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Abstract

We describetwo tedhniquesfor renderingisosurfacesn multiresolutionvolumedata sud that the uncertainty
(error) in the datais shownin the resultingvisualization.In geneal the visualizationof uncertaintyin datais

dif cult, but the nature of isosurfacerenderingmalesit amenabldo an effectivesolution.In additionto showing
theerror in the datausedto geneate theisosurfacewe also showthe valueof an additionaldatavariate on the
isosurface Theresultscombinemultiresolutionand uncertaintyvisualizationtechniquesinto a hybrid approad.

Our techniqueis appliedto multiresolutionexamplefromthe medicaldomain.

CatgyoriesandSubjectDescriptorgaccordinglo ACM CCS} 1.3.6 [ComputerGraphics]:Methodologyand Tech-

niquesl.3.8[ComputerGraphics]:Applications

1. Intr oduction

With the exceptionof geographignformationsystemgsee,
for example,Hunterand Goodchild®), therehasnot beena
largeamountof researchinto identifying andvisualizingthe
uncertaintyin data.Recently however, researcherg other
elds have begunto addresghis issue.For example,Lodha
andPanghave experimentedvith visualizinguncertaintyin
vector elds 910121415 gndCignonietal. 3 have developed
a tool, Metro, for visualizing meshsurface approximation
error. In additionto the very dif cult problemof identify-
ing andmaintainingtheerroritself, it is alsovery dif cult to
presenthaterrorto the userin an effective andmeaningful
form.

Incorporating uncertainty into ary visualization requires
renderingat leastone additionalvariate (actually we need
to addonenew variatefor eachvariatethat hasits own er-

ror measure)Althoughmary innovative multivariatevisual-
izationtechniqueshave beendevelopedin recentyearsand
somehave proven usefulin somesituations this is a chal-
lengingproblemwhich is exacerbatedby the enormoussize
of modernscienti ¢ data.

In principal, we would like to incorporatethe uncertainty
informationinto the datavisualization.Whenthe error in-
formationis locally de ned (i.e., it hasaboutthe sameres-
olution as the data),this approachusually resultsin some
form of degradationin thedisplayof the dataitself. Witten-
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brink et al. 15 call theseoverloadingtechniquegasopposed
to their glyph-basedechniquewhich they call verity visu-
alization). Cedilnik andRheingans? useannotationsith a
visualizationin orderto reducethe distractioncausecy the
error visualization.In order to be most effective, it is im-
portantthatthe userhave the ability to turn the uncertainty
visualizationon andoff interactiely. With uncertaintyvisu-
alizationdisabledthe useris likely to have the bestchance
of understandinghe fundamentahatureof the data.After
enablingthe uncertaintyvisualization the usercannow get
anunderstandingf theerrorin thedata.

1.1. Multir esolutionData

Onemajorreasorfor therelatively low emphasiplacedon
uncertaintyvisualizationin the pastis that uncertaintyin-
formationis seldomavailableexceptin very abstracforms.
With the growing interestin the generatiorof coarsereso-
lution approximationdo a large datasetexplicit errorinfor-
mation is more readily available. Creatingmultiresolution
dataoftenintroducesadditionalerrorinto the data,but it is
oftenrelatively easyto measurehis new errorandit is usu-
ally signi cantly greaterthanthe errorin the original data.
Consequentlywe canexpectto beableto createandaccess
errorinformationaboutcoarseresolutionsof a multiresolu-
tion datahierarcly. Furthermoreit is particularlyimportant
to incorporateerrorinto thevisualizationof datathatis only
a coarseapproximationto the real data.A scientistneeds
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to know what portionsof a coarseresolutionvisualization
have relatively low error(andthereforeareanauthentiaep-
resentatiorof the datain thatarea)andwhich have a rela-
tively high error. Therepresentatioof thelow errorregions
is likely to bereasonablyauthenticput the scientistis lik ely
to wantto visualizeareaof high erroratahigherresolution,
e.g.,anadaptve resolutionvisualization.

1.2. IsosurfaceRendering

Isosurficerenderings avery goodcandidatdor addingun-
certaintyvisualization Renderinganisosuracewithin avol-
umeof univariatedatais avery effective techniqueor mary
applicationsSinceall thedatabeingvisualizedhasthesame
datavalue,the particularvaluedoesnot needto beincorpo-
ratedinto thevisualization.Corventionalisosurbicerender
ing assignsa constantcolor to the verticesof the triangles
thatde ne theisosurice,andusesstandardighting models
andGouraudnterpolationto give a sensef the shapeof the
isosurfice.Consequentlythe color (andtexture) parameter
may be availablefor visualizingthe uncertaintylt is impor
tantto realizethat this approachallows us to visualizethe
error of the datausedto generatehe isosurfceratherthan
theerrorbetweerthelow andhighresolutionversionsof the
isosurfce.

1.3. Overview

In this papemwe describesomeexperimentswith incorporat-
ing anuncertaintyvariateinto isosurficerendering Our vi-

sualizatiortool is partof abroaderresearcleffort to develop
a formal modelanda supportervironmentfor dealingwith

large multiresolutionand adaptve resolutiondatasetss: 13,

A fundamentabspectf this modelis the incorporationof

local error measureénto the datarepresentationAlthough
our uncertaintyvisualizationdoesnot depencbn ary partic-
ular techniquefor generatinghe volume data,we startby

describingour wavelet-basednultiresolutionvolume data
which doesincorporatea meaningfulerror componentWe
concludewith somespeci ¢ examplesof the visual results
of theapproach.

2. Multir esolutionVolume Data

Our motivation for developinga tool for incorporatingun-
certaintyinto isosurfice renderingarosefrom our interest
in usingmultiresolutiondatarepresentatioffior large scien-
tic datasets1®¢17, We are particularlyinterestedn gener
ating coarseapproximationgo alarge datasethataremore
tractablein termsof sizebut still retainsufcient authentic-
ity to be useful.For this approactto be viable, it is critical
that we provide an estimateof the error thatis introduced
into the coarsedataon alocal basis.In principle,every data
point in eachlevel of a multiresolutiondatahierarcly in-
cludesboth dataandan error measureassociatedvith that
data—its uncertaintyIn otherwords,we wantto identify the

regionsof the datawherethe coarserepresentatiors notan
authentiaepresentatioof theoriginal data.

3. IsosurfaceRendering with Err or

We have extendedhestandardvarchingCubesalgorithm?t

toincorporateameasuref theerrorof thedata.Volumedata
pointscontainbothdatavaluesandthe errorassociateavith

eachdatapoint. During the Marching Cubesalgorithm,we

computeanerrorassociateavith eachtrianglevertex by in-

terpolatingbetweernthe error valuesof the associateadube
vertex errorvalues.We usethe errorvaluefor eachtriangle
vertex to modify theappearancef thatportionof theisosur

face.

3.1. Uncertainty Representationusing Hue

Theverticesof thetrianglesthatde ne theisosurbiceareas-
signeda color basedon hue, saturationand brightnessand
thetrianglesarethenrenderedisinganexternallight source
andGouraudshading For basicisosurficerendering(with-
out uncertaintyenabled)all triangleverticeshave the same
color. Theusermay chooseto mapthe uncertaintyto ary of
the threecolor parameterghue, saturationand brightness),
while leaving theothertwo parametersc ed.In addition,the
usercaninteractvely selectwhatconstantvaluesshouldbe
usedfor the othertwo color parametersSincehueis speci-
ed asananglebetweerD and360,it is clearlynotdesirable
thatthe full rangebe used.If it were,the largestandsmall-
esterrorvalueswould have the samehue.Consequentlywe
allow theuserto selecttherangeof huesthatshouldbe used
for theuncertainty

Althoughwe allow usersto assigrthe uncertaintyrendering
to ary of thethreecolor parameterghue,saturationpright-
ness),we recognizethat the mostreasonablenappingfor
this particularproblemis to mapthe error to the hue.The
brightnesscomponenis neededn orderto effectively rep-
resentthe shapeof theisosurficeandit is generallyagreed
that we are more sensitve to hue changeghan saturation
changesin general,the perceptualissuesassociatedvith
colorusagearebeyondthe scopeof this paper

3.2. Uncertainty Rendering using Texture

We have developeda seconcerrorvisualizationmethodthat
usestexture to show regions of the isosurfice with high
uncertainty Texturesand texture hardware have beenused
by variousresearcherasan aid to datavisualization® 37,
Theseapproachegitherusetexture hardwareto accelerate
visualization,or rely hearily on the color componenbf the
texturesfor their visual effects. Our approachpn the other
hand,doesnot usehue as part of the texture, so that it is
availablefor visualizinganothewariateon theisosurfice.

Ourimplementatiorusesa secondexture surfacewhichen-
velopsthe original isosurfice,but is slightly offset from it.
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A stippletexture is mappedo this surface,andthe opacity
is variedaccordingo theuncertaintyof thedata.Thatis, the
texture will be mostvisible in areaswith high uncertainty
but absenbr faint whereuncertaintyis low.

Figure4 left, shaws the relationshipbetweencolor andtex-

turevisualization.Thetop row simply shavs a setof typical
hues.Themiddlerow shavs atextureimposedover agreen
surface.Thetexturebecomesncreasinglyisible asthetiles
progresgo the right. Notice that the underlyinggreencan
still be seen,evenin the rightmosttile. In the bottomrow,

the hue of eachtile variesasin the top row, but now we
have imposedthe texture aswell. The texture becomesn-

creasinglyvisible aswe progresgo theright. In eithercase,
both the texture and underlying hue are suitablefor visu-

alizing distinctvariates.For example,with CFD simulation
data,we might usethe pressurevariateto computetheiso-

surface,mapthe error of the pressureo the texture surface
andrenderthetemperaturevariateto the surfacehue.

4. Experimental Results

Ourisosurfcesoftwareis implementedn Java andis built
on the VisAD system® > which usesJasa3D for rendering.
Figures1 through3 wererendereddirectly in this system.
Theremaining gures wererenderedn a separatg@rogram
using gl4java (http://wwwjausoft.com/gl4jea.html) since
we neededalowerlevel API to implementthetexture-based
errorvisualization.

For thesetestswe useda CAT scanof a cadaer head
courtesyof North CarolinaMemorialHospitalandSiemens
Medical Systemsinc., Iselin,NJ. Theoriginal datais 113
256 256. For the convenienceof the wavelet transform,
we appended5 slicesof paddingto geta128 256 256
datasetWe thenapplieda 2D Haarwaveletto eachsliceand
threesuccessie 3D Haarwaveletsto geta4 level hierarcly.
Figurel left, shavs anisosurficerenderingof the 128 rep-
resentatiorfor the isovalue 0.185 (a skin value). The next
two coarserresolutionsof the skin isosurceare shavn in
Figure 1 middle (64%) andFigure1 right, (32%). It is clear
thatthesurfaceshavnin Figurel middle is coarsethanthat
shawn in Figurel left, but theoverallimpression®f thetwo
surfacesare very similar. Figure 1 right, however, shavs a
substantialossof accurag of thesurface.Hencethesethree
resolutionssene asa usefulbasisfor comparison.

4.1. Uncertainty Mapped to Hue

Figure2 left, shavstheskinvalueisosuriceof the 128° res-
olution representationvith constantsaturationand bright-
nessanduncertaintymappedo the rangeof huefrom 144
degrees(green)down to O degrees(red). In other words,
greenrepresentdow uncertaintyand red high uncertainty
The error associateavith the 128° dataseis very low and
thisis re ectedin thevisualization. At normalscaleno high
error areasare visible althoughat very high magni cation
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it is possibleto seesomevery light pink areasaroundthe
mouth region. Figure 2 middle shavs the uncertaintyvi-
sualizationof the 643 datasetusing the samevisualization
parametersis Figure 2 left. Heremoreerroris readily dis-
cernibleasreddishareasaroundthe mouth,eyes,andfore-
head.Figure2 right, shavs the 322 resolutiondatawith the
samevisualizationparametersAs we would expect,thereis
obviously increasecrrorin mary areasof theisosurfce.

It is not clearwhatrangeof errormight be expectedfor dif-

ferentkinds of inputdataandsoit is alsounlikely thatthere
is a singleideal mappingof errorto color. Figure3 middle

and Figure 3 right, shav the 64° and 32° datasetswith a
narraver huerange(108to 0) intendedo accentuat¢he er

ror while maintainingred asthe color of the highesterror.

In additionto the MR isosurficerendererwe have shavn
here,we have incorporatedhis techniquento a systemfor
creatingandrenderingadaptve resolutionrepresentation&
Figure3 left, shovs aresultof thatwork.

4.2. Uncertainty Mapped to Texture Opacity

Thelastseveral gures shav our texture basederrorvisual-
ization method.Figure4 middle shaws the skull datawith
errormappedo texture transparenc Regionsof high error
canbe seenabove the earand proceedindeft towardsthe
foreheadFigure4 right, demonstratethe useof texture vi-
sualizationof errorwhile hueis mappedo anothervariate.
For this example,we generated syntheticvariatebasedon
polygonnormalsto demonstratéhetechniquelt is dif cult
to seethetexture in a small picture,but we provide anen-
largementof the foreheadareain Figure 5. The texture vi-
sualizederror canbe clearly seeneven thoughit interferes
minimally with the accuratevisualizationof the secondsyn-
theticvariate.

4.3. Error Visualization Performance

We ran our tool on a dual processoi800MHz Mac OS X

machineusinga GeForce 3 graphicscardthathas64MB of

memory This tool assembleshe isosurfice polygonsinto

an OpenGLdisplay list, which is then usedfor rendering.
Therefore,the computationsfor error visualization occur
only once.Suchanapproachworkswell for staticdataand
takesadwantageof thegraphicscard,whichalsoimpactsper

formanceTablel shavstheperformancén FPSof bothhue
andtexture basederror visualizationmethodsfor different
datasetsizes.Sincethetexture-basedechniquedoubleshe
numberof polygonsrenderedspeeds roughlyhalvedwhen
comparedo the hue basedmethod.On modesthardware,
we achieve maiginally interactve speedsvenwith the 128°

datasetusingthetexture-basednethod.

5. Conclusionsand Futur e Reseach

Isosurficerenderingof multiresolutiondatais anideal can-
didatefor including uncertaintyvisualization.The incorpo-
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originaldata  ErrVis Err Vis
size with Hue  with Texture
323 136.1 65.9
643 315 14.9
128 6.5 1.7

Table 1: Sampldrameratesfor the error visualization.

ration of the uncertaintyinto the visualizationusing color
is relatively straightforvardandprovideseffective feedback
aboutwherethe visualizationis unreliablewithout detract-
ing signi cantly from thedatavisualizationespeciallyin ar
easof low uncertainty Texture basedvisualizationof uncer
tainty hasthe additionalbene t of makingthe surfacecolor
availablefor the visualizationof anothervariate.In the fu-
ture we intend to incorporateuncertaintyinto more com-
plex visualizationtechniquessuchasdirectvolumerender
ing (DVR) and o w visualization.
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Figure 2: Thethreeisosurfacegrom Figure 1 with uncertaintymappedo huein therange (144,0): (left) 128, (middle)643,
(right) 32

Figure 3: (left) Anadaptiveresolutionisosurfacecorrespondingo bone isovalue0.378,with uncertaintymappedo huein the
range (144,0), (middle)uncertaintymappedo huein therange (108,0), 643, (right) uncertaintymappedo huein therange
(108,0),32°
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Figure4: (left) A) Varying hueonly, B) Texture of increasingopacityover constantiue C) Increasingopacityovervaryinghue
(middle)Error mappedo texture opacityover a constanthue (right) Error mappedopacityover a huemappedo a synthetic
variate

Figure 5: A closeup of the foreheadregion from Figure 4, right. Thetexture canbe clearly seenbut interferesminimally with
theunderlyinghue
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