.



Figure6 shows theresultsof aninvestigationof therelationship
betweenintracellularcalcium (Cai) and calcium in the subspace
(CaSS). Beforetheuseof WEAVE in this application,theexpecta-
tion of theresearchersusingthisapplicationwasthatcalciumin the
subspacewould show two populations:essentiallyzeroandsome
finite amount. In fact, a muchmorecomplex structureis present,
with threepopulations:a populationwith no calciumin the sub-
space,and two populationshaving finite amountsof calcuiumin
thesubspace.Marking the two positively-valuedpopulationswith
differentcolors,redandgreen,shows clearlythatthey overlapone
anotherin anatomicaldistribution.

5 Discussion

In Section4 we discussedtheadvantagesof WEAVE for a specific
setof datain understandingtherole of structureandfunction in a
cardiacapplication.Herewediscussthespecificadvantagesof this
sort of environmentasapplicableto a broadrangeof application
areas.

A varietyof differentvisualizationmethodshavebeendeveloped
for analyzingandinteractingwith data. Sometools have particu-
lar strengthin highlightingstatisticalfeaturesin multidimensional
dataandallowing the userto quickly compareandcorrelatevari-
ables.Othershave strengthin allowing custom,three-dimensional,
realistic views of spatialdata. The WEAVE environmentallows
anapplicationdeveloperto incorporatethestrengthsof bothstyles
of visualizationinto a common,customenvironment. The three-
dimensionalviewsin thisenvironmentcanbecreatedquickly (in an
houror two) andimmediatelyincorporatedintoaprototypeapplica-
tion for testingtheir suitabilityandappropriatenessfor theproblem
underconsideration.All controlover thecharacteristicsandparam-
etersto modify thethree-dimensionalvisualizationis accomplished
throughmodificationof thevisual program,andno recompilation
of theActiveX control is necessaryat any time. At thesametime,
dynamic,automaticbrushingcan be incorporatedinto the three-
dimensionalvisualizationwith no specialknowledgeor awareness
by thevisualizationdesigner. Programmerswith no knowledgeof
C++ or otherhigh level programminglanguagescancreatecom-
plex visualizationcomponentsfor customapplications,and have
them automaticallylinked to a wide variety of statisticalpresen-
tationssuchas histograms,2- and 3-D scatterplots,dendograms,
parallelcoordinates,etc.

We have demonstratedthat the weaving together of three-
dimensionalpresentationswith statisticalvisualizationscanleadto
new insightsin complex, multivariatedata. We have beenableto
observe interactionsbetweensimulationandanatomicalvariables
which hadnot beenanticipated.We expectthis environmentto be
valuablein a wide rangeof applicationareas,wherethegoal is to
find relationships,correlations,andpatternsacrossmultiple types
of data.
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