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Abstract

We presenta new methodfor displayingtimevaryingvolumetricdata. Thecore of the algorithmis anintegration
throughtime producinga singleview volumethat captuiesthe essencef multipletime stepsin a sequenceThe
resultingview volumethencan be viewedwith traditional raycastingtechniques Wth differenttime integration
functions we cangenegte several kindsof resultingchronavolumes which illustrate differing typesof time vary-
ing featuesto the user By utilizing graphicshardware and texture memorythe integration throughtime can be
spedup, allowing the userinteractivecontmol over thetempoal transferfunctionand exploration of thedata.

CategoriesandSubjectDescriptorgaccordingo ACM CCS} 1.3.3[ComputerGraphics]:Viewing algorithms

1. Intr oduction

Time varying scienti ¢ datatraditionally hastwo methods
of visualization.The rst methodbeingnormalvolumeren-

dering or isosurfice extracting time stepsof interestand
renderingthoseindividually. In this manneythe continuity
and connectionbetweentime stepsis minimized. The in-

formation of a singletime stepis presentbut the context

of the surroundingearlierandlater time stepsis notimme-

diately available,exceptby comparingrenderedime steps.
The secondmethodis to createan animationfrom the data
set.While context of the surroundingime stepss provided,

it relieson the viewer's memoryof whathappenedo tie to-

getherspatialrelations.Also, it maybetoo time consuming
for a transferfunction updateandre-renderto interactvely

exploretheanimationin realtime.

We proposeanalternatve methodfor viewing time vary-
ing data,relatedto late 1800 photographicmethods.Dur-
ing this period, Etienne-JuledMarey was studyingthe hu-
man body, and was aiming to discernthe laws that drove
humanphysiology He manufcturedgraphingmachineghat
wereableto measurdéorcesandmovementovertime, butthe
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machineswere not adequatdo studyinglocomotioncom-
pletely “He wantedto depictin a singleimageall the re-
lationshipsoccurringboth betweenonebody partandeach
of the othersand betweenone body partandthe body asa
wholeateachof severalinstantsof aspeci ¢ movementexe-
cutingduringa discreteunit of time andin aspeci cally de-
ned andconstanispacel” In 1878,Eadweardviuybridge
capturedmagesof a horsemaving over time with multiple
camerasyherethe horsewas capturedseparatelyon indi-
vidualframesInspiredby Muybridge's photograpl andthe
adwancemenbf cameratechnology he was able to manu-
factureacamerasystemhatwasableto take multiple series
of imageswithin asingleplate.Dubbedchronophotograph
seenin Figurel, Marey wasableto capturethe progression
of a body over time and spaceat regular intervals within a
singleimageframefrom a singlepoint of view.

If we wereto apply Marey's chronophotographmethod
to computervisualization,it would be stated:given a se-
guenceof timevaryingimagestheresultingimageis acom-
binationof all time stepsof interest.Our methodis an ad-
vancemenbf this, where: given a sequencef time vary-
ing volumes the resultingvolume is a combinationof all
time stepsof interest. We have several bene ts of being
ableto studythe datawith this method.First of all, we can
seeevery time step of interestat once,with weightedin-
terest. This provides context of meaningfrom earlier and
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Figure 1: Marey's chronophotagraphy

later time steps,and we canreasonaboutspatialrelation-
shipsbetweenstructuresasthey progressover time. Also,

sincethis is a singlevolume,unlike an animation,we don't

have to rewind andforwardtheanimationto seetheprogres-
sion.Secondlyby combiningvolumeswe haveanadwantage
over chronophotographsuchthatdepthinformationis pre-

sened. We areableto rotatethe volume andstructuresare
properlydepthoccluded.Lastly, we areableto make rapid

updatego thetransferfunctionandinteractvely explorethe

time series.

The basicfunctioning of renderinga time varying vol-
umefollows. The userdesignsa transferfunction for time
anddataandthenthevolumeis integratedthroughtime. For
every voxel in the nal viewablevolume,a singlevoxel is
the resultof integratingthroughevery time stepat that po-
sition in space Theresultingvolumeis thenrenderedwith
traditionalvolumeraycastingechniquesTheaddedstepwe
have introducedis integration throughtime in the raycast-
ing pipeline.In thetime integrationstep,we will introduce
several differenttime accumulatiormethodsfor rendering,
in additionto featureenhancementinally, hardwareaccel-
erationwill allow usto quickly andinteractvely updatethe
transferfunction.

2. RelatedWork

Previous work on time-varying visualizationprimarily fo-
cuseson data compressionaccelerationof visualization
techniguesandtime-varyingfeaturetracking.For datacom-
pression,Guthe and StraRer? used 3D wavelet transfor
mation, coefcient encoding,and motion compensationo

achieve ef cient volume compressiorand decompression.

Lum et al.® used Discrete Cosine Transform and vector
quantizationtechniquego compressmultiple time stepsof
eachvoxel into an 8 bit index. The quantizedvolume is
loadedinto thetexture memory anda dynamiccolor palette
is usedat run time to decodethe compressediataand an-
imate the volumes.More recently Sohnet al.# combined
wavelet transformand MPEG compressiorschemeto en-
codeblocksthatcontainsigni cant featureslsosurficeseed

setsare alsoencodedo achie/e interactive databrowsing.
Neoplytou andMueller > proposeca space-timepoint ren-
dering technique.Four dimensionalBody-CenteredCarte-
sian(BCC)grid is usedto provide amoreef cient sampling.

To acceleratahe visualizationcomputationsyariousal-
gorithmswere proposed For volume rendering,Shenand
Johnsoné proposeda differential volume renderingalgo-
rithm which performsdifferenceencodingand can selec-
tively castrays only into thosevoxels that changevalues
dramaticallyin time. Shenet al.” 8 proposeda Time-Space
Partitioning Tree datastructureto storethe temporalvaria-
tion basedon the coefcient of variationin the data.Partial
imagesrenderedrom datablocksarereusedf little tempo-
ral variationis obsered. Anagnostolet al.® useda statisti-
cal hypothesigestingtechniqueto measurevoxel variances
andincorporatedhe technigueinto the sheaswarp volume
renderingalgorithm. For isosurfice extraction, Suttonand
Hansert? extendedhe Branch-on-Nee@®ctree(BONO) al-
gorithmto managedime-varying datafor isosurbiceextrac-
tion. Shen!! proposeda temporalhierarchicalindex treeto
arrangethe extremevaluesof eachdatacell basedon their
temporalvariationto speedupisosurficeextraction.

To tracktime-varyingfeaturesresearcherlave proposed
variousmethodsto establishcorrespondencbetweendata
in differenttime steps.Silver and Wang usedspatialover
lap criteria 12 to track time-varying isosuricesevolving in
time for structuredandunstructurediata.Importanttempo-
ral eventssuchasbifurcationcanalsobe detected?. Banks
and Singer14 useda predictorcorrectormethodto recon-
structandtrack vortex tubesfrom turbulenttime-dependent
o ws. van Walsumet al.15> designeda featureviewer using
iconic visualizationtechniquego assistvisualizationof im-
portanttemporalevents.

Little attentionhasbeenpaid to direct visualizationof
4D data.Hansenet al.proposeda method1¢ 17 for four di-
mensionallluminations.In their method threedimensional
Phonglighting modelwasextendedo four dimensionwith
tetrahedrasthebasicrenderingorimitives.Speciakcarewas
taken to enhanceobjectswith renderablepropertiesso that
they arerenderablén theembeddedimensionBajajetal.18
generalizedheobjectspacesplattingtechniquento ahyper
volume splattingmethodthat can be implementedby tex-
turemappinghardware.In essenceyisualizationof high di-
mensionabbjectswerethe primary interestfor thosemeth-
ods, thereforeno explicit temporalfeaturetrackingwasat-
tempted.

Researcton transferfunction designhasbeenprimarily
focusedon staticvolumesdata.A commonpracticeis to use
asingletransferfunctionfor theentiretime sequenceKindl-
mannetal.1® proposeda semi-automatialgorithmto detect
thematerialboundariebasedn rst andsecondierivatives
of the scalardata.A function that mapsfrom datavalues
to the distancedo the boundariess usedto assistopacity
assignmentsKniss et al.20 later followed up the work in 19
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Figure 2: Alphacompositiorof 10 consecutivéime stepsof
the \ortex data set. Theisosurfaceprogressedrom blue to
greento redovertime

with anintuitive userinterfaceand introducedthe concept
of dual domaininteraction.For time-varying data,Jankun-
Kelly andMa 2 proposecdh methodto reducethe numberof

transferfunctionsacrossthe time sequencdy meging the

coherentsggments.Multiple transferfunctionsfor a time-

varyingdataarenotfrequentlyused but canbe effective for

certainscenarios.

3. Integration Through Time

In normal raycasting,a ray is castfrom the eye through
a pixel on the image plane. The ray then travels through
the prospectie volume, using an integration function as it

passeghroughvoxels along the ray to accumulatecolors.
The nal colorof thepixelis theresultof all thecoloralong
the ray asde ned by the integration function and transfer
function.

To visualizedatafrom multiple time stepsin a singleim-
age,a projectionof the four-dimensionaldatato a render
ablelower dimensionakpaces olbviously necessarySince
our primary interestis to understandhe temporalevolution
of time-varying data,it is desirablethat this projectionpre-
senes the spatial relationshipof datafeaturessuchas lo-
cationsand visibility in the embeddingthree-dimensional
spaceThisis to ensurdhattheusercanreasoraboutfeature
shapesandpositionseasily To achieve this, we rst usean
orthographicprojectionto transformthe four-dimensional
datato a three-dimensionavolume. The transformations
to projectthe four dimensionalvoxel data(x;y;zt) along
thet (time) axisto athree-dimensiondimage plane”.Each
“pixel” in theresulting“image” is in factavoxel, which has
avaluefrom integratingv(x;y; z;t) alongtime.

Hereafterwe call the projectionvolumea chronovolume
To visualizethe chronavolume,we canuseregular volume
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renderingmethodgo projectit to a two-dimensionalmage
planefrom arbitraryviewing directions.Is is only necessary
to reintegratealongtime when changingthe transferfunc-
tion, to recreateghe chronoasolume.

while(true) {

if(transfer function was updated) {
integrate through  time
build  chronovolume

}

if(view position has changed) {
raycast  chronovolume

}

Unlike volumeintegrationin the three-dimensionaspa-
tial domain thereis no“correct” way of performingthetime
integrationwhenconstructinghe chronaolume.Thisis be-
causethereis no analogousconceptof time-integrationin
the physicalworld. Thedesignof time integrationoperation
shoulddependnthegoalof visualization Differentintegra-
tion schemewwill pick out differenttime-varying features.
We have implementedseveral integration functions.In the
following, we describethe functionsin detail.

3.1. Integration and Transfer Functions

Whenusingraycastingo rendera volume,thereis anarray
of integrationfunctionsthatcanbeused We canutilize these
integration functions when applied to integration through
time. In thefollowing, we describeheuseof alphacomposi-
tion, rst temporalhit, and maximum/minimumintegration
functionsfor creatinga chronavolume. Eachof thesefunc-

tions providesa particularinsight to the time-varying data.
What follows is the descriptionof the differentalgorithms
andthe exampleimagesof thetechinqueseferredto in Fig-

ure 3 areonthecolor plate.Coloris animportantfeatureto

the chronaolume images,andviewing themin gray scale
lacks much of the informationthatis presentedn the im-

ages.

3.1.1. Alpha Compositing

One methodto integrate datawhen castinga ray through
time is to adoptthe ideaof alphablendingcommonlyused
in volumerendering.To achieve this, we de ne an opacity
function over time and an opacity function over data.The
opacity of a singletime stepvalue beforebeingintegrated
into the result value is a modulationof time opacity and
dataopacity The time opacityallows usto emphasizeer

tain time steps,while the dataopacity allows usto empha-
size certaindatavalues.The blendingorder of integration
throughtime follows the time sequencewith two alterna-
tives- we canintegratethe voxelsfrom the oldesttime steps
to the newesttime steps(forward integration), or from the
newesttime stepto the oldesttime step(backward integra-
tion). Whenforward integrationis used,earliertime steps
canoccludeoldertime steps,hereaftercalledtempoal oc-

clusion On the otherhand,whenthe backward integration
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is used,the oppositeeffect is seen.The usercandetermine
what weight or importanceto give to a singletime stepby
changinghealphafactorfor atime step.Whentheuserdoes
S0, moreimportanttime stepscanbe visible, with fadingto
transitorytime stepswithin thecontext of pastandpresenbf
the importanttime step.By usinga hatalphafunction over
time, for example theusercanisolateasingletime step,and
smoothlyfadeto earlierandlatertime steps An invertedhat
alphafunction allows the userto distinguishtwo time steps
andsmoothlyfadetoward a mediantime step.

Our transferfunctions minimally have two inputs, data
value and time ordinal, so the color of a single time step
voxel will dependon its time stepanddatavalue.We have
separatedhe transferfunction into two portions,time and
data,wherethe outputcolor of a valueat a particularposi-
tion in time andspaceds a modulationof time coloranddata
color. In the caseof a color transferfunction for time, we
have usedalinearredto greento bluetransitionfrom newest
to oldesttime steps.This allows for threedistinct periods,
roughly correspondingo "past", "present”,and"future”. A
warm-coolcolor spacemay be appropriatevhenoperating

with two distinct time periodsand transitoryin-betweens.

Using a luminancetransferfunction for time, would allow

to userto focuson a singletime step,while lesserimpor

tanttime stepswould fadeto black. While it is possibleto

modulatethe datacolor transferfunctionwith thetime color

transferfunction, the modulationof colors muddlesinfor-

mation,asit is nearimpossibleto discernthe combination
of colorsfrom dataandtime. It is morerecommendetb use
eitherthedatacolortransferfunctionor thetime colortrans-
fer function, but not both simultaneouslyby settingthe one
modulationcolorto a constantolor. Giventhe properinter-

face,the usercouldinteractvely togglebetweendatatrans-
fer functionandtime transferfunctionto seebothspacesin

all of ourexampleswe have only usedtemporalcoloring.

In Figures2 and3(a), we shov examplesof usingalpha
blendingthroughtime. Here,we canseeseveralisosurices
asthey progressin Figure2, 10 consecutie time stepsare
time alphacompositedthereis a greatdeal of overlapin
spacebetweenthe time steps.In Figure 3(a), threespaced
time stepsover a periodof 20 aretime compositedogether;
thereisn't quite asmuchoverlapin this image,asthetime
stepsare spacedapart.Blue indicatesthe oldesttime step,
while redindicategshemostrecenttime step.Greenis atime
stepthatis the medianbetweenthe nevestand the oldest
time step.In bothimages,we canseehow the isosuraices
progressover time andspace.

A positionin spacemay have several time periodsthat
have anopacitythatis non-zeroBy providing animportance
value,via thealphachannelto atime step,we canseewhat
time stepor stepsoccupieda voxel over time. More impor
tanttime stepswill dominatethusthesetime stepswill have
their color appeain the chronavolume.For examplein Fig-
ure2,theredtime stepdominatesll otherswhile blueis the

leastdominantWe getanoverlayeffectwheretheisosurfice
movesfrom blueto red. In Figure3(a), we have spacedut
thetime stepssowe candistinctly seeeachtime step.Visu-
alizing chronavolumesgeneratedvith differentintegration
orderandopacityfunctionsin acomparatre mannercanas-
sistusto understandhe spatialrelationshipf certaindata
featuresin differenttime steps,andthusreasonabouthow
thefeaturesvolve.

3.1.2. First Temporal Hit

When, rst temporalhit is used,as we integrate through
time, the nal color for a chronavolume at a voxel is de-
terminedby the rst voxel thatwe encountemwith non-zero
opacity dependingntheintegrationorder Whenwe choose
the rst time stepthatmeetshis criteria, we stopintegration
throughtime. Thisis differentfrom a rst hit techniqueused
in the spatialdomain,wherethe rst hit alonga view vec-
tor is completelyopaqueHere,a voxel doesnot needto be
opaquebecauseve aredoing rst hit in the temporaldo-
main. Spatially theremay be interestingfeaturesve would
liketo seethusavoxel mightnotbefully opaquewill allow

the userto seethrough rst temporalhit voxels. The ren-
deringorderalsodeterminesvhatis rst hit, whetherit be
newestto oldest oldestto newest,or someimportanceorder

ing. By importanceordering theusercanspecifywhichtime
stepwould be encounteredrst when integrating through
time, thusmoreimportanttime stepswvould bechecled rst.

When doing a rst hit in the temporaldomain, rather
thanthe spatialdomain,thereare featuresin onetime step
that may be behindanothertime step,depth-wisefrom the
viewer. First hit allows the userto apply a low opacityto a
singletime stepsothattheusercanseethroughatime stepin
spacelf wewereusingalphablendingthroughtime,andap-
pliedalow opacityto atime step it maybedominatedy an-
othertime step,andthusly temporallyoccludedor blended.
In addition, when using alphablending, opacity builds up
very quickly if mary time stepsoverlapthe sameregion in
space By using rst temporalhit, we cande nitively say
whetheror nota certaintime stepoccupiedaregionin space
overtime sequencewithout gettingthe blendingeffect with
othertime stepsFirsthit allows the userto distinctly isolate
atime stepwhile allowing theuserto seespatiallythrougha
time step.

The rst hit methodto integratethroughtime canbe seen
by Figure3(b). Time stepsaredistinctfrom eachother and
we canseefartherobjectsthroughobjectsthatarenearerto
the viewer becauseve have useda low opacity If we had
usedalphacompositionthroughtime, regions wheretime
stepsoverlapwould have hada blendingof time stepsanda
higheropacity potentiallyoccludingobjectsspatially

3.1.3. Additi ve Colors

Sometimest is necessaryo know whetherfeaturesat dif-
ferenttime stepsoverlap,or by how muchthey overlap.im-
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agesgeneratedisingthe rst hit or alphablendingintegra-
tion methodmentionedoreviously, however, do not provide
suchcues.This is becauset ary given point in the image
we canonly seefeaturesfrom onetime stepdueto tempo-
ral occlusion.orit is very dif cult to deducenow featuresn

differenttime stepsare overlappedfrom the alphablended
colors. To solwe this problem,insteadof usingalphacom-
positing,we canuseanadditive color integrationmethod.

To achieve this, aswe integratethroughtime, we take a
color summationof all time stepsat the sameposition,and
do a normalizationstepat the endto accountfor the max-
imum value rangesof graphicshardware. Now insteadof
time stepsoccludingeachother whenseveraltime stepsoc-
cupy the samespaceandwe usea meaningfulcolor trans-
fer function,it canleadto combinationcolorswhich clearly
shav how featuresin multiple time stepsoverlap. We use
time transferfunction which linearly transitsfrom red to
greento blue.For theregionswherefeaturedn all time step
overlap,awhite color is producedThis canbe usefulwhen
trying to studyseveraltime stepssimultaneouslyasthey do
not occludeeachother but shav up asa color which signi-

es their overlap.Alpha blendingor rst hit is moreuseful
whentrying to studya singletime stepin relationto other
time steps,sincea time stepcantemporallyoccludeother
stepswhenintegratingthroughtime.

In Figure 3(c) and 3(d), they were renderedwith an ad-
ditive compositiontechniqueln our previoustwo examples
rst hit andalphacompositingwhensereraltime stepsoc-
cupiedthe sameregion it wasusuallydominatedy onesin-
gletime step.Whenwe usethistechniquewhensereraltime
stepsoverlapthe sameregion of spaceit appearsaswhite.
For examplein Figure 3(c), we have usedthe samevortex
dataset.Previously, whentwo or moretime stepsoccupied
the samepositionin space,only onetime stepwasreally
discernableNow, whenall time stepsoverlapin spacethey
appeamlswhite, or possiblyappeamascyan,magentaor yel-
low, if only a few time stepsoccupy the samespace.We
canseenearthe left handside on Figure 3(d) thatthereis
a greatdeal of overlapin time, so this meansisosurficeis

relatively unchangedn this region over the time sequence.

However, neartheright handside of theimage,we cansee
distincttime steps,meaningthereis signi cant progression
of theisosurfice.This is very usefulin seeingoverlap be-

tweentime steps,and whetherthe isosuricehasremained
in the samerelative region overtime.

3.1.4. Minimum/Maximum Intensity

Visualizing the min/maxvaluesthroughoutthe entiretime
sequencdor every voxel in the volumein a single picture
allows us to pick out the extremevalue over the complete
time serieseasily Whencoloring eachvoxel in the chrono-
volumeby thetime stepthathasthemin-maxvalue,it allows
theuserto seechange®vertime. Theusercansee,n apar
ticular region, which time stephadthe extremevalue over
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a certaintime sequenceAs we integratethroughtime at a
position,we selectthe time stepthathadthe extremevalue
overtheentiresequenceThattime stepandvalueis usedto
look up the valuein the transferfunction and becomeshe
valuefor thevoxel atthatpositionin the chronavolume.

Figure3(e)shavsthemaximumintensitytechniqueWith
thesamecolortransferfunctionovertime thatwe have been
using, where blue is the oldestand red is newest, a blue
areaindicatesthat the value has decreasedver this time
sequencelikewise, a red areaindicatesthat the value in-
creasedver this entiretime sequenceanda greenareain-
dicatesthat the value increasedhen fell over time. With
minimum/maximumintensity at a glancewe canseeover
the time sequencehe generalchangein value,and which
particulartime stepit wasthat hadthe maximumor mini-
mumvalue.Granted we do not detectanddisplay multiple
changesver time for the user;at this point we male anas-
sumptionof asingleriseandfall in value.

3.1.5. EdgeEnhancementand Other Feature
Enhancements

We can also apply featureenhancemento our time inte-
gration techniquesEdge enhancementas proven to be a
valuabletool to scienti ¢ visualization.To apply a feature
enhancementin our renderingpipeline, we do the detec-
tion and enhancemendluring the time integration step.To
accomplistthis, thereareadditionalparameterso thetrans-
fer function.In previousexamplesthetransferfunctionhad
only beendependenbn the datavalue and time ordinal.
Edge enhancemenadds gradientto the transferfunction
andsilhouetteedgeenhancemerdlsotakesinto accounthe
view vector For example ,we have usedsilhouetteenhance-
mentin conjunctionwith alphablendingthroughtime. As
we integratethroughtime, we do a silhouetteedgedetection
ateverytime stepandapplytheenhancemertb thevoxel for
that particulartime stepand position. Note that this means
whenthereis a changen viewer position,whenwe aredo-
ing silhouetteenhancementime integrationmustberecom-
puted, becausethe transferfunction dependson the view
vectorin relationto the gradientfor every time step.If we
usedbasicedgeenhancementt would not be necessaryo
recomputdhetime integrationwhenview positionchanges,
because¢he gradientfor a positionin time andspacds does
notchangewith theview.

Figure 3(f) shows an applicationof silhouetteenhance-
mentover 3 time stepsWithoutthe silhouetteenhancement,
not a greatdeal of detail canbe seenon the surface.When
silhouetteenhancemeris turnedon in Figure3(f), now we
can see some additional information. In this data set we
canseehow the surface detailschangeand move astime
progressesWhile the userhasthe ability to rotatethe vol-
ume interactvely, sincewe're combiningmary time steps
togetherin oneviewable volume, the usermay needsome
aid to determinespatialdepthwhile looking from a certain
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view. Silhouetteenhancementanaid the userto determine
depthin theseinstances.

3.2. Data Organization

In preparingthe time varying volume for time integration
anddisplay the dataneedsto be reomganizedin an optimal
mannerfor time integration. Traditionally, whenatime se-
riesdatais beingstoredit is usuallystoredin axyz fashion,
wherex runsthe fastestandt runsthe slowest.In building
a chronavolume, thereare sequentialaccesseso consecu-
tive datavaluesin the samepositionbut with varyingt. This
doesnot utilize spatialcachecoherencebecauséf we inte-
gratethroughtime, therewill belarge addresgumpsin the
arrayto accesgemporallysequentialalues.

For maximumefciency in a software time integration,
we orderthe datain atxyzfashionwheret runsthe fastest.
To minimize memory usage,insteadof storing the entire
time varying dataset,we canstorelinear arraysof a single
X ed positionswith varyingt. Thus,we only needto keep
time stepsof interestin core.Also in this manneywe only
needto incrementallyadd or subtractrelevanttime stepsto
the arrayasneededwhenthe userwishesto move through
time. The dravbackto this is thereare mary linear arrays,
which may needto be managedby the dynamic memory
managerif the maximumlength of time sequencess not
x ed.

When using hardware rendering,it is more efcient to
storethe datain a xytz fashionwherex runsthefastestThe
reasorfor this is becausef ef cient 2D texture operations
in graphicshardware.Thus,whendoingtimeintegration,we
use2D textureslicesthatcontainall x andy for a x edt and
z. Again,we only needto keeprelevanttime steptexturesin
memorythat are neededIn the following, we describethe
hardwareimplementatiorof time integration.

3.3. Hardware Acceleration

If the integrationthroughtime is doneis software, an up-
datein thetransferfunction canbe slow to display We feel
thatinteractve control is an importantaspectof visualiza-
tion software.To be ableto give the userinteractive control
over the transferfunction andimmediatefeedbackwe can
speedup thetime integrationby usinggraphicshardware.

To createa chronoolume using graphicshardware, we
computea 3D texture in z slices.To computea z slice, in
the caseof alphablending,for all time stepswith the same
z position,we alphablend2D texturesinto a phuffer. When
a texture is blendedwith the phuffer, we are computinga
portion of the time integrationfor somet, for all positions
(x;y) with the samez. Whenall time stepsareblendedthe
phuffer is copiedinto the appropriatez slicein the nal 3D
texture,whichis thechronoolume.

We utilize multitexturing units and dependenttexture
lookups.For our setup, we usedanVidia GeForce4Ti4200,

OpenGL 1.4, and nVidia's NV_TEXTURE_SHADER
OpenGL extension.As mentionedin the previous section,
we orderthe datain an xytz manner that way we canuse
2D one-componentiatatextures. One texture unit is used
for thedata,anda secondextureunitis usedasa dependent
texture in which the datatransferfunctionis stored.When
texture coordinatesare generatedthe datatexture outputis
usedastexture coordinatedo the datatransferfunctiontex-
tureto lookupthetransferfunctionvaluefor thatdatavalue.
Only two textureunitsareused;in the GeForce4 thatleaves
two moretextureunitsfreeto usefor additionalinformation
like gradienttextures. The time transferfunction value for
a texture is appliedby settingthe modulationcolor for the
entiretexture quad,becausavhenthetextureis rasterized{
is constanecrosghetexture.

Activate a pbuffer as the render area
Turn blending on
Set the blend function

Bind the data transfer function

dependent texture to texture unit 1
Pipe the output of texture unit O
to the input of unit 1

Pipe the output of texture unit 1
to pbuffer

Set texture unit 0 as the

active  texture  unit
for(all z) {

Clear the pbuffer

for(all ) {

Bind data texture (t, 2)

to texture unit O
Set the quadrilateral color

to time transfer function t)
Render an orthographic

quad to pbuffer

}
Copy the pbuffer to slice z
of the 3D texture chronovolume

With this, we canquickly integrateover time andcreate
our chronavolume. We have implementedime alphacom-
positingandadditive color in graphicshardware. For addi-
tive color, the time transferfunction value alsoneedsto be
premultipliedby a normalizingfactorto accountfor color
clampingin the graphicshardware and the normalization
stepfor additive color. Additionally, the blendingfunction
needdo besetappropriatelyto do additionratherthanalpha
blending We have notimplementedninimum/maximumnin-
tensityand rst hit in hardware,but anoutlinefollowsfor an
implementatiorfor graphicshardware.First of all, the data
would needto be storedasa two-componentexture, where
the seconccomponentarriedwhattime stepthe datavalue
wasfrom. To achieze min-maxintensityor rst hit, we ras-
terizedatatexturesto the phuffer, without usingthe transfer
function, utilizing the stencilbuffer to cull away datafrag-
ments.The stencilbuffer would sere asa maskthatstored
eitheraboolearvaluefor rst hit, or themostextremevalue
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Data Size Softwae Hardware
vortex 10x128x128x128 3.826s .1986s
20 7.536s .2649s
30 11.426s .3440s
jet 10x128x128x128 3.810s .1832s
20 7.563s .2322s
30 11.412s .2990s
dens 10x512x64x64 3.789s .1638s
20 7.457s .2156s
30 11.318s .2795s
delta  10x128x128x64 1.895s .0905s
20 3.735s .1148s
30 5.659s .1430s

Table 1: Thecomputationtime for time integration in soft-
ware compaedto hardware. Computatiortimeis expressed
in seconds.

for min-maxintensity If anincoming datafragmentdoes
not passthe stenciltest,thenit is not written to pbuffer. The
pbuffer would be thento usedasthe datatexture. This data
texture would be usedto do two dependentexture lookups,
the datatransferfunction texture and time transferfunc-
tion, alsostoredasatexture. Thetwo texturefragmentghen
would be modulatedogetherusingregistercombinerhard-
ware,via NV_REGISTER_COMBINER®xtensionto pro-
duceafragmentin thez slice of thechronoolume.

For hardwareaccelerationwe getquiteasigni cant speed
up for time integration.In our hardware setup,we usedan
Athlon XP 1700,512 MB, anda nVidia GeForce4Ti4200
64 MB. For 10 time stepswe getabout19 timesspeedup
of calculatingthe time integrationwith hardware compared
with softwaretime integration.When30time stepsareinte-
grated,a constanoverheadnvolvedin the graphicsraster
izationis lessof a factorin the time taken, andwe get ap-
proximately39 timesspeedup of the time integration.The
timing resultscanbe seenin Tablel.

4. Parallel Viewsand User Interaction

Whenexploring a dataspacewe have foundit to be useful

to visually presenandswitch betweerparallelviews of the

rendering,with differenttime integrationmethodsto geta

more completeunderstandingf whatis taking placeover

the time series.In our use,it wasnot uncommonto switch

betweenthe additive methodand the alphacompositingto

nd overlappingareasin time. We frequentlyreversedthe

timeintegrationordersowe couldseebothimagesof nevest
to oldestandoldestto newvestto investigatethe differences
betweenthe two. The sum of the partsis greaterthanthe

partsindividually whentheuseris presentedvith thevarious
time integrationmethods.

¢ TheEurographic#ssociation2003.

For example,in Figure 3(g), the isosurace moves from
blueto greento redover 3 time stepsWe getagoodsensef
motionandtheactualdistancein spacebetweerisosurfices
over time at a glance.Whenwe switchto an additive view,
as seenin Figure 3(h), we can seeexactly how muchthe
time stepsoverlapin spaceFigure 3(g) givesus a senseof
the amountof movement,and 3(h) gives us a senseof the
amountof overlappingoccupationlf we switchto our third
view, Figure 3(i), we can seehow the valuesare actually
changingover time andwhatregionsarecontrituting to the
mavementof theisosurfce.

We have alsofoundthatwhentheuseris alteringthetrans-
fer function, ne tunecontrolis very necessaryvhen ma-
nipulatingthealphatransfervaluesin chronaolumerender
ing, evenmoresothantraditionalraycasting Sincemultiple
time stepscontrikute to a single voxel now, opacity builds
up very quickly on a singlevoxel whenusingalphablend-
ing, which leadsto a very opaquechronowolumewherein-
terior anddepthfeaturesareobscuredTo remedythe prob-
lem, the usermustbe given ne tunecontrol, or the ability
to “zoom in” on the transferfunction, to edit the function
at a very small scale.In additionto micro control over al-
phavalues,sincemary time stepscanstill be in the same
spacein chrono/olume,a necessaryool to give the useris
a slicing planeto examinethe interior of featureshat have
progressed.

5. Conclusionand Futur e Work

We have developedanalgorithmfor renderingtime varying
datasets.It is an exploration of direct renderingof space-
time dataanddifferentfrom previous methodsof usingan-
imationsandviewing individual time steps.The immediate
bene t that we seein this systemis that for datathe sur
roundingcontet of adjacentime stepss immediatelyview-
able.In both animationand the individual time steps,the
viewer hasto shufe forwardandbackwardthroughtime to
seethetransitionthatis takingplace.With theentiretime se-
guenceatonce,theviewer canseewhatis takingplaceover
spaceandtime in a single frame and view the space-time
boundaryof features.We can also explore other features
suchaschangen valueover time andspatialoverlapquite
easily With hardware accelerationthe userhasthe ability
to interactively changethe transferfunction to explore the
domainmorereadily

There are possibilitiesthat could even further improve
chronaolumevisualization.First of all, improvementscan
be madeto the datamanagemenschemesThereneedsto
be work doneon managinglarge time varying datasetsin
relationto this renderingschemeandkeepingthe ability to
interactively changethe transferfunctions. First and fore-
most,thereis theissueaboutshuttlingtexturesin andout of
the main memoryandtexture memory Somemethodsthat
couldbeusedo reducethetraf c wouldbecompressiomnd
incrementalipdate.
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Next, therecanbeimprovementsnadeto theuserinterac-
tivity of thesoftware. Theuserinterfaceneedso bemodi ed
toward this new 4D renderingto allow the viewer to move
quickly throughthe entiretime sequenceand selectthe ar
easof interest.Somemeasuremenbolsandprobesthatare
adaptedo working in this multi time spacewould alsobe
bene cial to theuser

Finally, therecanbeenhancementsadeto therendering

capabilitymorethanjust silhouetteandedgeenhancement.

Otherrenderingmethodsthat areusefulto visualizingtime

varyingdatacouldbediscorered.Whensomary time steps
contribute to oneimagetheretendsto be quite a bit of clut-

terin the nal imageif the useris not carefulwith manip-
ulating the transferfunction. Betterintegrationandtransfer
functionsand more enhancementt® reveal importantdata
would beusefulto theenduser
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(a) Alpha compositionover 3 time
stepsselectedver20stepsof theVor-
tex data set. Time stepsare picked
spacecdhpartsothatthey do not over
lap, but progressiorover time canstill
beseen.

(d) Additive integrationover 10 con-
secutve time stepsof the Deltawing.
White regionsindicatewhereall time
stepsintersectthe samespatialloca-
tion.

(g) 3time stepsof the Jetdatasetwith
time alphacompositing.The volume
indicatesthatthe datawasin the blue
region, movedto green,andthenred.
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(b) First hit integration over 10 con-
secutve time stepsof the Vortex data
set.A time stephasalow opacityand
with rst hit, thetime stepsaredistinct
andcanbeseernthroughspatially

(e) Maximum intensity integration
over 3 time stepsselectedover 10
of the Delta wing. Coloration indi-
cateswvhichregionshadthemaximum
valueoverthetime seriesandthusin-
dicatesdatavaluechangeovertime.

(h) 3 time stepsof the Jet data set
with time additive integration. White
regionsindicatethatseveraltime steps
occupy the sameregion in spaceover
theseries.

Figure 3: Chronovolumeimages.

(c) Additive integration over 10 con-
secutve time stepsof the Vortex data
set. White regions indicatewhereall

time stepsintersectthe samespatial
location.

(f) Alpha blending with silhouette
edgeenhancementver 3 time steps
selectedbver 30 of the Densdataset.
The surface featurescan be seenon
theplanarsurfaceasit progressesver
time.

(i) 3time stepsof the Jetdatasetwith
time maximum intensity integration.
This is anindicationof the changen
valueovertimein thetime series.



