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Abstract

We discussthe problemsto be solved to develop a web-basedvector field visu-
alizationsystem.Furthermorewe presentthe systemCurVis asonesolutionof these
problems.As partof theCurVus system,two new global visualizationtechniquesfor
vectorfieldsareintroduced:curvatureplotsandIDraw. Their combinedapplicationas
hybrid techniqueis discussedaswell. Finally applicationsandexamplesof the new
techniquesin theCurVis systemareshown.

1 Introduction

With theavailability of theWorld Wide Web,many applicationswhich formerly required
specializedsoftwareandpowerfulhardwarecannow berealizedby placingthatspecialized
softwareonapowerful serverandallow accessfrom cheapclientcomputersusingstandard
webbrowsers.Flow visualizationtechniquesarea candidatefor this approach,sincethey
requirepowerful computersaswell asspecializedsoftware.
The visualizationof datais usually realizedasa pipelineof processes,the visualization
pipeline. If a visualizationprogramis to be distributedbetweena client anda server, a
decisionhasto bemadewherethevisualizationpipelineshouldbepartitioned.Compared
to standalonevisualizationsystems,the client computerswhich accessthe visualization
on the server have a variety of displaycapabilities,anddatawill have to be transmitted
over networks of varying,often low bandwidth.To provide for eachclient the maximum
possiblequality of service,a WWW-basedvisualizationservicemustbe ableto adaptto
context parameters suchasdisplaysizeandbandwidth.Usually, thevisualizationsession
startswith an imageshowing the whole dataset.Later, the useroften wants to explore
interestingpartsof thedatasetin greaterdetail.A detailondemandfeatureshouldallow to
requestgreaterdetail in regionswhereit is needed.Theuserof a web-basedvisualization
serviceshouldbeableto submithis/herown datasetsover theInternet.
Especiallyif the systemis accessedusingnotebookcomputerswith small screens,it is
essentialthat the screenreal estateis usedefficiently by the visualization.Comparedto
localmethods(e.g.,streamlinesor arrow plots),whichprovideinformationaboutthevector
field only in somepixels of the resultingimage,global methods(like LIC) arerequired�
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which provide informationabouttheunderlyingdatain every pixel of thedisplay. Thusit
waspart of the researchpresentedin this paperto developnew global flow visualization
techniqueswhich areapplicable- but not restricted- to visualizationin thecontext of the
Internet.
Thispaperis organizedin thefollowing way:chapter2 discussestheproblemsto besolved
to realizea web-basedvectorfield visualizationsystemandintroducesthesystemCurVis
(CFD universalremoteVisualizer)asasolutionto theproblemsstated.Chapters3 - 5 intro-
ducenew visualizationtechniquesfor vectorfieldswhich areappropriatefor visualization
in theinternetcontext: curvatureplots,IDraw andhybrid techniques.

2 CurVis - a System for Vector Field Visualization on the
Internet

2.1 Pipeline Partitioning and Peephole Optimization

Thevisualizationpipelineis asequenceof severalprocessesconvertingdatainto animage.
Brodlie[1] distinguishesbetweenfiltering of the data,mappingof the datato geometry
and renderingof the geometryinto a rasterimage.He classifiesweb-basedvisualization
systemsusingthecriterionbetweenwhich processesthepipelineis partitioned.
Undertheassumptionthatthevisualizationis accessedusingwebbrowsers,two solutions
arepossible.Most webbrowserssupportsomecommonrasterimageformats(GIF, JPEG)
andtheexecutionof Java applets.That’s why thefirst solutionis to computeanimageon
theserverandto transmitit to theclient,whichcorrespondsto partitioningthepipelinebe-
tweenrenderingandpresentation.Thesecondopportunityis to transmitthedatasetanda
Javaappletwhichcomputesthevisualizationlocally, whichcorrespondsto partitioningthe
pipelinebetweenfiltering andmapping.A third opportunity, partitioningbetweenmapping
andrendering,is not suitablefor visualizing2D flows. We investigatedthe first two op-
portunitiesusingtheIntegrateandDrawmethod.As server, anSGIPowerChallengewith
1GB mainmemoryandsix 196MHz R 10000processorshasbeenused,theclient wasan
125MHz Intel PentiumbasedPCwith 32 MB mainmemory, connectedto theserverover
a simulatedslow Internetlink with a netbandwidthof 9600Bits/s.We broke thepipeline
beforethefiltering step(usingaJavaappletandabinarywhichrunlocally ontheclient; the
originaldatasethasbeencompressedusinggzipandfetchedfrom theserver)andbetween
renderingandpresentation(which is implementedby theCurVis systemdescribedbelow).
Figure1 shows thetotal timesfor thesethreepartitioningalternativesfor a wide rangeof
datasets(bodden,water, cylinder, hyperanddipol). It is obviousthat thepartitioningde-
cisionbetweenrenderingandpresentationis superiorin all cases.For smalldatasets,the
alternativeto usealocalbinaryis nearlyasgood,but offerslessflexibility sincethisbinary
would haveto beprovidedfor eachclientplatform.
That’swhy we decidedto partitionthepipelinebetweenrenderingandpresentation.
In orderto save transmissionbandwidth,thepeepholeoptimizerof thechosenpartitioning
must useimagecompressionmethods,sincethe transmitteddataare imagedata.How-
ever, the imagesproducedby thedifferentvisualizationtechniquesrequiredifferentcom-



Figure1: Partitioningalternativesfor theIntegrateandDraw method

pressionmethods.Onecould think that the lossycompressionalgorithmJPEGis always
superiorover losslessalgorithmsbut that is not the case.As JPEGhasbeendeveloped
for continuous-tonetrue color images,it deliversbestcompressionon this imageclass.
On imageswith only a few colors,losslesscompressorslike GIF areoften superiorover
JPEG.Sincethe differenttechniquesgenerateimageswith very differentcharacteristics,
we areableto selectthecompressionmethodbestsuitedusingour knowledgeover these
characteristics.Arrow plotsandstreamlineimageshave only a few colorsandlargeareas
shadedin thebackgroundcolor, makingthemcandidatesfor GIF. Curvatureplots, IDraw
andhybrid images,which show smoothgradientsof color, canbebettercompressedusing
JPEG.Preferably, the progressive JPEGmodeis used.Figure 2 providesa comparison.
UsingJPEG,a streamlinesimagecanbecompressedto thesizeof its GIF equivalentonly
by applyingstrongquantizationwhich makesit impossibleto interpretthevisualization.

Figure2: Suitability of GIF andJPEGfor thecompressionof differentflow visualizations

2.2 Context-based Image Generation

Context-basedimagegenerationcanstretchthelimits imposedby low bandwidth,restricted
client displayresourcesandprocessingpower. It cansave resourcesby generatingimages
on thefly ata resolutionandwith anumberof colorswhichcanbedisplayedatclientside.
Compressionof thegeneratedimageusingtheright compressionmethodfurtherdecreases



the bandwidthdemands.A methodwhich supportsprogressive refinementof the image
(e.g., progressive JPEG)or even only of selectedregions of interest[6] allows the user
to early assessthe valueof the visualizationfor his/hergoalsandto cancelunnecessary
datatransmissions.Theadaptive imagegenerationprocessis controlledby a setof context
parameters:� Displaycontext: describestheclientdisplaysizeandpossiblenumberof colors� Technique:selectsthevisualizationtechnique� Zooming:describesthemappingfrom thegrid underlyingthedatato thegrid under-

lying thepixel imageto begenerated� Network: describestheavailablebandwidth

Dependingon thesecontext parameters,a visualizationtechniquecanbeselectedandpa-
rameterizedby thesystemsuchthattheimagefits theclientdisplaycapabilities.

2.3 System Overview

ThesystemCurVisprovidesseveralvisualizationtechniques:theclassicstreamlines, asim-
ple arrow plot, thecurvatureplot techniquepresentedin section3, the integrateanddraw
methoddiscussedin section4 andhybrid methodsproposedin section5. Furthermore,the
critical pointsof thevectorfield canbeanalyzedusingtheapproachpresentedby Helman
andHesselink[3] andtransmittedasa textual description.Eachvisualizationmodulecre-
atesabitmapimage.Morevisualizationmodulescaneasilybeadded,aseachmoduleruns
asa CGI programon the server. This allows the easyintegrationof arbitraryexecutables
as long asthey obey somesimpleinterfacespecifications.Whenthe imageis generated,
thecontext parametersdiscussedaboveareconsidered.An alreadygeneratedimagecanbe
zoomedin by alteringthezoomingfactorin thecontext parameterset.In this case,a new
imageis generatedusingthenew context. Remoteuserscanuploadtheirdatafilesfor visu-
alizationto theCurVis server. CurVis automaticallyselectstheimagecompressionmethod
bestsuitedto thevisualizationgenerated.Figure3 showsablock diagramof CurVis.

3 The Curvature Plot Visualization Technique

The curvatureplot is a new global visualizationtechniquefor 2D flow fields.First intro-
ducedin [8], it givesa smoothimageof theflow. Thecompressionof theseimagesgives
usuallygivesgoodcompressionratios;areduceddisplayaanotebookcomputeris in most
casessufficiant for displayingthevisualization.This makescurvatureplotsan interesting
candidatefor theusein anInternetenvironment.
A 2D steadyflow is usuallydescribedasa 2D vectorfield ��� �
	 � ��
�� ��� �
	 � � 	 ��� �
	 � � � � .
A curve ����� � is calleda tangentcurve(streamline) of � if the following conditionis
satisfied:For all points � �
	 � ����� , the tangentvectorof thecurve in thepoint � ��	 � � has
thesamedirectionasthevector ��� �
	 � � .



Figure3: Block diagramof CurVis

For every point � �� ! "$#&% ' thereis oneandonly onetangentcurve throughit (exceptfor
critical pointsof ( , i.e. pointswith ) (�)�*�+ ). Tangentcurvesdo not intersecteachother
(except for critical pointsof ( ). They do not dependon the magnitudesbut only on the
directionsof thevectorsin thevectorfield.
Givena (non-critical)point � � ,  ! , " in ( , let - bethetangentcurve through � � ,  ! , " . Fur-
thermore,let - beparametrizedin sucha way that- � . , "/*0� � ,  ! , " (1)1- � . , "/*2(3� - � �4,  ! , " " 5 (2)

(
1- � . " denotesthetangentvectorof - � . " ). Thenwecancomputethesecondderivativevector6- of - at . , by applyingthechainrule to (2):6- � . , "7*8� 9�: (4;$<&=>: (4? " � � ,  ! , " 5 (3)

Now we caneasilycomputethesignedcurvatureof - in � �4,  ! , " :@ � . , "7* A B C�D 1- � . , "  6- � . , " E) 1- � . , " ) F 5 (4)

(2), (3) and(4) have the following consequence:in order to computethe curvatureof a
tangentcurve in a certainpoint of a vectorfield it is not necessaryto know the tangent
curve itself. It is sufficient to know thevectorfield ( andits partialderivatives.
Inserting(2) and(3) into (4),weobtainasimpleformulafor thecurvatureof tangentcurves
througheverypoint of thevectorfield:@ � (>"G* 9�: A B C D (7 (4; E <H=�: A B C D (7 (4? E) (�) F 5 (5)

(5) describesa scalarfield in thedomainof thevectorfield ( . This scalarfield describes
the curvatureof the tangentcurve in every point of the domain.We call this scalarfield



I
J K�L the curvature of the vectorfield K . I
J K�L is only definedfor non-criticalpoints.It
doesnot dependon themagnitudesof thevectorsin K .
Theperpendicularvectorfield K�M of a 2D vectorfield KON�J P�Q R L S is definedas K�M8T NJ U7R�Q P�L S . For everypointof thevectorfield, thevectorsof K and K>M areperpendicularto
eachother. We obtainfor thecurvatureof K�M :I
J K M LGN P�V W X Y Z K7Q K4[ \4U&R�V W X Y Z K7Q K4] \^ K ^ _ ` (6)

We wantto visualizethecurvatureI of a 2D vectorfield in thefollowing way: computeI
for every point of thedomainandcolor codethesevalues.To do this we usea continuous
colorcodingmapwith thefollowingproperties:anegativevalueis mappedto agreencolor,
a positivevalueis mappedto a redcolor. Thehigherthemagnitudeof thevaluethelighter
the color gets.A zerovaluegivesblack; if the valuedivergesto plus (minus)infinity the
red(green)color tendsto white.

a) b)

c) d)

e) f)

g) h)

i) j)

k) l)

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 K3J a�Q b L�Ndc�efHg aihckj e g b . This linear vectorfield hasa critical point at J l Q l L - a saddlepoint. Figure4a

showsanumericaltangentcurveintegration.Figure4b is thevisualizationof its curvature.
Figures4d and4c show thesamefor theperpendicularvectorfield K�M . In this case,K>M
hasa saddlepoint at J l Q l L aswell. Note thatgenerallythe topologyof a vectorfield and
its perpendicularvectorfield might differ.
The reasonfor visualizingthe curvatureof both K and K�M is shown by consideringthe
following visualizationproperties:
In thecurvaturevisualizationb) of figure4 thecritical point appearsashighlight.Consid-
ering (5), I
J K�L tendsto infinity only if thedenominatorof I tendsto l . This occursonly
at critical points.Therefore,a highlight in the curvaturevisualizationalways indicatesa
critical point in thevectorfield. Thereversequestionarises:doesevery critical point pro-
ducea highlight in thecurvaturevisualizations?Theansweris yes,if we excludecertain
degeneratepoints.A degeneratecritical point of a vectorfield K is a critical point where



thedirectionsof thevectorsof m do not changein theneighborhoodof thecritical point.
For non-degeneratecritical points,we havethefollowing

Theorem 1 In theneighborhoodof a non-degeneratecritical pointof a 2D vectorfield m ,
thecurvatureof m or m�n (or bothcurvatures)tendto infinity.

An exactdefinitionof adegeneratecritical pointandtheproofof this theoremcanbefound
in [8]. Thesametheoremcanbeformulatedin thefollowing way: non-degeneratecritical
pointsin avectorfield m alwaysproducehighlightsin thevisualizationof thecurvatureofm or m�n .
Consideringthecurvaturevisualizationsb) andc) of figure4 again,anotherquestionarises:
Do thecurvaturevisualizationsof m and m>n containall informationof m ? Theansweris
givenby

Theorem 2 Givenare two 2D vectorfields m�o and m4p which havenon-constantdirection
fields.If q
r m�o s7tkq
r m4p s and q
r m�o n s7tkq
r m4p n s thenthedirectionsof thevectorsof m�o andm4p coincidein everypoint.

See[8] for a proof. Theorem2 hasan interestingconsequence:the curvaturesof m andm�n togethercontainall informationaboutthedirectionsof thevectorsin m . Therefore,the
curvaturesof m and m�n containall informationaboutthetopologyof m . Thisstatementis
truefor vectorfieldsof generaltopology.
Picturese-hof figure 4 show a linear vectorfield with a repellingfocus.Figure4e is the
numericalstreamline integration,figure4f is thecurvaturevisualization.Figures4hand4g
show the samefor the perpendicularvectorfield. The repellingnodeappearscompletely
greenaroundthe highlight in the curvaturevisualizationandcompletelyred in the cur-
vaturevisualizationof theperpendicularvectorfield. 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
perpendicularcurvaturevisualization(figure4k).
All critical pointsof figure4 areof first order, i.e. they have u v w x m4y z m4{ |7}tk~ in thecritical
points.They canthereforebeclassifiedusingthetopologyconceptsdescribedin [3]. Figure
4 alsoshows that the differentkinds of critical pointsappeardifferently in the curvature
visualizations.A detaileddescriptionof how to classifya first ordercritical point from the
curvaturevisualizationcanbefoundin [9].
Figure5 showsacollectionof higherordercritical points,i.e.pointswith u v w x m4y z m4{ |�tk~ .
Noneof thesepointscanbe treatedusingthetopologymethodsof [3] but their curvature
visualizationgivesa fairly good impressionof them.Figures5 a-d show a saddlepoint
with 4 pairsof tangentcurvesthroughit. In thecurvaturevisualization(figure5b)wehave
eightdifferentlycoloredsectionsaroundthecritical point. Theperpendicularfield (figure
5c) haseightdifferentsectionsaswell. Figure5 e-hshows thevisualizationof thevector
field m3r ��z � s�t�r � p z � p s � in the range x �$� z � |��kx ��� z � | . This vectorfield hasa critical
point with two elliptic sectionsin r ~ z ~ s . Observingthestreamline integration(figure5e),
this critical point may be missed.The curvaturevisualization(figure 5f) shows it clearly
asa highlight with six differentlycoloredsectionsaroundit. Herethevisualizationof the
perpendicularcurvaturehastwo differentlycoloredareas(figure5g).Figures5 i-l show the



a) b)

c) d)

e) f)

g) h)

i) j)

k) l)

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

visualizationof a vectorfield describinga dipole.Both the visualizationof its curvature
(figure5j) andits perpendicularcurvature(figure5k) show two differentlycoloredsections
aroundthehighlightedcritical point.
A generalalgorithm which infers the topology of higher order critical points from the
curvaturevisualizationsis still unknown. Nevertheless,the higherordercritical pointsof
figure 5 canbe well distinguishedfrom the first ordercritical pointsof figure 4 by their
curvaturevisualizations.

4 The Integrate and Draw Visualization Technique

Anotherglobalvisualizationtechniquewhich wasdevelopedin thecontext of anInternet
environmentis IntegrateandDraw (Idraw) ([5]). Idraw canbeconsideredasanextension
of thewell-known Line IntegralConvolution (LIC) method([2], [7]).
Becauseof thenatureof theLIC algorithmwhich averagespixel valuesalonga field line,
the resultingimagetendsto be muddyanddifficult to see.A solutionto this problemis
to alterthelengthof convolutionusedin CabralandLeedom’sLIC algorithm([2]). When
longerconvolution lengthareused,a highernumberof pixelson a particularflow line are
assignedto similar pixelscolor values.Unfortunatelytheseresultscomeat a performance
cost”wheredoublingthelengthincreasescomputationby a factorof four” ([4]).
The ideal output imagewould consistof a seriesof long thin distinct contrastinglines,
depictingthe streamlines.IDraw simply follows this ideaanddraws eachfield line with
a different color. In the algorithm for eachuncoveredpixel in the output image,a new
streamlineis computedandarandomcolor (agraylevel between0 and255)is assignedto
it. Thenthis streamlineis mappedwith its colorontotheoutputimage(seefigure6 left).
Whentwo or morestreamlinescoincideat a pixel, their gray levelsaresimply averaged.
The resultof this idea is illustratedin Figure6 (right). The resultingimagesaresimilar
to LIC images,but fasterto compute,because,asthenameof thealgorithmsuggests,this
methodresultsin simply drawing streamlineswithout any convolution takingplace.
Figure6 (middleandright) illustratestheenhancementsof IDraw imageswith respectto



Figure6: left: IDraw - the streamlines aremappedwith randomcolorsonto the output
image;middle: LIC examples(flow arounda cylinder,field if a dipole anntenna);right:
IDraw examples

LIC images.By drawingmoresolidlinesthatdonotundulateasfrequentlyin value,thede-
lineationof theflow lineshasbeenimproved.Thus,theimagecontrasthasbeenincreased
andthe vectorfield structurehasbecameclearer. The IntegrateandDraw algorithmcan
alsobe efficiently usedfor smoothdetail enlargement.Using traditionalLIC it is hardto
visualizea vectorfield at differentresolutions.It would requireto usea resampledinput
textureaswell asa resampledvectorfield. This canbeeasilyaccomplishedwith Integrate
andDraw sinceit doesnot useany input texture. It is sufficient to usea smallerstepsize
while integratingthestreamlines.See[5] for moreinformationabouthow smoothzooms
canbeaccomplishedwith IntegrateandDraw.

5 Hybrid Visualization Techniques

IDraw imagesaregrey-scaledwhile thevisualizationof featureslikecurvaturegiveacolor
image.So it makessenseto combineboth kinds of visualizationtechniquesin order to
moreintuitive vectorfield visualizationtechniques.A simplelinear interpolationbetween
theIDraw imageandthefeatureimagegavesatisfyingresults:���8� ���i� ��� �7�&��� �
where

�
is theIDraw image,

�
is thefeatureimage,and

�
is thenewly createdimage.The

parameter
�

canbeusedto emphasizeeithertheoneor theotherimage.Figure7 illustrates
thecombinationof IDraw andcurvatureplots.
Figure8 shows two exampleswhereotherfeatureimageswereused.Theleft-handimage
shows a combinationof IDraw with a color codingof theflow directionin eachpoint for����� � �

. Shown is the flow in a bay areaof the Baltic sea(GreifswalderBodden).The
right-handimageof figure 8 shows the combinationof IDraw with a color codingof the
vectormagnitudein eachpoint.Shown is theelectrostaticfield of aBenzenemolecule.



Figure7: linearinterpolationbetweenIdraw (left) andcurvatureplot (right)

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

6 Conclusions

WehavepresentedthesystemCurVis for visualizingvectorfieldsontheinternet.As partof
CurVis thenew globalvisualizationtechniquescurvatureplotsandIDraw weredeveloped.
Figure9 shows two screendumpsof theCurVis system.
CurVis canbeaccessedat
http://www.informatik.uni-rostock.de/ Proje kte/mo vi/II S/cur visrdr .html
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Figure9: left: CurVis - startpage;right: CurVis - curvaturevisualization
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