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Abstract

This paperpresentsan interactiveglobal visualizationtedhniquefor densevector elds usinglevelsof detail. We
introducea novel schemewhich combinesan error-contmwlled hierarchical appmoacd and hardware acceleation
to producehighresolutionvisualizationsat interactiverates.Usels cancontmol thetrade-of betweercomputation
timeandimage quality, producingvisualizationsamenabldor situationsrangingfromhigh frame-atepreviewing
to accumate analysis.Use of hardware texture mappingallows the userto interactivelyzoomin and explore the
data,andalsoto con gure varioustexture parametes to change thelook andfeelof thevisualization We are able
to achieve sub-secondatesfor denselIC-like visualizationswith resolutionsn the order of a million pixelsfor

dataof similar dimensions.

CateoriesandSubjectDescriptorgaccordingo ACM CCS} 1.3 [ComputerGraphics]:Applications
Keywords:VectorField Visualization Flow Visualization,Level of Detail, Line Integral Convolution, LIC

1. Intr oduction

Study andhence yisualizationof vector elds is animpor-
tantaspectin mary diversedisciplines.Visualizationtech-
niquesfor vector elds canbeclassi edinto localtechniques
andglobal ones.Examplesof local techniquesnclude par
ticle traces,streamlines pathlines,and streaklines,which
are primarily usedfor interactize dataexploration. Global
techniquesuchasline integral convolution(LIC)! andspot
noisé, on the otherhand,are effective in providing global
views of very densevector elds. Theseaechniquesreclas-
si ed asglobal techniquesecausalirectionalinformation
atevery pointof the eld aredisplayedandtheonly limita-
tion is thepixel resolution Thepricefor therich information
contentof theglobalmethodshowever, is their high compu-
tationalcost,which malesinteractize explorationdif cult.

We are concernedwith the problemof interactve visu-
alization of very densetwo-dimensionalvector elds with
e xible level of detail controls.Even thoughthe processor
speeddave increasedsigni cantly in recentyears,a global
visualizationtechniqudor densevector elds whichrealizes
interactive ratesstill eludesus.Likewise,althoughlargefor-
matgraphicsdisplaysthatconsistof tensof millions of pix-
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elshave becomencreasinglyavailable,our ability to gener
ate very high resolutionvisualizationimagesat an interac-
tive rateis clearly lacking. Furthermorecurrentlyvery few
globalvector eld visualizationtechniquesllow theuserto
freely zoominto the eld atvariouslevelsof detail. This ca-
pability is often neededvhenthe size of the original vector
eld exceedsthe graphicsdisplay resolution.Finally, most
of theexisting globaltechniquesio notallow a e xible con-
trol of the outputquality to facilitateeithera fastpreview or
adetailedanalysisof the underlyingvector eld.

In this paperwe introducean interactve global vector
eld visualizationtechniqueaimingto tackletheabove prob-
lems.The performanceyoal of our methodis setto produce
densd.IC-lik e visualizationawith resolutionsn theorderof
amillion pixelswithin a fraction of secondThis is accom-
plishedin partby utilizing graphicshardware acceleration,
which allows us to increasethe output resolutionwithout
linearly increasingthe computationtime. Additionally, our
algorithmtakesinto accountboth a userspeci ed errortol-
eranceandimageresolutiondependentriteriato adaptvely
selectdifferentlevels of detail for differentregions of the
vector eld. Moreover, thetexture-basedhatureof our algo-
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rithm allows the userto con gure varioustexture properties
to controlthe nal appearancef thevisualization.Thisfea-
tureprovidesextra e xibility to representhe directionalin-

formation,aswell asotherquantitiedn variousvisualforms.

This paperis organizedasfollows. We rst discussprevi-
ousrelevantwork (section2) andpresenthe level-of-detail
algorithmfor steadystate o w (section3). We discussthe
level of detail selectionprocess(section4). The hardware
accelerationssuesare are presentechext (section5), fol-
lowedby theresultsanddiscussion(sectiof).

2. RelatedWork

Texture basedmethodsarethe mostpopulartechniquegor

visualizationof densevector elds. Spot noise, proposed
by Van Wijk2, cornvolved a randomtexture along straight
lines parallelto the vector eld. Anotherpopulartechnique
is the Line Integral Corvolution (LIC). Originally devel-

oped by Cabraland Leedon, it usesa white noise tex-

ture and a vector eld asits input, and resultsin an out-

put imagewhich is of the samedimensionsas the vector
eld. Stalling and Hege® introducedan optimized version
by exploiting cohereng along streamlinesTheir method,
called "Fast LIC', usescubic Hermite-interpolatiorof the
adwectedstreamlinesandoptionally usesa directionalgra-
dient Iter to increaseémagecontrast.Forsselt appliedthe
LIC algorithmto curvilinear grids. Okadaand Kao® used
post- ltering to increaseémagecontrastand highlight ow

featuresForsself and Shenet al.6 extendedthe technique
to unsteadyow elds. Vermaet al.” developedan algo-
rithm called 'Pseudd.IC' (PLIC) which usestexture map-
ping of streamlineso produceLIC-lik e imagesof a vec-

tor eld. They startwith aregulargrid overlayingthe vec-

tor eld grid, but they computestreamlinesonly over grid

pointsuniformly sub-sampledrom theoriginal grid. Jobard
andLefer® appliedtexture mappingtechniquego createan-

imationsof arbitrarydensityfor unsteadyo w.

Level-of-detail algorithmshave beenappliedin various
forms to almostall areasof visualization,including ow
visualizatiod,10. Cabral and Leedont! used an adaptve
qguad-subdiision meshingschemein which the quadsare
recursvely subdvidedif theintegral of thelocal vector eld
cunatureis greaterthana given threshold. We usea simi-
lar subdvision for our level-of-detail approachDepending
ontheerrorthresholdour algorithmcanproducevisualiza-
tions spanninghewholerangefrom high- delity imagesto
preview-quality (high frame-rate)images.Being resolution
independentit allows the userto freely zoomin andout of
thevector eld atinteractveratesUnlike mary variationsof
LIC whichrequirepost-processingtepdik e equalizationa
secondpassof LIC, or high-passltering 5, our methoddoes
notneedary extrastepsMoreover, changingexturesand/or
the texture-mappingparametergan allow us to producea
wide rangeof staticrepresentationandanimations.

3. Algorithm Overview

In this sectionwe presentninteractve algorithmfor global
visualization of densevector elds. The interactvity is

achieved by level-of-detail computationsand hardware ac-
celeration Level-of-detailapproximationsnale it possible
to save varying amountsof processingime in differentre-

gionsbasedon the local compleity of the underlyingvec-
tor eld, thusproviding a e xible run-time usercontrolled
trade-of betweemuality andexecutiontime. Hardwareac-
celerationallows us to computedenseLIC-like textures
moreef ciently thanline integral corvolution. Useof graph-
ics hardware makesit possibleto displaythe vector eld at
very high resolutionsvhile maintainingthe high texturefre-

gueng andlow computatiortimes.

To perform level-of-detail estimation,we de ne an er
ror measureover the vector eld domain(section4.1). As
a preprocessingtep, we then constructa branch-on-need
(BONO)2 quadtreewhich senes as a hierarchical data
structurefor the error measureThe error associatedvith a
nodeof thequadtregepresenttheerrorwhenonly onerep-
resentatie streamlineis computedfor all the pointswithin
theentireregion correspondingo thenode.At runtime, the
guadtreeis traversedand the error measurestoredin each
nodeis comparedagainsta userspeci ed tolerance Using
thelevel-of-detailtraversalwe areableto selectiely reduce
thenumberof streamlinesequiredto generateéhe o w tex-
tures.In section 4.2, we discusshow the quadtredraversal
is controlledbasedon theresolutionof thedisplay

Hardware acceleratedexture mappingis usedto genef
atea denseimagefrom the scatteredstreamlineoutputby
thetraversalphaseof the algorithm.During the abose men-
tionedquadtredraversal,quadblocksof differentlevelscor
respondingo differentspatialsizesaregeneratedror each
region, a streamlings originatedfrom its center A quadri-
lateralstrip, with awidth equalto the diagonalof theregion,
is constructedollowing the streamline Henceforthwe will
referto this quadrilateraktrip asa “stream-patchandto the
streamlineas “'medialstreamline'.The stream-patclis then
texture mappedwith precomputed.IC imagesof a straight
vector eld. The texture coordinatedfor the quad-stripare
derived by constructinga correspondingjuad-stripat a ran-
dom positionin texture spaceFigure1 shavs the construc-
tion andtexture mappingof a stream-patchanddetailsare
presentedh section5.1. Thestream-patchefor differentre-
gionsareblendedtogether(section5.2). Eachstream-patch
extendsbeyond the originating region, covering mary re-
gionslying onits path.If aregion hasalreadybeendravn
over by oneor more adjacentregions' stream-patchest is
no longer necessaryo renderthe stream-patcHor the re-
gion. In section5.3, we discusghe useof the stencilbuffer
in graphicshardwareto skip suchregions.

In the following sections,we rst explain the level-of-
detail selectioncriteria, andthenthe hardware acceleration
featuresf thealgorithm.
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Figure 1: Constructionof the stream-patb: (a) the medial
streamline (b) the quadrilateral strip constructedon the
streamling (c) texture coordinatescorrespondingo thever

ticesof the quad-strip,and the texture parametes a, b, (d)
thequad-stripafter it hasbeentexture mapped.

4. Level-of-Detail Selection

The level-of-detail selectionprocessinvolves two distinct
phasesi(1) constructionof a quadtree(for level-of-detail
errors) as a preprocessingtep, and (2) resolutiondepen-
denttraversalof the quadtreatrun-timewith userspeci ed
thresholdsBelow, we elaborateon eachof thesestages.

4.1. Err or Measures

An “ideal' error metric for a level-of-detail representation
should give a measureof how (in)correctthe vector eld
approximationwill be comparedo the original eld data.
Thetexturesproducedoy thealgorithmprovide information
throughunquanti able visual stimulus. Thereforeit is dif-
cult to formally de ne the “correctnessbf the visualiza-
tion producedThe delity of illustration of the vector eld
shouldbe measurechot from the valuesof the pixels of the
imageproduced put from the visual effect that the texture
patternhasonthe user We useanerrormeasuravhich tries
to capturethe differencebetweenthe texture directionat a
point, which is the approximatedvector direction, and the
actualvector eld directionatthepoint.

Considerthe texture patternat a point which is not on
the medialstreamlineput falls within the stream-patchror
eachquadof the quad-strip,the texture directionis paral-
lel to the medial-streamlineseggmentwithin that quad. So,
within eachquad,we areapproximatinghevector eld asa
eld parallelto themedial-streamlineTheerrorcanthusbe
quanti ed by the angulardifferencebetweenthe directions
of the medial streamlineand the actualvector eld at the
samplepoint.

Sinceeachquadtreenode originatesa stream-patchhat
will travel outsidethe nodeboundarythe errormeasureas-
sociatedwith a particularquadtreenodeshouldconsiderall
the pointsthat arewithin the footprint of the stream-patch.
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Figure 2: Multi-level error for thevector eld shownin g-
ure 7. Theimages showncorrespondo the following three
levels of the error quadtiee: 16x16(top-left), 8x8 (bottom-
left) and4x4 (right) squae regions.Theerror valuerange is
mappedo [0.0,1.0], with 0.0 beingthe darkestand 1.0 the
brightest.

To dothis, for eachquadin thequad-stripwe nd theangu-
lar differencebetweerthe directionsof the medial stream-
line segmentandeachof thevector eld' s grid pointswithin
the quad. The error for a stream-patctoriginatedfrom a
guadtreenodeis thende ned asthe maximumangulardif-
ferencefor the grid pointsacrossall quadsof that stream-
patch. Sincethe error would dependon the length of the
stream-patck{which is usercon gurable), we take a con-
senative approachand calculatethe errorsassumingarge
valuesof length.Notethatsincetakingthe maximumangu-
lar deviation asthe error always keepsthe error belov the
userspeci ed tolerancesijt canbe very sensitve to noise.
For noisydata,takingaweightedaveragemight prove help-
ful. Thelevel-of-detailapproximatiorerrorsfor a particular
level arecomputecy constructingstream-patchéeer all the
quadtreenodesfor thatlevel andthencomputingthe errors
for eachstream-patchTheerrorvaluesfor thevector eld in
gure 7 areshavn in gure 2, andthosefor thevector eld
in gure 8arein gure 3. Theerrorvaluesarenormalizedo
therange[0.0,1.0]to make themuserfriendly.

It canbe seenfrom theimagesin gure 2 thatin ary par
ticular level, theregionsaroundthe critical points(thethree
vorticesandtwo saddlepoints)have thehighesterrorvalues.
Thecritical pointsdo not needary specialhandlingasthey
would be representedby stream-patchesf the nest level-
of-detailallowedby the displayresolution(section4.2). Be-
causeof high cunaturearoundcritical points,useof thicker
stream-patchewould have resultedin artifactsdueto self-
intersectionsThe errorsgraduallyfall off aswe move away
from the critical points,andhencewould resultin progres-
sively coarsetevel-of-detailstream-patche#lso, errorsfor
ary particularregion increaseacrosdevels. So,a high error
thresholdwill permitacoarsdevel-of-detailapproximation.
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Figure 3: Multi-level error for thevector eld shownin g-

ure 8. Theimagesshowncorrespondo the levels8x8 (top-
left), 4x4 (top-right) and 2x2 (bottom)of the error quadtiee
Theerror valuerange is mappedo [0.0,1.0], with 0.0being
the darkestand 1.0thebrightest.

Similarly, in gure 3, theregionsnearthe vorticeshave the
highesterrors.Sincenorun-timeparameterarerequiredfor
the errorcalculationsthis error quadtreeneedso be gener
atedonly oncefor theentirelife of thedatasetAt run-time,
it canbereadin alongwith the dataset.

4.2. Resolutiondependentlevel-of-detail selection

In this sectionwe describethe run-timeaspect®f thelevel-
of-detail selectionphasewhich requiresthe userto input a
thresholdfor acceptablerror We shall call the ratio of the
vector eld resolutionto the display resolutionthe resolu-
tion ratio, k. Consideyfor example,anx, Yy vector eld

datasetandsupposeur visualizationwindow resolutionis
Xw  Yw. Let

=K Xw; W=k Yyw ()

Note that in an interactve setting,the value of k changes
if the userzoomsin/out. If the display window hasa res-
olution not smallerthanthat of the vector eld, i.e,k 1,
thequadtreds traversedn a depth rst mannerandstream-
patchesrerenderedor quadblockssatisfyingtheerrorcon-
dition. In caseghedisplayresolutionis smalleri.e.,.k> 1,
the quadtredraversalis performedusingresolutiondepen-
denttestsin additionto the error thresholdtest. The reso-
lution dependentontrolsin traversalare motivatedby two
goals:(1)wewantto limit the quadtredraversalto the min-
imum block sizewhich occupiesmorethanonepixel onthe
display and(2)we wantto avoid a potentialpoppingeffect
causedby a changingk which causeghe abore mentioned
minimumblock sizeto go up (or down) by onelevel.

For thediscussiorbelow, let usassumehatataparticular

instantm> k> 3, where3 = 2 i=f1 2;::0.Sinceq 3

blocksoccupy adisplayarealessthanthe sizeof onepixel,

welimit thequadtredraversattothem mblocklevel. Now,

if theuserzoomsin, k becomegprogressiely smalleyr andat

somepoint of time we will havek = . At this instant,the
minimumdisplayableblock sizebecomesy. A lotofm  m

blocks(thosethatdo not satisfythe errorthreshold)will be
eligible to changethe level-of-detailto 3 3. If allowed
to do so, it will resultin a poppingeffect. To avoid this, we

allow only avery smallnumberof m m blocksto change
theirlevel-of-detailto § 7. As theuserkeepszoomingin,

k continuesto decreaseandwe graduallyallow more and
moreblocksto changetheir level-of-detail.If the usercon-
tinuesto zoomin, by thetime k becomesqualto 7, all the
m  m blockswill have changednto 3 3 blocks. This
gradualchangen the level-of-detailis achiezed by modify-

ing the errorthresholdtestfor m  m blocks. The usersup-
plied errorthresholdis scaledto a high valuewhenk = g

As k decreasesye decreaséhe scaledthreshold suchthat
by thetime k = I, the thresholdreachesits original user
suppliedvalue.

5. Hardware Acceleration

After thequadtredraversalphasehasresolhedthelevels-of-
detail for differentpartsof the vector eld, stream-patches
are constructedor eachregion correspondingo its level-
of-detail. They arethentexture mappedandrenderedising
graphicshardware(section5.1). The differentsizedstream-
patchesneedto be blendedtogetherto constructa smooth
image(section5.2). An OpenGLstencilbuffer optimization
is usedto further reducethe numberof medial streamlines
computedsec5s.3).

5.1. Resolutionindependence

For eachquadtreenodethat the traversal phasereturns,a
stream-patclis constructedisingthe medial streamlinefor

that node.The texture coordinatedor the stream-patclare
derived by constructinga correspondingjuad-stripata ran-
dom positionin the texture space( gure 1(c)). The param-
etersa (width) andb (height) of the correspondindexture
spacequad-stripdeterminethe frequeng of the texture on

thetexture mappedstream-patch.

Sincewe areessentiallyrenderingtexturedpolygons the
outputimagecaneasilyberenderedatary resolution When
the window size is the sameas the vector eld size, that
is, the resolutionratio k is unity (equation(1)), the stream-
patcheshave a width equalto the diagonalof the quadtree
nodesthey correspondo. Whenk is changed(e.g.,when
theuserinteractively zoomsin/out, or whenthewindow size
is changed)the width of the stream-patcheat eachlevel-
of-detail is modulatedby % Simultaneouslya andb need
to be changedo re ect the changein k. Otherwise,when
we zoom out, the texture shrinksleadingto severe alias-

¢ TheEurographic#ssociatiorandBlackwell Publisher2002.



Bordoloi and Shery eectorField Visualization:LOD

ing (gure 9(b)). Notethatwe cannotuseanti-aliasingtech-
niqueslike mipmapsasthe texture will getblurredandall

directionalinformationwill belost. Similarly, for zoomins,
the texture is stretchedandwe losethe granularity( gure

10(b)). For high zoomins, or for high resolutionlarge for-

matdisplays.the ‘constantexture frequeng' featureof our
algorithm proves very useful. Whenthe display resolution
is ner thanthe vector eld resolution(k < 1), we areleft

with sparselydistributed streamlinesBut due to the high
texture frequeng, the nal image gives the perceptionof

densestreamlineswhich canbe consideredo be interpo-
latedfrom the sparseoriginal streamlines.

5.2. Blending Stream-patches

To ensurethatthe nal imageshavs no noticeabletransi-
tion betweenadjacentsimpli ed regions, a smoothblend-
ing of neighboringstream-patcheseedsto be performed.
A uniform blending(averaging)will resultin two undesir
able properties Firstly, the resultantimagewill loosecon-
trast. If mary stream-patcheare renderecover a pixel, its
value tendsto the middle of the gray scale range. This
is specially unsuitablefor our algorithm, as the loss of
contrastwill be non-uniformacrossthe image due to the
non-uniformnatureof the level-of-detail decompositiorof
the vector eld. Secondly the correctnesof the nal im-
age (up to the usersuppliedthreshold)will be compro-
mised. This happensbecausea stream-patctcorrespond-
ing to a coarserlevel-of-detail will have a non-zeroef-
fect on its neighboringregions, someof which might cor
respondto ner level-of-details.To prevent coarserlevel-
of-detail stream-patcheffom affecting the pixel valuesof
nearby ner level-of-detailregions,we usea coarseilevel-
of-detail to ner-level-of-detail renderingorder combined
with the opacity function shavn in gure 4. The OpenGL
blendingfunction usedis glBlendFunc(GL_SRC_ALPHA,
GL_ONE_MINUS_SRC_ALPHA). Becausewe use an
opacityvalueof unity atthecentralpartof thestream-patch,
the pixels coveredby this part are completelyoverwritten
with texture valuesof this patch,thuserasingprevious val-
uesdueto coarselevel-of-detailstream-patcheddoreover,
this opacityfunctionresultsin a uniform contrastacrosshe
image eventhoughthenumberof stream-patchedravn and
blendedover different parts of the image variesa lot. To
reducealiasing patterns,we jitter the adwection length of
medial streamlinedn either direction and adjustthe opac-
ity functionaccordingly

To ensurea smoothtransitionbetweenadjacentpatches,
we alsovary the stream-patclopacitiesin thedirectionper
pendicularto the medial-streamlineising a similar opacity
function. This is doneat a costof increasedenderingtime
sincewe addonequadstrip on eachsideof the stream-patch
sothattheopacitiescanbevariedlaterally In ourimplemen-
tation, the usercanturn the lateral opacity variation off for
high-frameratepreview quality requirements.
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Figure4: Opacityfunction:(a) thevalueof a overthelength
of the stream-patb, (b) the patch withoutblending and (c)
the stream-path after blending

5.3. Reducing Streamline Redundancy

Becausestream-patchesontinue beyond their originating
regions,eachstream-patchvould cover mary pixels, albeit
with different opacities.From our experiments,we found
that a pixel goesto an opacity value of unity with the rst
few stream-patchethatarerenderedverit. Thus,if apixel
hasbeendravn overby afew stream-patchethenwedonot
needto texture mapary morestream-patchefr this pixel.
We usethisideato reducethenumberof stream-patchethat
needo berenderedandhencehenumberof medialstream-
linesthat needto be computed However, amongthe mary
stream-patchethat may beenrenderecbver this pixel, only
thosewhich are of the sameor ner level of detail asthis
pixel's level-of-detailshouldbe counted.

We avoid doingthis “'minimumnumberof renderingstest
in softwareby usingthe OpenGLStencilbuffer to keeptrack
of how mary stream-patchelsave beendravn over a pixel.
When GL_STENCIL_TESTis enabled,the stencil buffer
comparisonis performedfor eachpixel beingrenderedo.
The stenciltestis con gured using the following OpenGL
functions:

glStencilFunc(GL_AMAYS, 0, 0): Speci esthecompar
ison function usedfor the stenciltest. For our purpose,
every pixel needgo passhestenciltest(GL_ALWAYS).
glStencilOp(GL_KEEPGL_INCR, GL_INCR): Setsthe
actionson the stencil buffer for the following threesce-
narios:the stenciltestfails, stenciltest passesut depth
testfails, andboth testspass.n our case the stenciltest
alwayspassessowe increment{GL_INCR) the valueof
the stencilbuffer atthe pixel beingtestedby one.

Beforestartingto computethe stream-patcffor aregion, we
readthe stencilbuffer valuesfor all the pixelscorresponding
to thatregion. If all the pixelshave beenrenderedo a mini-
mumnumberof times,we skip theregion. If not, we render
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the stream-patclandthe stencilbuffer valuesof all the pix-

elswhich this patchcoversare updatecby OpenGL.While

going throughour coarseito- ner level drawing order (as
mentionedin section5.2), we clearthe stencil buffer each
time we nish onelevel. Otherwise,a ner level-of-detail
region which hasbeendrann over by coarsetevel-of-detail
stream-patchemight be skippedbecausesachpixel in the
region hasalreadysatis ed the thresholdof minimumnum-
ber of renderingsThis will violate the errorcriteriafor the
region.

The stencil buffer readoperationis an expensve onein
termsof time. If donefor every stream-patchit would take
so muchtime that we would be betteroff not usingit. For
our implementationwe readthe stencil-tuffer onceevery
few hundredstream-patches he valuesarereusedtill we
readin the buffer onceagain.

6. Resultsand Discussion

We presentheperformancendvariousvisualresultsof our
algorithm implementedin C++ using FLTK for the GUI.
Thetimingsaretakenona 1.7 GHz Pentiumwith annVidia
Quadrovideo card. Theresultsshav thatthe imagequality

remaingeasonablevenwhenerrorthresholdsreincreased

to achieve high speedupsMoreover, variousaspectof the
visualizationsareinteractvely con gurable,asshavn by the
differentvisualspresentedn this section.

6.1. Rangeof Image Quality and Speed

We presentresultsfor a simulateddatasebf vortices(and
saddles)with dimensionsof 1000x1000,and for a real
573x288datasebf ocearwinds. Theerrorcalculationtimes
for the vortices datasetwas 148 seconds,and the ocean
datasetrequired20 secondsFor eachdatasettwo images
are shavn: one with tight error limits, and the other with

relaxed bounds.For comparisonthe imagesproducedby

FastLIC are shawvn in gures 5,6. A fourth orderadaptve

Runge-Kitte integrationis used,with sameparametergor

both FastLIC and our algorithm.The medial streamlinesn

our algorithmwereadwectedto the samelengthasthe con-
volution lengthusedfor FastLIC.

Figures7 shav theresultsof our level-of-detailalgorithm
for the vorticesdatasetenderedor an 1000x1000display
window. Figure7(a)wasgeneratedisingalow errorthresh-
old in 0.81 secondswhile gure 7(b) was producedus-
ing a high error thresholdin 0.39 seconds Comparedto
FastLIC, we achieve speed-up®f 15-30dependingon the
errorthresholdfor level-of-detailselection Figures8(a)and
(b) areoutputsfor the oceandatasetrenderedor a display
window of samedimensionsA low errorthresholdvasused
for gure 8(a);it wasrelaxedfor gure 8(b).Thetimestaken
were 0.32 and 0.16 secondgespectiely, for speed-upof
5.9-11.9comparedo FastLIC.Thereis novisible difference
in imagequalityin eitherdatasefor thelow errorthresholds.

datase FagLIC LOD(lowerror) LOD(higherror)

Vortices 12:32s 0:815(15:2)

0:325(5:9)

0:395(31:6)

Ocean  1.9s 0:165(11:9)

Table 1: Timing resultsfor the 1000x1000vbrtices dataset
andthe 573x288oceanwindsdataset.Thetimingsreported
are for FastLIC, and our algorithm for two level-of-detail
error thresholdsThespeed-up$or the level-of-detailalgo-

rithm with respecto FastLIC are shownin parenthesesNo

post-ppcessingiasbeendonein any of theseruns. Theim-

agesfor theserunsarein guresb, 6,7 and8.

Figure 5: LIC image of the 1000x1000vorticesdatasetin
12.32susingcorvolutionlengthof 60

Figure 6: LIC image of the 573x288oceanwind datasetin
1.9s,usingcorvolutionlength30.

For the higherthresholdg gure 7(b) and8(b)), the differ-
encesarevery minuteandnotreadilynoticeable.
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Figure 7: \orticesdatasetusing: (a)low error thresholdin 0.81s,(b)higherror thresholdin 0.39s.Theimage quality remains

goodevenfor high error thresholds.

@

(b)

Figure 8: Oceandatasetusing: (a)low error thresholdin 0.32s,(b)high error thresholdin 0.19s.Theimage quality remains

goodevenfor high error thresholds.

6.2. Interactive Exploration

Thelevel-of-detailfeaturesallow usersto visualizethe vec-
tor eld ata wide rangeof resolutions.The algorithm au-
tomaticallyadjuststhe displayparameterso renderanuna-
liasedimageof alargedatasefor displayon asmallscreen.
Figures9 (a) and(b) shav the resultsfor visualizationson
low resolutiondisplayswith andwithoutresolutionadjusted
parametersAt theotherextreme thevectordatacanberen-
deredat very high resolutionswhendisplayedon large for-
mat graphicsdisplays,or when viewed at high zoom fac-
tors. Thehardwaretexture mappingallows usto changees-
olutionsat interactize framerates,thusallowing the userto
freely zoominto andout of the datasetFigure 10(a)showvs
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the centralvortex of the vorticesdatasetat a magni cation
factorof 20x. The texture mappingparametersirechanged
dynamically so that the texture doesnot get stretched For
comparison,gure 10(b)shavsthesamerenderingvhenthe
texture parameterarenot adjusted.

6.3. Scalar Variable Information

Information abouta scalarvariable de ned on the vector
eld canbe superimposedn the directionalrepresentation
of thevector eld. Onetechniquéor thatis to modulatethe
texture frequeng of the nal imagebasedon thelocal val-
uesof the scalar Kiu!® and Banksappliedthis schemeto
LIC imagesby usingnoisetexturesof differentfrequencies.
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Figure 9: Zoomout: Thevorticesdataserendeedfor a dis-

play windowone-fourthits size:(a) Thetexturescoominates
are adjustedto preventaliasing andthe nest displayable
level-of-detailis adjustedto matd displayresolution.(b)the
image getsaliasedif scaleddownwithoutadjustingthe tex-

ture parametes.

@ (b)

Figure 10: Zoomin: Thecentral vortex of thedatasein g-
ure 7 is shownat a magni cation factor of 20x: (a) Thetex-
ture coodinatesare adjustedautomaticallyto compensate
for the magni cation factor, thus maintainingthe original
texture frequency(b)thetexture losesgranularity if the co-
ordinatesare notadjusted.

We follow adifferentapproachof usingmultiple texturesto
achieve the samegoal.

We startwith an orderedsetof precomputedextures,in
which sometexture propertyvariesmonotonicallyfrom one
extremeof the setto the other For the examplepresentedn

gure 11, the propertyis the lengthof the LIC directional
pattern.That is, texturesof short LIC patterns(produced
by small corvolution lengths)are at one end of the setand
thosewith long patterns(large corvolution lengths)are at
theother For eachquadin a stream-patchdifferenttextures
areselectedasthe sourcefor texture mappingbasedon the
valueof the scalar muchlike mipmapsareuseddepending
onscreerareaHowever, useof differenttexturesin adjacent
quadsof thequad-stripdestrgs thedirectionalcontinuity of
the texture mappedstrip. As a way aroundthis, in a pro-
cessanalogouso blendingtwo adjacentevels of mipmaps,

Figure 11: Illustration of useof multiple texturesto showa
scalarvariable on thevector eld, velocityin this example
Thevelocityis highin partsaroundthe vortices,andis low
atthelower left andupperright corners.

eachquadis renderedwice with texturesadjacentin theor-
deredsetof texture bank. The opacitiesof the two textures
renderedareweightedsothattheresultantexture smoothly
variesasthescalarvaluechangesTheneteffectis atexture
propertywhich varies smoothlyrelative to a scalarvalue.
The detail of the scalarrepresentatioin a particularimage
is limited to thelevel-of-detailapproximatiorthatis usedfor
generatinghe image.In somesituationsit may be desired
to controlthe errorin the scalarvalueillustration. Thenthe
quadtreeof errorswould needto be constructedisingboth
theangleerror(section4.1) andtheerrorin thescalavalue.
Figure 11 is generatedising the multi-texturing methodto
shawv the magnitudeof velocity of the vorticesdatasetThe
shortpatternsndicatelower velocity, whereaghe LIC pat-
ternis longin areasof high velocity.

We canalsoapply the multiple texture techniqueto pre-
sene constanttexture frequeng for vector elds on grids
which are not regular Using the method presentedby
Forsell, avector eld representatiois generatean a reg-
ular grid. Thisimageis thentexture mappedntothe actual
surfacein physical space During this mapping,the regular
grid cells usedfor computatioraretransformedo different
sizesin physical spacewhich canresultin the stretching
or pinchingof the texture. To preventthis, we usetextures
of varyingfrequenciedor eachquadsubjectto the areathe
guadoccupiesn physical spaceFigure12(a)shavs there-
sultwhenausualconstanfrequeng textureis mappedna
grid in whichthecellsgrow progressiely smallerfrom bot-
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Figure 12: Multiple texture renderingto showantialiasingfor a grid which hassmall cells at the top and large onesat the
bottom:(a)constanfrequencymage mappedo thegrid, showingaliasing (b)multi-frequencyexture geneatedusingmultiple

textures, (c)thetexture in (b) mappedo thegrid, withoutaliasing

tom to top, resultingin aliasing.Figure 12(b) is theimage
generateddy our algorithm using multiple frequeng tex-
turessubjectto thegrid cell area.Thetexture frequeny de-
creasesrom bottomto top, sothatwhenit is mappedo the
grid ( gure 12(c)),thereis noaliasing.

6.4. Streamline Textures

The level-of-detail techniquecan be applied with a vari-
ety of texturesto get diversevisualizations.If we use a
sparsetexture, it givesthe outputan appearancef stream-
line representationThis is a popularmethodof o w visual-
ization14,15, 16,

Figures13(a-c)are generatedising a stroke-like texture
to give the imagea handdrawn feeling. The stroke in the
texture is orientedby makingthe tail wider thanthe head.
This addsdirectionalinformationto the image.Unlike pre-
vioustextures this texture hasanalphacomponentvhichis
non-zeroonly over the orientedstroke. Figure13(a)is gen-
eratedby constraininghelevel-of-detailapproximatiorto a
singlelevel-of-detail. This createsanuniform distribution of
streamlinesThe stencilbuffer option (section5.3) is turned
onto limit the streamlinegrom crowding oneanotherFig-
ures13(b-c)have beenrenderedisingthelevel-of-detailap-
proximations.Sincethe level-of-detailis ner nearthe sad-
dle pointsandthevortices,morestreamlinesaredravn near
theseparts Dueto therelative lack of streamlinedén theparts
of thevector eld which have low errors,the morecomple
partsof thevector eld standoutto theviewer.

6.5. Animation

Animation of the vector eld imagesis achieved by trans-
lating the texture coordinatesof each stream-patchrom
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oneframeto another The only additionalconstraintis that
a cyclic texture be usedfor texture mappingthe stream-
patchesFor example,thetexturein gure 1(c) needsto be
cyclic alongthe vertical direction. For eachtime step,the
imageis renderedy vertically shifting (downwards)thetex-

ture coordinatessomparedo the previous frame. Sincethe
texture is cyclic, if the texture coordinatesmove pastthe
bottom edgeof the texture, they reappeaiat the top edge.
To show different speedsthe texture coordinatesfor each
stream-patctare moved by an amountproportionalto the
velocity of the seed-poinbf the patch.

7. Conclusionand Futur e Work

Usinga level-of-detailframavork, we areableto reducethe
computatiortimesfor a densevisualizationof vector elds.
Coupledwith hardware accelerationthe algorithm gener
ateshigh quality visualizationsat interactve ratesfor large
datasetandlargedisplaysTheresolutionindependencand
usercontrolledimage quality featuresmake this algorithm
extremelyusefulfor vectordataexploration,which till now
is beingdoneusingprobingtechniquedik e streamlinespar
ticle adwectionetc.
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Figure 13: Stoke-like texturesusedto generatestreamlinerepresentation(a) Uniform placemenbf streamlinesusingconstant
level-of-detail,(b),(c) streamlinesgeneratedusingthe error quadteetraveisal. Thelevel-of-detailalgorithm geneatesa non-
uniformdistribution of streamlinesgiving more detail to highererror regionsandviceversa.
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