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Abstract

Thispaperpresentsan interactiveglobal visualizationtechniquefor densevector�elds usinglevelsof detail.We
introducea novel schemewhich combinesan error-controlled hierarchical approach andhardware acceleration
to producehighresolutionvisualizationsat interactiverates.Userscancontrol thetrade-off betweencomputation
timeandimagequality, producingvisualizationsamenablefor situationsrangingfromhighframe-ratepreviewing
to accurate analysis.Useof hardware texture mappingallows the userto interactivelyzoomin and explore the
data,andalsoto con�gurevarioustextureparameters to changethelookandfeelof thevisualization.Weareable
to achievesub-secondratesfor denseLIC-like visualizationswith resolutionsin theorder of a million pixelsfor
dataof similar dimensions.

CategoriesandSubjectDescriptors(accordingto ACM CCS): I.3 [ComputerGraphics]:Applications
Keywords:VectorFieldVisualization,Flow Visualization,Level of Detail,Line IntegralConvolution,LIC

1. Intr oduction

Study, andhence,visualizationof vector�elds is an impor-
tant aspectin many diversedisciplines.Visualizationtech-
niquesfor vector�elds canbeclassi�edinto localtechniques
andglobalones.Examplesof local techniquesincludepar-
ticle traces,streamlines,pathlines,and streaklines,which
are primarily usedfor interactive dataexploration.Global
techniquessuchasline integral convolution(LIC)1 andspot
noise2, on the otherhand,areeffective in providing global
viewsof verydensevector�elds. Thesetechniquesareclas-
si�ed asglobal techniquesbecausedirectionalinformation
at every pointof the�eld aredisplayed,andtheonly limita-
tion is thepixel resolution.Thepricefor therich information
contentof theglobalmethods,however, is theirhighcompu-
tationalcost,whichmakesinteractiveexplorationdif�cult.

We are concernedwith the problemof interactive visu-
alizationof very densetwo-dimensionalvector �elds with
�e xible level of detail controls.Even thoughthe processor
speedshave increasedsigni�cantly in recentyears,a global
visualizationtechniquefor densevector�elds whichrealizes
interactive ratesstill eludesus.Likewise,althoughlargefor-
matgraphicsdisplaysthatconsistof tensof millions of pix-

elshave becomeincreasinglyavailable,ourability to gener-
atevery high resolutionvisualizationimagesat an interac-
tive rateis clearly lacking.Furthermore,currentlyvery few
globalvector�eld visualizationtechniquesallow theuserto
freelyzoominto the�eld atvariouslevelsof detail.Thisca-
pability is oftenneededwhenthesizeof theoriginal vector
�eld exceedsthe graphicsdisplayresolution.Finally, most
of theexistingglobaltechniquesdonotallow a�e xible con-
trol of theoutputquality to facilitateeithera fastpreview or
adetailedanalysisof theunderlyingvector�eld.

In this paperwe introducean interactive global vector
�eld visualizationtechniqueaimingto tackletheaboveprob-
lems.Theperformancegoalof our methodis setto produce
denseLIC-lik evisualizationswith resolutionsin theorderof
a million pixelswithin a fractionof second.This is accom-
plishedin part by utilizing graphicshardwareacceleration,
which allows us to increasethe output resolutionwithout
linearly increasingthe computationtime. Additionally, our
algorithmtakesinto accountbotha user-speci�ed error tol-
eranceandimageresolutiondependentcriteriato adaptively
selectdifferent levels of detail for different regions of the
vector�eld. Moreover, thetexture-basednatureof our algo-
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rithm allows theuserto con�gure varioustextureproperties
to controlthe�nal appearanceof thevisualization.This fea-
tureprovidesextra �e xibility to representthedirectionalin-
formation,aswell asotherquantitiesin variousvisualforms.

Thispaperis organizedasfollows.We �rst discussprevi-
ousrelevantwork (section2) andpresentthelevel-of-detail
algorithmfor steadystate�o w (section3). We discussthe
level of detail selectionprocess(section4). The hardware
accelerationissuesare are presentednext (section5), fol-
lowedby theresultsanddiscussion(section6).

2. RelatedWork

Texturebasedmethodsarethemostpopulartechniquesfor
visualizationof densevector �elds. Spot noise,proposed
by Van Wijk 2, convolved a randomtexture along straight
linesparallelto thevector�eld. Anotherpopulartechnique
is the Line Integral Convolution (LIC). Originally devel-
oped by Cabral and Leedom1, it usesa white noise tex-
ture and a vector �eld as its input, and resultsin an out-
put imagewhich is of the samedimensionsas the vector
�eld. Stalling and Hege3 introducedan optimizedversion
by exploiting coherency along streamlines.Their method,
called `Fast LIC', usescubic Hermite-interpolationof the
advectedstreamlines,andoptionallyusesa directionalgra-
dient �lter to increaseimagecontrast.Forssell4 appliedthe
LIC algorithm to curvilinear grids. Okadaand Kao5 used
post-�ltering to increaseimagecontrastandhighlight �o w
features.Forssell4 andShenet al.6 extendedthe technique
to unsteady�o w �elds. Vermaet al.7 developedan algo-
rithm called`PseudoLIC' (PLIC) which usestexturemap-
ping of streamlinesto produceLIC-lik e imagesof a vec-
tor �eld. They startwith a regular grid overlayingthe vec-
tor �eld grid, but they computestreamlinesonly over grid
pointsuniformly sub-sampledfrom theoriginalgrid. Jobard
andLefer8 appliedtexturemappingtechniquesto createan-
imationsof arbitrarydensityfor unsteady�o w.

Level-of-detail algorithmshave beenapplied in various
forms to almost all areasof visualization,including �o w
visualization9,10. Cabral and Leedom11 used an adaptive
quad-subdivision meshingschemein which the quadsare
recursively subdividedif theintegralof thelocalvector�eld
curvatureis greaterthana given threshold.We usea simi-
lar subdivision for our level-of-detailapproach.Depending
on theerror-threshold,our algorithmcanproducevisualiza-
tionsspanningthewholerangefrom high-�delity imagesto
preview-quality (high frame-rate)images.Being resolution
independent,it allows theuserto freely zoomin andout of
thevector�eld atinteractiverates.Unlikemany variationsof
LIC which requirepost-processingstepslikeequalization,a
secondpassof LIC, or high-pass�ltering 5, ourmethoddoes
notneedany extrasteps.Moreover, changingtexturesand/or
the texture-mappingparameterscanallow us to producea
wide rangeof staticrepresentationsandanimations.

3. Algorithm Overview

In thissectionwepresentaninteractivealgorithmfor global
visualization of densevector �elds. The interactivity is
achieved by level-of-detail computationsandhardwareac-
celeration.Level-of-detailapproximationsmake it possible
to save varying amountsof processingtime in differentre-
gionsbasedon the local complexity of the underlyingvec-
tor �eld, thusproviding a �e xible run-timeuser-controlled
trade-off betweenquality andexecutiontime.Hardwareac-
celerationallows us to computedenseLIC-lik e textures
moreef�ciently thanline integralconvolution.Useof graph-
ics hardwaremakesit possibleto displaythevector�eld at
veryhighresolutionswhile maintainingthehigh texturefre-
quency andlow computationtimes.

To perform level-of-detail estimation,we de�ne an er-
ror measureover the vector �eld domain(section4.1). As
a preprocessingstep,we then constructa branch-on-need
(BONO)12 quadtreewhich serves as a hierarchical data
structurefor theerrormeasure.Theerrorassociatedwith a
nodeof thequadtreerepresentstheerrorwhenonly onerep-
resentative streamlineis computedfor all the pointswithin
theentireregioncorrespondingto thenode.At run time, the
quadtreeis traversedand the error measurestoredin each
nodeis comparedagainsta user-speci�ed tolerance.Using
thelevel-of-detailtraversalweareableto selectively reduce
thenumberof streamlinesrequiredto generatethe�o w tex-
tures.In section 4.2,we discusshow thequadtreetraversal
is controlledbasedon theresolutionof thedisplay.

Hardwareacceleratedtexture mappingis usedto gener-
atea denseimagefrom the scatteredstreamlinesoutputby
thetraversalphaseof thealgorithm.During theabove men-
tionedquadtreetraversal,quadblocksof differentlevelscor-
respondingto differentspatialsizesaregenerated.For each
region, a streamlineis originatedfrom its center. A quadri-
lateralstrip,with awidth equalto thediagonalof theregion,
is constructedfollowing thestreamline.Henceforthwe will
referto thisquadrilateralstripasa `stream-patch'andto the
streamlineas`medialstreamline'.Thestream-patchis then
texturemappedwith precomputedLIC imagesof a straight
vector �eld. The texture coordinatesfor the quad-stripare
derivedby constructinga correspondingquad-stripat a ran-
dompositionin texturespace.Figure1 shows theconstruc-
tion andtexturemappingof a stream-patch,anddetailsare
presentedin section5.1.Thestream-patchesfor differentre-
gionsareblendedtogether(section5.2).Eachstream-patch
extendsbeyond the originating region, covering many re-
gionslying on its path.If a region hasalreadybeendrawn
over by oneor moreadjacentregions' stream-patches,it is
no longer necessaryto renderthe stream-patchfor the re-
gion. In section5.3,we discusstheuseof thestencilbuffer
in graphicshardwareto skipsuchregions.

In the following sections,we �rst explain the level-of-
detail selectioncriteria,andthenthe hardwareacceleration
featuresof thealgorithm.
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(a) (b) (c) (d)

Figure 1: Constructionof thestream-patch: (a) themedial
streamline, (b) the quadrilateral strip constructedon the
streamline, (c) texturecoordinatescorrespondingto thever-
ticesof the quad-strip,and the texture parameters a, b, (d)
thequad-stripafter it hasbeentexturemapped.

4. Level-of-Detail Selection

The level-of-detail selectionprocessinvolves two distinct
phases:(1) constructionof a quadtree(for level-of-detail
errors)as a preprocessingstep,and (2) resolutiondepen-
denttraversalof thequadtreeat run-timewith user-speci�ed
thresholds.Below, weelaborateoneachof thesestages.

4.1. Err or Measures

An `ideal' error metric for a level-of-detail representation
shouldgive a measureof how (in)correct the vector �eld
approximationwill be comparedto the original �eld data.
Thetexturesproducedby thealgorithmprovide information
throughunquanti�ablevisual stimulus.Thereforeit is dif-
�cult to formally de�ne the `correctness'of the visualiza-
tion produced.The�delity of illustrationof thevector�eld
shouldbemeasurednot from thevaluesof thepixelsof the
imageproduced,but from the visual effect that the texture
patternhason theuser. We useanerrormeasurewhich tries
to capturethe differencebetweenthe texture directionat a
point, which is the approximatedvectordirection,and the
actualvector�eld directionat thepoint.

Considerthe texture patternat a point which is not on
themedialstreamline,but falls within thestream-patch.For
eachquadof the quad-strip,the texture direction is paral-
lel to the medial-streamlinesegmentwithin that quad.So,
within eachquad,weareapproximatingthevector�eld asa
�eld parallelto themedial-streamline.Theerrorcanthusbe
quanti�ed by the angulardifferencebetweenthe directions
of the medial streamlineand the actualvector �eld at the
samplepoint.

Sinceeachquadtreenodeoriginatesa stream-patchthat
will travel outsidethenodeboundary, theerrormeasureas-
sociatedwith a particularquadtreenodeshouldconsiderall
the pointsthat arewithin the footprint of the stream-patch.

Figure 2: Multi-level error for thevector�eld shownin �g-
ure 7. Theimagesshowncorrespondto the following three
levelsof the error quadtree: 16x16(top-left), 8x8 (bottom-
left) and4x4(right) squareregions.Theerror valuerangeis
mappedto [0.0,1.0], with 0.0 beingthedarkestand1.0 the
brightest.

To dothis,for eachquadin thequad-strip,we �nd theangu-
lar differencebetweenthe directionsof the medialstream-
line segmentandeachof thevector�eld' sgrid pointswithin
the quad.The error for a stream-patchoriginatedfrom a
quadtreenodeis thende�ned asthemaximumangulardif-
ferencefor the grid pointsacrossall quadsof that stream-
patch.Since the error would dependon the length of the
stream-patch(which is user-con�gurable), we take a con-
servative approachandcalculatethe errorsassuminglarge
valuesof length.Notethatsincetakingthemaximumangu-
lar deviation asthe error alwayskeepsthe error below the
user-speci�ed tolerances,it canbe very sensitive to noise.
For noisydata,takingaweightedaveragemightprovehelp-
ful. Thelevel-of-detailapproximationerrorsfor a particular
level arecomputedby constructingstream-patchesfor all the
quadtreenodesfor that level andthencomputingtheerrors
for eachstream-patch.Theerrorvaluesfor thevector�eld in
�gure 7 areshown in �gure 2, andthosefor thevector�eld
in �gure 8 arein �gure 3. Theerrorvaluesarenormalizedto
therange[0.0,1.0]to make themuserfriendly.

It canbeseenfrom theimagesin �gure 2 thatin any par-
ticular level, theregionsaroundthecritical points(thethree
vorticesandtwo saddlepoints)havethehighesterrorvalues.
Thecritical pointsdo not needany specialhandlingasthey
would be representedby stream-patchesof the �nest level-
of-detailallowedby thedisplayresolution(section4.2).Be-
causeof highcurvaturearoundcritical points,useof thicker
stream-patcheswould have resultedin artifactsdueto self-
intersections.Theerrorsgraduallyfall off aswe move away
from thecritical points,andhencewould result in progres-
sively coarserlevel-of-detailstream-patches.Also,errorsfor
any particularregion increaseacrosslevels.So,a high error
thresholdwill permitacoarselevel-of-detailapproximation.

c
 TheEurographicsAssociationandBlackwellPublishers2002.



Bordoloi andShen/ VectorField Visualization:LOD

Figure 3: Multi-level error for thevector�eld shownin �g-
ure 8. Theimagesshowncorrespondto the levels8x8(top-
left), 4x4(top-right)and2x2(bottom)of theerror quadtree.
Theerror valuerange is mappedto [0.0,1.0],with 0.0being
thedarkestand1.0thebrightest.

Similarly, in �gure 3, theregionsnearthevorticeshave the
highesterrors.Sincenorun-timeparametersarerequiredfor
theerrorcalculations,this errorquadtreeneedsto begener-
atedonly oncefor theentirelife of thedataset.At run-time,
it canbereadin alongwith thedataset.

4.2. Resolutiondependentlevel-of-detail selection

In this sectionwe describetherun-timeaspectsof thelevel-
of-detail selectionphase,which requirestheuserto input a
thresholdfor acceptableerror. We shall call the ratio of the
vector �eld resolutionto the display resolutionthe resolu-
tion ratio, k. Consider, for example,an xv � yv vector�eld
dataset,andsupposeour visualizationwindow resolutionis
xw � yw. Let

xv = k� xw; yv = k� yw (1)

Note that in an interactive 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,
thequadtreeis traversedin adepth�rst manner, andstream-
patchesarerenderedfor quadblockssatisfyingtheerrorcon-
dition. In casesthedisplayresolutionis smaller, i.e., k > 1,
the quadtreetraversalis performedusingresolutiondepen-
dent testsin addition to the error thresholdtest.The reso-
lution dependentcontrolsin traversalaremotivatedby two
goals:(1)wewantto limit thequadtreetraversalto themin-
imumblocksizewhichoccupiesmorethanonepixel on the
display, and(2)we want to avoid a potentialpoppingeffect
causedby a changingk which causesthe above mentioned
minimumblocksizeto goup (or down) by onelevel.

For thediscussionbelow, let usassumethatataparticular

instantm> k> m
2 , wherem

2 = 2i ; i = f 1;2; :::g. Sincem
2 � m

2
blocksoccupy a displayarealessthanthesizeof onepixel,
welimit thequadtreetraversalto them� mblocklevel.Now,
if theuserzoomsin, k becomesprogressively smaller, andat
somepoint of time we will have k = m

2 . At this instant,the
minimumdisplayableblocksizebecomesm2 . A lot of m� m
blocks(thosethatdo not satisfytheerror threshold)will be
eligible to changethe level-of-detail to m

2 � m
2 . If allowed

to do so,it will resultin a poppingeffect. To avoid this, we
allow only a very smallnumberof m� m blocksto change
their level-of-detailto m

2 � m
2 . As theuserkeepszoomingin,

k continuesto decrease,andwe graduallyallow moreand
moreblocksto changetheir level-of-detail.If theusercon-
tinuesto zoomin, by thetime k becomesequalto m

4 , all the
m� m blocks will have changedinto m

2 � m
2 blocks.This

gradualchangein thelevel-of-detailis achievedby modify-
ing theerror thresholdtestfor m� m blocks.Theusersup-
plied error thresholdis scaledto a high valuewhenk = m

2 .
As k decreases,we decreasethescaledthreshold,suchthat
by the time k = m

4 , the thresholdreachesits original user
suppliedvalue.

5. HardwareAcceleration

After thequadtreetraversalphasehasresolvedthelevels-of-
detail for differentpartsof the vector �eld, stream-patches
are constructedfor eachregion correspondingto its level-
of-detail.They arethentexturemappedandrenderedusing
graphicshardware(section5.1).Thedifferentsizedstream-
patchesneedto be blendedtogetherto constructa smooth
image(section5.2).An OpenGLstencilbuffer optimization
is usedto further reducethe numberof medialstreamlines
computed(sec5.3).

5.1. ResolutionIndependence

For eachquadtreenodethat the traversalphasereturns,a
stream-patchis constructedusingthemedialstreamlinefor
that node.The texture coordinatesfor the stream-patchare
derivedby constructinga correspondingquad-stripat a ran-
dompositionin the texturespace(�gure 1(c)). Theparam-
etersa (width) andb (height)of the correspondingtexture
spacequad-stripdeterminethe frequency of the texture on
thetexturemappedstream-patch.

Sincewe areessentiallyrenderingtexturedpolygons,the
outputimagecaneasilyberenderedatany 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 correspondto. When k is changed(e.g.,when
theuserinteractively zoomsin/out,or whenthewindow size
is changed),the width of the stream-patchesat eachlevel-
of-detail is modulatedby 1

k . Simultaneously, a andb need
to be changedto re�ect the changein k. Otherwise,when
we zoom out, the texture shrinks leading to severe alias-
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ing (�gure 9(b)).Notethatwecannotuseanti-aliasingtech-
niqueslike mipmapsasthe texture will get blurredandall
directionalinformationwill belost.Similarly, for zoomins,
the texture is stretched,andwe losethe granularity(�gure
10(b)).For high zoomins, or for high resolutionlarge for-
matdisplays,the`constanttexturefrequency' featureof our
algorithmprovesvery useful.When the display resolution
is �ner thanthe vector �eld resolution(k < 1), we are left
with sparselydistributed streamlines.But due to the high
texture frequency, the �nal imagegives the perceptionof
densestreamlines,which can be consideredto be interpo-
latedfrom thesparseoriginal streamlines.

5.2. Blending Stream-patches

To ensurethat the �nal imageshows no noticeabletransi-
tion betweenadjacentsimpli�ed regions,a smoothblend-
ing of neighboringstream-patchesneedsto be performed.
A uniform blending(averaging)will result in two undesir-
ableproperties.Firstly, the resultantimagewill loosecon-
trast.If many stream-patchesarerenderedover a pixel, its
value tends to the middle of the gray scale range.This
is specially unsuitablefor our algorithm, as the loss of
contrastwill be non-uniformacrossthe imagedue to the
non-uniformnatureof the level-of-detaildecompositionof
the vector �eld. Secondly, the correctnessof the �nal im-
age (up to the user-supplied threshold)will be compro-
mised. This happensbecausea stream-patchcorrespond-
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-patchesfrom affecting the pixel valuesof
nearby�ner level-of-detail regions,we usea coarser-level-
of-detail to �ner -level-of-detail renderingorder, combined
with the opacity function shown in �gure 4. The OpenGL
blendingfunction usedis glBlendFunc(GL_SRC_ALPHA,
GL_ONE_MINUS_SRC_ALPHA). Becausewe use an
opacityvalueof unity at thecentralpartof thestream-patch,
the pixels coveredby this part are completelyoverwritten
with texturevaluesof this patch,thuserasingpreviousval-
uesdueto coarserlevel-of-detailstream-patches.Moreover,
this opacityfunctionresultsin a uniform contrastacrossthe
image,eventhoughthenumberof stream-patchesdrawn and
blendedover different partsof the imagevariesa lot. To
reducealiasingpatterns,we jitter the advection length of
medial streamlinesin eitherdirectionandadjustthe opac-
ity functionaccordingly.

To ensurea smoothtransitionbetweenadjacentpatches,
we alsovary thestream-patchopacitiesin thedirectionper-
pendicularto the medial-streamlineusinga similar opacity
function.This is doneat a costof increasedrenderingtime
sinceweaddonequadstriponeachsideof thestream-patch
sothattheopacitiescanbevariedlaterally. In ourimplemen-
tation, theusercanturn the lateralopacityvariationoff for
high-frameratepreview quality requirements.

opacity (a)

0 1

Arc-length of 
the medial 
streamline, 
reparametrized 
to lie between 
-1 and 1, with 
the originating 
point at 0.

-1

1

0

(a) (b) (c)

Figure4: Opacityfunction:(a) thevalueofa overthelength
of thestream-patch, (b) thepatch withoutblending, and(c)
thestream-patch afterblending.

5.3. ReducingStreamlineRedundancy

Becausestream-patchescontinuebeyond their originating
regions,eachstream-patchwould cover many pixels,albeit
with different opacities.From our experiments,we found
that a pixel goesto an opacityvalueof unity with the �rst
few stream-patchesthatarerenderedover it. Thus,if apixel
hasbeendrawn overby afew stream-patches,thenwedonot
needto texturemapany morestream-patchesfor this pixel.
Weusethis ideato reducethenumberof stream-patchesthat
needto berendered,andhencethenumberof medialstream-
lines that needto be computed.However, amongthe many
stream-patchesthatmaybeenrenderedover this pixel, only
thosewhich areof the sameor �ner level of detail as this
pixel's level-of-detailshouldbecounted.

Weavoid doingthis`minimumnumberof renderings'test
in softwareby usingtheOpenGLStencilbuffer to keeptrack
of how many stream-patcheshave beendrawn over a pixel.
When GL_STENCIL_TESTis enabled,the stencil buffer
comparisonis performedfor eachpixel beingrenderedto.
The stencil test is con�gured usingthe following OpenGL
functions:

� glStencilFunc(GL_ALWAYS,0,0): Speci�esthecompar-
ison function usedfor the stencil test.For our purpose,
everypixel needsto passthestenciltest(GL_ALWAYS).

� glStencilOp(GL_KEEP, GL_INCR, GL_INCR): Setsthe
actionson the stencilbuffer for the following threesce-
narios:the stencil test fails, stencil testpassesbut depth
testfails, andboth testspass.In our case,thestenciltest
alwayspasses,sowe increment(GL_INCR) thevalueof
thestencilbuffer at thepixel beingtestedby one.

Beforestartingto computethestream-patchfor aregion,we
readthestencilbuffer valuesfor all thepixelscorresponding
to thatregion. If all thepixelshave beenrenderedto a mini-
mumnumberof times,we skip theregion. If not,we render
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thestream-patchandthestencilbuffer valuesof all thepix-
elswhich this patchcoversareupdatedby OpenGL.While
going throughour coarser-to-�ner level drawing order (as
mentionedin section5.2), we clear the stencilbuffer each
time we �nish one level. Otherwise,a �ner level-of-detail
region which hasbeendrawn over by coarserlevel-of-detail
stream-patchesmight be skippedbecauseeachpixel in the
region hasalreadysatis�ed thethresholdof minimumnum-
berof renderings.This will violate theerror-criteria for the
region.

The stencilbuffer readoperationis an expensive one in
termsof time. If donefor every stream-patch,it would take
so muchtime that we would be betteroff not usingit. For
our implementation,we readthe stencil-buffer onceevery
few hundredstream-patches.The valuesare reusedtill we
readin thebuffer onceagain.

6. Resultsand Discussion

Wepresenttheperformanceandvariousvisualresultsof our
algorithm implementedin C++ using FLTK for the GUI.
Thetimingsaretakenona1.7GHzPentiumwith annVidia
Quadrovideocard.Theresultsshow that the imagequality
remainsreasonableevenwhenerrorthresholdsareincreased
to achieve high speedups.Moreover, variousaspectsof the
visualizationsareinteractively con�gurable,asshown by the
differentvisualspresentedin thissection.

6.1. Rangeof ImageQuality and Speed

We presentresultsfor a simulateddatasetof vortices(and
saddles)with dimensionsof 1000x1000,and for a real
573x288datasetof oceanwinds.Theerrorcalculationtimes
for the vortices datasetwas 148 seconds,and the ocean
datasetrequired20 seconds.For eachdataset,two images
are shown: one with tight error limits, and the other with
relaxed bounds.For comparison,the imagesproducedby
FastLIC are shown in �gures 5,6. A fourth order adaptive
Runge-Kutte integration is used,with sameparametersfor
bothFastLICandour algorithm.Themedialstreamlinesin
our algorithmwereadvectedto thesamelengthasthecon-
volution lengthusedfor FastLIC.

Figures7 show theresultsof our level-of-detailalgorithm
for the vorticesdatasetrenderedfor an 1000x1000display
window. Figure7(a)wasgeneratedusinga low errorthresh-
old in 0.81 seconds,while �gure 7(b) was producedus-
ing a high error thresholdin 0.39 seconds.Comparedto
FastLIC, we achieve speed-upsof 15-30dependingon the
errorthresholdfor level-of-detailselection.Figures8(a)and
(b) areoutputsfor theoceandataset,renderedfor a display
window of samedimensions.A low errorthresholdwasused
for �gure 8(a);it wasrelaxedfor �gure 8(b).Thetimestaken
were 0.32 and 0.16 secondsrespectively, for speed-upsof
5.9-11.9comparedto FastLIC.Thereis novisibledifference
in imagequalityin eitherdatasetfor thelow errorthresholds.

dataset FastLIC LOD(lowerror) LOD(higherror)

Vortices 12:32s 0:81s(15:2) 0:39s(31:6)

Ocean 1:9s 0:32s(5:9) 0:16s(11:9)

Table 1: Timing resultsfor the1000x1000Vorticesdataset
andthe573x288oceanwindsdataset.Thetimingsreported
are for FastLIC, and our algorithm for two level-of-detail
error thresholds.Thespeed-upsfor the level-of-detailalgo-
rithm with respectto FastLICare shownin parentheses.No
post-processinghasbeendonein anyof theseruns.Theim-
agesfor theserunsare in �gur es5, 6, 7 and8.

Figure 5: LIC image of the 1000x1000vorticesdatasetin
12.32s,usingconvolutionlengthof 60

Figure 6: LIC image of the573x288oceanwind datasetin
1.9s,usingconvolutionlength30.

For the higherthresholds(�gure 7(b) and8(b)), the differ-
encesareveryminuteandnot readilynoticeable.
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(a) (b)

Figure 7: Vorticesdatasetusing:(a)low error thresholdin 0.81s,(b)higherror thresholdin 0.39s.Theimage quality remains
goodevenfor higherror thresholds.

(a) (b)

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

6.2. Interacti veExploration

Thelevel-of-detailfeaturesallow usersto visualizethevec-
tor �eld at a wide rangeof resolutions.The algorithmau-
tomaticallyadjuststhedisplayparametersto renderanuna-
liasedimageof a largedatasetfor displayonasmallscreen.
Figures9 (a) and(b) show the resultsfor visualizationson
low resolutiondisplays,with andwithoutresolutionadjusted
parameters.At theotherextreme,thevectordatacanberen-
deredat very high resolutionswhendisplayedon large for-
mat graphicsdisplays,or when viewed at high zoom fac-
tors.Thehardwaretexturemappingallowsusto changeres-
olutionsat interactive framerates,thusallowing theuserto
freely zoominto andout of thedataset.Figure10(a)shows

the centralvortex of the vorticesdatasetat a magni�cation
factorof 20x. The texturemappingparametersarechanged
dynamically, so that the texture doesnot get stretched.For
comparison,�gure 10(b)showsthesamerenderingwhenthe
textureparametersarenotadjusted.

6.3. ScalarVariable Inf ormation

Information abouta scalarvariable de�ned on the vector
�eld canbe superimposedon the directionalrepresentation
of thevector�eld. Onetechniquefor thatis to modulatethe
texture frequency of the �nal imagebasedon the local val-
uesof the scalar. Kiu13 and Banksappliedthis schemeto
LIC imagesby usingnoisetexturesof differentfrequencies.
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(a) (b)

Figure9: Zoomout: Thevorticesdatasetrenderedfor a dis-
playwindowone-fourthits size:(a)Thetexturescoordinates
are adjustedto preventaliasing, and the �nest displayable
level-of-detailis adjustedto match displayresolution.(b)the
image getsaliasedif scaleddownwithoutadjustingthetex-
tureparameters.

(a) (b)

Figure10: Zoomin: Thecentral vortex of thedatasetin �g-
ure 7 is shownat a magni�cation factor of 20x: (a)Thetex-
ture coordinatesare adjustedautomaticallyto compensate
for the magni�cation factor, thus maintainingthe original
texture frequency, (b)thetexture losesgranularity if the co-
ordinatesarenotadjusted.

We follow a differentapproachof usingmultiple texturesto
achieve thesamegoal.

We startwith an orderedsetof precomputedtextures,in
whichsometexturepropertyvariesmonotonicallyfrom one
extremeof thesetto theother. For theexamplepresentedin
�gure 11, the propertyis the lengthof the LIC directional
pattern.That is, textures of short LIC patterns(produced
by small convolution lengths)areat oneendof the setand
thosewith long patterns(large convolution lengths)are at
theother. For eachquadin astream-patch,differenttextures
areselectedasthesourcefor texturemappingbasedon the
valueof thescalar, muchlike mipmapsareuseddepending
onscreenarea.However, useof differenttexturesin adjacent
quadsof thequad-stripdestroys thedirectionalcontinuityof
the texture mappedstrip. As a way aroundthis, in a pro-
cessanalogousto blendingtwo adjacentlevelsof mipmaps,

Figure 11: Illustration of useof multipletexturesto showa
scalarvariableon thevector�eld, velocityin this example.
Thevelocityis high in partsaroundthevortices,andis low
at thelower left andupperright corners.

eachquadis renderedtwicewith texturesadjacentin theor-
deredsetof texturebank.Theopacitiesof the two textures
renderedareweightedsothattheresultanttexturesmoothly
variesasthescalarvaluechanges.Theneteffect is a texture
propertywhich variessmoothly relative to a scalarvalue.
Thedetail of thescalarrepresentationin a particularimage
is limited to thelevel-of-detailapproximationthatis usedfor
generatingthe image.In somesituationsit may be desired
to control theerror in thescalarvalueillustration.Thenthe
quadtreeof errorswould needto beconstructedusingboth
theangleerror(section4.1)andtheerrorin thescalarvalue.
Figure11 is generatedusingthe multi-texturing methodto
show themagnitudeof velocity of thevorticesdataset.The
shortpatternsindicatelower velocity, whereastheLIC pat-
ternis long in areasof highvelocity.

We canalsoapply the multiple texture techniqueto pre-
serve constanttexture frequency for vector �elds on grids
which are not regular. Using the method presentedby
Forsell4, a vector�eld representationis generatedon a reg-
ular grid. This imageis thentexturemappedontotheactual
surfacein physical space.During this mapping,the regular
grid cellsusedfor computationaretransformedto different
sizesin physical space,which can result in the stretching
or pinchingof the texture.To prevent this, we usetextures
of varyingfrequenciesfor eachquadsubjectto theareathe
quadoccupiesin physicalspace.Figure12(a)shows there-
sultwhenausualconstantfrequency textureis mappedona
grid in which thecellsgrow progressively smallerfrom bot-
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(a) (b) (c)

Figure 12: Multiple texture renderingto showantialiasingfor a grid which hassmall cells at the top and large onesat the
bottom:(a)constantfrequencyimagemappedto thegrid, showingaliasing, (b)multi-frequencytexturegeneratedusingmultiple
textures,(c)thetexture in (b) mappedto thegrid, withoutaliasing.

tom to top, resultingin aliasing.Figure12(b) is the image
generatedby our algorithm using multiple frequency tex-
turessubjectto thegrid cell area.Thetexturefrequency de-
creasesfrom bottomto top,sothatwhenit is mappedto the
grid (�gure 12(c)),thereis noaliasing.

6.4. StreamlineTextures

The level-of-detail techniquecan be applied with a vari-
ety of textures to get diversevisualizations.If we use a
sparsetexture, it givesthe outputan appearanceof stream-
line representation.This is a popularmethodof �o w visual-
ization14,15, 16.

Figures13(a-c)aregeneratedusinga 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 texturehasanalphacomponentwhich is
non-zeroonly over theorientedstroke. Figure13(a)is gen-
eratedby constrainingthelevel-of-detailapproximationto a
singlelevel-of-detail.Thiscreatesanuniformdistributionof
streamlines.Thestencilbuffer option(section5.3) is turned
on to limit thestreamlinesfrom crowding oneanother. Fig-
ures13(b-c)havebeenrenderedusingthelevel-of-detailap-
proximations.Sincethe level-of-detailis �ner nearthesad-
dlepointsandthevortices,morestreamlinesaredrawn near
theseparts.Dueto therelativelackof streamlinesin theparts
of thevector�eld which have low errors,themorecomplex
partsof thevector�eld standout to theviewer.

6.5. Animation

Animation of the vector �eld imagesis achieved by trans-
lating the texture coordinatesof each stream-patchfrom

oneframeto another. The only additionalconstraintis that
a cyclic texture be usedfor texture mappingthe stream-
patches.For example,the texture in �gure 1(c) needsto be
cyclic along the vertical direction.For eachtime step,the
imageis renderedbyverticallyshifting(downwards)thetex-
turecoordinatescomparedto theprevious frame.Sincethe
texture is cyclic, if the texture coordinatesmove past the
bottom edgeof the texture, they reappearat the top edge.
To show different speeds,the texture coordinatesfor each
stream-patchare moved by an amountproportionalto the
velocityof theseed-pointof thepatch.

7. Conclusionand Futur eWork

Usinga level-of-detailframework, weareableto reducethe
computationtimesfor a densevisualizationof vector�elds.
Coupledwith hardware acceleration,the algorithm gener-
ateshigh quality visualizationsat interactive ratesfor large
datasetsandlargedisplays.Theresolutionindependenceand
user-controlledimagequality featuresmake this algorithm
extremelyusefulfor vectordataexploration,which till now
is beingdoneusingprobingtechniqueslikestreamlines,par-
ticle advectionetc.
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(a) (b) (c)

Figure13: Stroke-liketexturesusedto generatestreamlinerepresentation:(a) Uniformplacementof streamlinesusingconstant
level-of-detail,(b),(c)streamlinesgeneratedusingtheerror quadtreetraversal.Thelevel-of-detailalgorithmgeneratesa non-
uniformdistributionof streamlines,givingmoredetail to highererror regionsandviceversa.
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