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Abstract

We discussthe problemsto be solved to develop a web-basedrector field visu-
alization system.Furthermorewe presentthe systemCurVis asone solution of these
problems.As partof the CurVus systemtwo new global visualizationtechniquegor
vectorfieldsareintroduced:cunatureplotsand|Draw. Their combinedapplicationas
hybrid techniqueis discussedaswell. Finally applicationsand examplesof the new
techniquesn the CurVis systemareshavn.

1 Introduction

With the availability of the World Wide Web, mary applicationswhich formerly required
specializedoftwareandpowerful hardwarecannow berealizedby placingthatspecialized
softwareon apowerful senerandallow acces$rom cheapclientcomputeraisingstandard
web browsers.Flow visualizationtechniquesarea candidateor this approachsincethey
requirepowerful computersaswell asspecializedsoftware.

The visualizationof datais usually realizedas a pipeline of processesthe visualization
pipeline If a visualizationprogramis to be distributed betweena client and a sener, a
decisionhasto be madewherethe visualizationpipelineshouldbe partitioned.Compared
to standalonevisualizationsystemsthe client computerswhich accesshe visualization
on the sener have a variety of display capabilities,and datawill have to be transmitted
over networks of varying, oftenlow bandwidth.To provide for eachclient the maximum
possiblequality of service,a WWW-basedvisualizationservicemustbe ableto adaptto
contet parametes suchasdisplaysizeandbandwidth.Usually, the visualizationsession
startswith an image shaving the whole datasetLater, the useroften wantsto explore
interestingpartsof thedatasetin greaterdetail. A detailon demandeatureshouldallow to
requesiygreaterdetailin regionswhereit is neededThe userof aweb-basedisualization
serviceshouldbe ableto submithis/herown datasetsoverthe Internet.

Especiallyif the systemis accessedising notebookcomputerswith small screensit is
essentiakhat the screenreal estateis usedefficiently by the visualization.Comparedo
localmethodge.g.,streamline®r arrow plots),which provideinformationaboutthevector
field only in somepixels of the resultingimage,global methods(like LIC) arerequired
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which provide informationaboutthe underlyingdatain every pixel of thedisplay Thusit

was part of the researctpresentedn this paperto develop new global flow visualization
techniquesvhich areapplicable- but not restricted- to visualizationin the context of the
Internet.

This papeiis organizedn thefollowing way: chapter2 discussethe problemso besolved
to realizea web-basedectorfield visualizationsystemandintroducesthe systemCurVis

(CFD universalremoteVisualizer)asasolutionto theproblemsstated Chapters3 - 5intro-

ducenew visualizationtechniquedor vectorfieldswhich areappropriatdor visualization
in theinternetcontext: curvatureplots,|Draw andhybrid techniques.

2 CurVis- a System for Vector Field Visualization on the
I nternet

2.1 Pipeline Partitioning and Peephole Optimization

Thevisualizationpipelineis asequencef severalprocessesorvertingdatainto animage.
Brodlie[1] distinguishesbetweenfiltering of the data,mappingof the datato geometry
andrenderingof the geometryinto a rasterimage.He classifiesweb-basedsisualization
systemausingthe criterionbetweernwhich processethe pipelineis partitioned.

Underthe assumptiorthatthe visualizationis accessedsingweb browsers two solutions
arepossible Most web browserssupportsomecommonrasterimageformats(GIF, JPEG)
andthe executionof Java applets.That's why the first solutionis to computeanimageon

thesenerandto transmitit to the client, which correspond#o partitioningthe pipelinebe-
tweenrenderingandpresentationThe secondopportunityis to transmitthe datasetanda
Javaappletwhich computeghevisualizationlocally, which correspond$o partitioningthe
pipelinebetweerfiltering andmapping A third opportunity partitioningbetweemmapping
andrendering,is not suitablefor visualizing 2D flows. We investigatedhe first two op-

portunitiesusingthe Integrateand Draw method As sener, an SGI Paver Challengewith

1GB mainmemoryandsix 196 MHz R 10000processorsiasbeenused theclientwasan
125MHz Intel PentiumbasedPCwith 32 MB mainmemory connectedo the sener over

a simulatedslow Internetlink with a netbandwidthof 9600Bits/s. We broke the pipeline
beforethefiltering step(usinga Javaappletandabinarywhichrunlocally ontheclient; the

original datasethasbeencompressedsinggzip andfetchedfrom the sener) andbetween
renderingandpresentatiorfwhichis implementedy the CurVis systemdescribedelow).

Figurel shaws the total timesfor thesethreepartitioningalternatvesfor a wide rangeof

datasets(boddenwater, cylinder, hyperanddipol). It is obviousthatthe partitioningde-

cision betweerrenderingand presentatioris superiorin all casesFor small datasets,the

alternatveto usealocalbinaryis nearlyasgood,but offerslessflexibility sincethisbinary
would have to be providedfor eachclient platform.

That's why we decidedo partitionthe pipelinebetweerrenderingandpresentation.

In orderto save transmissiorbandwidth the peepholeptimizerof the choserpartitioning
must useimage compressiormethods,sincethe transmitteddataare image data. How-

ever, theimagesproducedby the differentvisualizationtechniquesequiredifferentcom-



Total costs of partitioning alternatives for IDraw
Server: SGI Power Challenge, Client: Pentium 125MHz, Network: 9600Bit/s
Each bar composed of computing time (upper part) and transfer time (lower part)

Figurel: Partitioningalternatvesfor the Integrateand Draw method

pressionmethods.One could think thatthe lossy compressioralgorithm JPEGis always
superiorover losslessalgorithmsbut that is not the case.As JPEGhasbeendeveloped
for continuous-tondrue color images,it delivers bestcompressioron this imageclass.
Onimageswith only a few colors,losslesscompressoréike GIF are often superiorover
JPEG.Sincethe differenttechniqueggeneratémageswith very differentcharacteristics,
we areableto selectthe compressiormethodbestsuitedusingour knowledgeover these
characteristicsArrow plots andstreamlineimageshave only afew colorsandlarge areas
shadedn the backgrounccolor, makingthemcandidategor GIF. Curvatureplots, IDraw
andhybrid imageswhich shav smoothgradientsof color, canbe bettercompressedsing
JPEG.Preferably the progressie JPEGmodeis used.Figure 2 providesa comparison.
Using JPEG a streamlinesmagecanbe compressetb the sizeof its GIF equivalentonly
by applyingstrongquantizationrwhich makesit impossibleto interpretthe visualization.

Compression ratio depending on visualization technique

W GIF

M JPEG q=1%
I IPEG q=3%
A JPEG q=5%
[Z1UPEG g=10%
C1JPEG q=70%
[T JPEG q=95%

compression ratio

Arrow plot Curvature Streamlines

visualization technique

Figure2: Suitability of GIF andJPEGfor the compressiomf differentflow visualizations

2.2 Context-based Image Generation

Contt-basedmagegeneratiorcanstretchthelimits imposedoy low bandwidthrestricted
client displayresourcesndprocessingower. It cansave resourcedy generatingmages
onthefly ataresolutionandwith anumberof colorswhich canbedisplayedat clientside.
Compressiomnf thegeneratedmageusingtheright compressiomethodfurtherdecreases



the bandwidthdemandsA methodwhich supportsprogressie refinementof the image
(e.g., progressie JPEG)or even only of selectedregions of interest[§ allows the user
to early assesshe value of the visualizationfor his/hergoalsandto cancelunnecessary
datatransmissionsThe adaptve imagegeneratiorprocesss controlledby a setof context
parametes:

¢ Displaycontext: describegheclientdisplaysizeandpossiblenumberof colors
¢ Techniqueselectghevisualizationtechnique

¢ Zooming:describeshemappingfrom thegrid underlyingthe datato thegrid under
lying the pixel imageto begenerated

¢ Network: describegheavailablebandwidth

Dependingon thesecontext parametersa visualizationtechniquecanbe selectecandpa-
rameterizedy the systemsuchthattheimagefits the client displaycapabilities.

2.3 System Overview

ThesystenCurVis providesseveralvisualizationtechniquestheclassicstreamlinesasim-
ple arrow plot, the curvature plot techniquepresentedn section3, the integrateanddraw
methoddiscussedn sectiond andhybrid methodgproposedn section5. Furthermorethe
critical pointsof thevectorfield canbe analyzedusingthe approachpresentedby Helman
andHesselink[3 andtransmittedasa textual description. Eachvisualizationmodulecre-
atesa bitmapimage.More visualizationmodulescaneasilybeaddedaseachmoduleruns
asa CGI programon the sener. This allows the easyintegrationof arbitrary executables
aslong asthey obey somesimpleinterfacespecificationsWhenthe imageis generated,
thecontext parametersliscusse@bove areconsideredAn alreadygeneratedmnagecanbe
zoomedin by alteringthe zoomingfactorin the context parameteset.In this casea new
imageis generatedisingthe new context. Remoteuserscanuploadtheir datafiles for visu-
alizationto the CurVis sener. CurVis automaticallyselectsheimagecompressiomethod
bestsuitedto the visualizationgeneratediigure 3 shovs a block diagramof Cur\is.

3 TheCurvature Plot Visualization Technique

The curvatureplot is a new global visualizationtechniquefor 2D flow fields. First intro-

ducedin [8], it givesa smoothimageof theflow. The compressiorof theseimagesgives
usuallygivesgoodcompressiomatios;areducedlisplayaanotebookcomputelis in most
casessufficiant for displayingthe visualization.This makescurvatureplots aninteresting
candidatdor theusein aninternetervironment.

A 2D steadyflow is usuallydescribedcasa 2D vectorfield V (z,y) = (u(z,y),v(z, y))".

A curves C IR is calleda tangentcurve(streamline) of V' if the following conditionis

satisfied:For all points(z,y) € s, thetangentvectorof the curve in the point (z,y) has
the samedirectionasthevectorV (z, y).
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Figure3: Block diagramof CurVis

For every point (x,y) € IR thereis oneandonly onetangentcurve throughit (exceptfor
critical pointsof V, i.e. pointswith ||V|| = 0). Tangentcurvesdo notintersecteachother
(exceptfor critical pointsof V). They do not dependon the magnitudegout only on the
directionsof the vectorsin thevectorfield.

Givena (non-critical)point (zg, ¥0) in V, lets bethetangentcurve through(zg, yo). Fur
thermoreets be parametrizedh suchaway that

s(to) = (0,%) 1)
$(to) = V(s(zo,%0))- 2

(8(¢) denoteghetangentvectorof s(t)). Thenwe cancomputetheseconderivative vector
§ of s atty by applyingthechainruleto (2):

8(to) = (u- Vi +v-Vy)(20,%0)- 3)
Now we caneasilycomputethe signedcurvatureof s in (zg, yo):
det [$(t0),8(t0)]
klty) = —F—F"m——- 4
o) = e P @

(2), (3) and (4) have the following consequencen orderto computethe curvatureof a
tangentcurve in a certainpoint of a vectorfield it is not necessaryo know the tangent
curwveitself. It is sufficientto know thevectorfield V' andits partialderivatives.
Inserting(2) and(3) into (4), we obtaina simpleformulafor the curvatureof tangenturves
throughevery point of the vectorfield:

u-det[V, V] + v - det[V,V,]
Ivie '

(5) describesa scalarfield in the domainof the vectorfield V. This scalarfield describes
the curvatureof the tangentcurve in every point of the domain.We call this scalarfield

k(V) = ()




&(V) the curvatue of the vectorfield V. x(V) is only definedfor non-critical points. It
doesnot dependnthe magnitude®f thevectorsin V.

The perpendicularvectorfield V+ of a 2D vectorfield V = (u,v)” is definedasV+ :=
(—v,u)T. For every pointof thevectorfield, thevectorsof V andV + areperpendiculato
eachother We obtainfor the curvatureof V-:

u - det[V,V,] — v det[V, V] 6)
VI '

(V1) =

We wantto visualizethe curvaturex of a 2D vectorfield in thefollowing way: computex
for every point of the domainandcolor codethesevalues.To do this we usea continuous
colorcodingmapwith thefollowing propertiesanegative valueis mappedo agreencolor,
apositive valueis mappedo aredcolor. The higherthe magnitudeof the valuethe lighter
the color gets.A zerovaluegivesblack;if the valuedivergesto plus (minus)infinity the
red(green)colortendsto white.

Figure4: Linearvectorfield with saddlepoint (a..d);linearvectorfield with repellingfocus
(e..h);linearvectorfield with center(i..l)

The picturesa-d of figure 4 give an exampleof the vectorfield V(z,y) = ( :1,’ ) T+

1
shovs anumericaltangentcurve integration.Figure4b is the visualizationof its curvature.
Figures4d and4c shav the samefor the perpendiculavectorfield V. In this case V +
hasa saddlepoint at (0,0) aswell. Note that generallythe topology of a vectorfield and
its perpendiculawectorfield might differ.

The reasonfor visualizingthe curvatureof both vV and V+ is shovn by consideringthe
following visualizationproperties:

In the curvaturevisualizationb) of figure 4 the critical point appearsashighlight. Consid-
ering (5), (V') tendsto infinity only if the denominatoof « tendsto 0. This occursonly
at critical points. Therefore,a highlight in the curvaturevisualizationalways indicatesa
critical pointin the vectorfield. The reversequestionarises:.doesevery critical point pro-
ducea highlightin the curvaturevisualizations?T'he answeris yes, if we excludecertain
degeneratgoints.A dggeneitecritical point of a vectorfield V' is a critical point where

4 ) y. This linear vectorfield hasa critical point at (0, 0) - a saddlepoint. Figure4a



the directionsof the vectorsof V' do not changein the neighborhoodf the critical point.
For non-dgyenerateritical points,we have thefollowing

Theorem 1 In theneighborhoof a non-dgjeneitecritical pointof a 2D vectorfield V,
thecurvatue of V or V1 (or bothcurvatues)tendto infinity.

An exactdefinitionof adegenerateritical pointandthe proof of thistheoremcanbefound
in [8]. Thesametheoremcanbe formulatedin the following way: non-dgyenerateritical
pointsin avectorfield V' alwaysproducehighlightsin the visualizationof the curvatureof
Vorv+t,

Consideringhecurvaturevisualizationdy) andc) of figure4 again,anothemuestiorarises:
Do the curvaturevisualizationsof V andV+ containall informationof V ? The answetis
givenby

Theorem 2 Givenare two 2D vectorfieldsV; and V, which havenon-constantirection
fields.If (V1) = &(V2) ands (Vi 1) = k(V2T) thenthedirectionsof thevectos of V; and
V4 coincidein everypoint.

See[8] for a proof. Theorem2 hasan interestingconsequencehe curvaturesof V' and
V1 togethercontainall informationaboutthe directionsof thevectorsin V. Thereforethe
curvaturesof V andV+ containall informationaboutthetopologyof V. This statemenis

truefor vectorfieldsof generakopology

Picturese-h of figure 4 show a linear vectorfield with arepellingfocus.Figure4eis the
numericalstreanline integration,figure4f is thecurvaturevisualization Figures4h and4g

show the samefor the perpendiculavectorfield. The repellingnodeappearscompletely
greenaroundthe highlight in the curvaturevisualizationand completelyred in the cur-

vaturevisualizationof the perpendiculavectorfield. Figures4 i-l show the visualization
of a center It appearscompletelygreenaroundthe highlight in the curvaturevisualiza-
tion (figure 4j) andhas4 differentareas(coloredred or green)eachof 90 degreesin the
perpendiculacurvaturevisualization(figure 4k).

All critical pointsof figure4 areof first order; i.e. they have det[V,, V,] # 0 in thecritical

points.They canthereforebeclassifiedusingthetopologyconceptslescribedn [3]. Figure
4 alsoshaws that the differentkinds of critical pointsappeardifferentlyin the curvature
visualizationsA detaileddescriptionof how to classifyafirst ordercritical point from the
curvaturevisualizationcanbefoundin [9].

Figure5 showvs a collectionof higherordercritical points,i.e. pointswith det[V,, V] = 0.

Noneof thesepointscanbe treatedusingthe topology methodsof [3] but their curvature
visualizationgivesa fairly goodimpressionof them. Figures5 a-d shav a saddlepoint
with 4 pairsof tangentcurvesthroughit. In the curvaturevisualization(figure 5b) we have

eightdifferently coloredsectionsaroundthe critical point. The perpendiculafield (figure
5¢) haseightdifferentsectionsaswell. Figure5 e-h shows the visualizationof the vector
field V(z,y) = (y2,2%)7T in therange[—1,1] x [-1,1]. This vectorfield hasa critical

pointwith two elliptic sectionsn (0, 0). Observingthe streamline integration(figure 5e),
this critical point may be missed.The curvaturevisualization(figure 5f) shavs it clearly
asa highlight with six differently coloredsectionsaroundit. Herethe visualizationof the
perpendiculacurvaturehastwo differentlycoloredareagfigure5g). Figuressi-I shav the



Figure 5: Higher order saddlepoint (a..d); critical point with two elliptic sectors(e..h);
dipole(i..I)

visualizationof a vectorfield describinga dipole. Both the visualizationof its curvature
(figure5j) andits perpendiculacurvature(figure 5k) shav two differentlycoloredsections
aroundthe highlightedcritical point.

A generalalgorithm which infers the topology of higher order critical points from the

curvaturevisualizationsis still unknaovn. Neverthelessthe higherorder critical points of

figure 5 canbe well distinguishedrom the first ordercritical pointsof figure 4 by their

curvaturevisualizations.

4 Thelntegrate and Draw Visualization Technique

Anotherglobalvisualizationtechniquewhich was developedin the context of anInternet
ervironmentis IntegrateandDraw (Idraw) ([5]). Idraw canbe consideredasan extension
of thewell-known Line Integral Corvolution (LIC) method([2], [7]).

Becausef the natureof the LIC algorithmwhich averagegixel valuesalonga field line,
the resultingimagetendsto be muddy and difficult to see.A solutionto this problemis
to alterthelengthof convolution usedin CabralandLeedomsLIC algorithm([2]). When
longercorvolution lengthareused,a highernumberof pixelson a particularflow line are
assignedo similar pixels color values.Unfortunatelytheseresultscomeat a performance
cost”wheredoublingthelengthincreasesomputatiorby a factorof four” ([4]).

The ideal outputimagewould consistof a seriesof long thin distinct contrastinglines,
depictingthe streamlinesIDraw simply follows this ideaand draws eachfield line with
a differentcolor. In the algorithm for eachuncoveredpixel in the outputimage,a new
streamlinds computedandarandomcolor (a graylevel betweerD and255)is assignedo
it. Thenthis streamlinas mappedwith its color ontothe outputimage(seefigure 6 left).
Whentwo or more streamlinescoincideat a pixel, their gray levels are simply averaged.
The resultof this ideais illustratedin Figure 6 (right). The resultingimagesare similar
to LIC images put fasterto compute becauseasthe nameof the algorithmsuggeststhis
methodresultsin simply drawing streamlinesvithout ary convolution takingplace.
Figure6 (middle andright) illustratesthe enhancementsf IDraw imageswith respecto
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Figure 6: left: IDraw - the streamlines are mappedwith randomcolors onto the output
image; middle: LIC examples(flow arounda cylinder(field if a dipole anntenna)right:
IDraw examples

LIC imagesBy drawing moresolidlinesthatdo notundulateasfrequentlyin value thede-
lineationof theflow lineshasbeenimproved. Thus,theimagecontrasthasbeenincreased
andthe vectorfield structurehasbecameclearer The Integrateand Draw algorithmcan
alsobe efficiently usedfor smoothdetail enlagement.Using traditional LIC it is hardto
visualizea vectorfield at differentresolutionslIt would requireto usea resamplednput
textureaswell asaresampledrectorfield. This canbe easilyaccomplishedvith Integrate
andDraw sinceit doesnot useary input texture. It is sufficientto usea smallerstepsize
while integratingthe streamlines. See[5] for moreinformationabouthow smoothzooms
canbeaccomplishedvith IntegrateandDraw.

5 Hybrid Visualization Techniques

IDraw imagesaregrey-scaledwhile thevisualizationof featuredik e curvaturegive acolor
image.So it makes senseto combineboth kinds of visualizationtechniquesn orderto
moreintuitive vectorfield visualizationtechniquesA simplelinearinterpolationbetween
thelDraw imageandthe featureimagegave satisfyingresults:

N=(1-t)-I+¢t-F

wherel is thelDraw image,F is thefeatureimage,andN is thenewly createdmage.The
parametet canbeusedto emphasizeitherthe oneor theotherimage.Figure7 illustrates
the combinatiornof IDraw andcurvatureplots.

Figure8 showvs two exampleswhereotherfeatureimageswereused.The left-handimage
shavs a combinationof IDraw with a color codingof the flow directionin eachpoint for
t = 0.5. Shawn is the flow in a bay areaof the Baltic sea(Greifswalder Bodden).The
right-handimageof figure 8 shaws the combinationof IDraw with a color coding of the
vectormagnituddn eachpoint. Shavn is the electrostatidield of aBenzenemolecule.



Integrate and Draw

Feature image

Figure7: linearinterpolationbetweerldraw (left) andcurvatureplot (right)

Figure8: left: combinationof IDraw andcolor codingof vectordirection;right: combina-
tion of IDraw andcolor codingof vectormagnitudes

6 Conclusions

We have presentedhesystemCurVis for visualizingvectorfieldsontheinternet.As partof

CurVis thenew globalvisualizationtechniquesurvatureplotsandIDraw weredeveloped.

Figure9 shavs two screendumpsf the CurVis system.

Cur\is canbe accessedt

http://www.informatik.uni-rostock.de/ Proje kte/mo vi/ll  S/cur visrdr .html
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