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Abstract
GPU-assistedmulti-�eld renderingprovidesa meansof generating effectivevideovolumevisualizationthat can
convey boththeobjectsin a spatiotemporal domainaswell asthemotionstatusof theseobjects.In thispaper, we
presenta technical framework that enablescombinedvolumeand�ow visualizationof a videoto besynthesized
usingGPU-basedtechniques.A bricking-basedvolumerenderingmethodis deployedfor handling large video
datasetsin a scalablemanner, which is particularly usefulfor synthesizinga dynamicvisualizationof a video
stream.We haveimplementeda numberof image processing�lter s, andin particular, weemployan optical �ow
�lter for estimatingmotion�ows in a video.Wehavedevisedmechanismsfor combiningvolumeobjectsin a scalar
�eld with glyphandstreamlinegeometryfroman optical �ow. We demonstratetheeffectivenessof our approach
with examplevisualizationsconstructedfromtwobenchmarkingproblemsin computervision.

CategoriesandSubjectDescriptors(accordingtoACM CCS): I.3.3[ComputerGraphics]:Picture/ ImageGeneration
I.3.6 [ComputerGraphics]:MethodologyandTechniquesI.3.m [ComputerGraphics]:VideoVisualization

1. Intr oduction

Viewing videosis a time-consumingandresource-intensive
process.Even viewing in the fast-forward mode, it takes
about4 hoursto watchaday'srecordingby aCCTV (closed-
circuit TV) camera.In otherwords,if the footageof all es-
timated25 million CCTV camerasin operationworldwide
wereto beexamined,we would need10 million peopleem-
ployed to just watchvideos,in the fast-forward mode,for
10 hoursevery day. Video visualizationis a computation
processthat extractsmeaningfulinformationfrom original
videodatasetsandconveystheextractedinformationtousers
by appropriatevisualrepresentations.Althoughthistechnol-
ogyis verymuchin its infancy, its potentialbene�tsin terms
of timeandresourcesaving cannotbeoverestimated.

Video datacan be consideredas 3D volume data,with
onetemporalandtwo spatialdimensions.Onemajor dif�-
culty is thatthegeometricalobjectsin eachvideoframeare
theprojective representationsof theoriginal 3D spatialob-
jects.Thus,a videovolumeis a 3D projectionof a 4D spa-
tiotemporaldescriptionof amoving scene.Becausethethird
dimensionof avideovolumeis thetemporaldimension,sim-
ply visualizingavideovolumeusingtraditionalvolumeren-
deringtechniquesis often inadequatein termsof extracting

andconveying themostmeaningfulinformationin a video.
For example,considerthe video clip `LeftBox' (Figure1),
which is oneof thebenchmarkingproblemscollectedby the
CAVIAR project[Fis04]. Figure2(a) shows a visualization
of the video volume using a techniquesimilar to [DC03].
Althoughthevisualizationadequatelyrepresentstheobjects
extractedfromthebackgroundscene,it doesnotprovidesuf-
�cient motion featuresto allow theuserto recognizethata
moving object(i.e., a person)left a stationaryobject(i.e., a
box) in thescene.

Althoughit is possibleto estimateandvisualizetheopti-
cal �o w in a video asshown in Figure2(b), the motion on
its own cannotadequatelyconvey thepresenceof objectsin
thescene.Theseobservationsindicatethatthecombineduse
of a volumetricscalar�eld (for the video data)anda vec-
tor �eld (describingthemotion)might resultin aneffective
videovisualization.We therebyfacetheissueof multi-�eld
visualizationof 3D scalarandvector�elds.

The combinedvisualizationshown in Figure 2(c) sepa-
ratesfour stagesof thevideo.In stageone,thepersonenters
the scenewith a box, i.e., the personis moving. In stage
two, the personstopsto depositthe box on the �oor . This
factis clearlyconveyedthrougha lackof �o w glyphs.In the
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Figure 1: Framesselectedfrom the videoclip `LeftBox'. A
womandepositsa box in the sceneand leaves.Theframes
relateto stages2, 3, and4 in Figure 2.

next stage,thepersonmovesaroundthebox. In stagefour,
thepersonexits thescene,but leavesthemotionlessbox on
the�oor . Thecombinationof volumeand�o w visualization
givestheviewer a betterunderstandingof boththeinforma-
tion on locationandmotionof objects.

Dueto theneedfor thesimultaneousvisualizationof two
datasetsfor scalarandvectorinformation,the challengeof
handlinglarge 3D data is more pronouncedthan in tradi-
tional volumerendering.In general,it is necessaryto han-
dle a large amountof data in many applicationsof video
visualization.For example,in scienti�c experimentsthatin-
volve a high-speedcamera,anexperimentof a few seconds
couldresultin a videoof thousandsof frames.For process-
ing video archivesin applicationssuchasvideo segmenta-
tion and geo-biologicalmonitoring,one may needto cre-
ate a visual representationfor a video of hours,days,or
sometimeseven longer periodsof time. Finally, in many
surveillance-relatedapplications,oneneedsto handlelarge
real-timevideostreams.

In this paper, we addresstechnicalproblemsassociated
with the fast renderingof large video dataasa volume.In
particular, our objective is to generatean effective multi-
�eld visualizationby combiningvolumetricscalarandvec-
tor datain orderto extractandconvey themostmeaningful
information in a video. Our strategy is to usethe capabil-
ities of modernGPUs(graphicsprocessingunits) to syn-
thesizeinteractive multi-�eld visualization(seeSection5).
A complementarystrategy is to designa scalablerendering
methodfor videodatasetsof varyingsize.Weemploy brick-
ing techniquesto overcomethedif�culties of accommodat-
ing largevideostreamsin GPUmemory(seeSection6). The
basicsoftwarearchitectureof ourvisualizationsystemis dis-
cussedin Section3, thepreprocessingstagesin Section4.

Part of thework describedin this paperwasusedto sup-
port a major userstudyon visual signaturesin video visu-
alization [CBH� 06]. In this paper, we focuson the techni-
cal andalgorithmicdevelopmentof a system,calledVVR
(VideoVolumeRenderer), whichprovidesinteractiverender-
ing of videovolumesandextractsvisualsignaturesfor anal-
ysis.Technically, VVR representsa major leapfrom previ-
ousvideovolumevisualizationin termsof renderingspeed,
visualizationfeatures,andthescalabilityof datasize.

(a)objectvolume (b) optical�o w

(c) objectvolumewith optical�o w

Figure 2: Volume visualizationof extracted objects in a
video in (a) and �ow visualizationof an estimatedoptical
�ow of thesamedatasetin (b). Image (c) showsa combina-
tion of bothvisualizations.

2. RelatedWork

Video visualization was introducedby Daniel and Chen
[DC03] as a meansof processinglarge volumesof video
data.We adopt their idea of a horseshoelayout for video
renderingbecausethehorseshoegeometryhasa numberof
merits,includingacost-effectivespaceutilizationandapro-
vision of four visible sidesof a videovolume.However, the
horseshoelayoutrequirestherenderingof adeformedvideo
volume.A genericway of renderingdeformedvolumesis
to useray casting(e.g., ray re�ectors [KY97]). The origi-
nal implementationof horseshoevolumerenderingis based
on a relatedimplementationby CPU ray casting,which is
not interactive [DC03]. In thispaper, weuse3D textureslic-
ing for interactivevolumerendering[CCF94]. Weadoptthe
approachby Rezk-Salamaet al. [RSSSG01], which utilizes
texture slicing to renderdeformedvolumesin real time. In
their approach,a backwardmappingis employedto modify
thetexturecoordinatesthataddressthedataset.

Onepartof ourapproachis to includethevisualizationof
the optical �o w in the video volumevisualization.General
�o w visualizationmethodshavea longtraditionin scienti�c
visualization[WE05]. Thereexist severaldifferentstrategies
to displaya vector �eld associatedwith a �o w. Onevisual
representationusedin thiswork reliesonglyphsto show the
directionof avector�eld atacollectionof samplepositions,
e.g.,by employing arrows or hedgehogsto visually encode
direction[KH91,Dov95]. Anothervisual representationre-
lieson thecharacteristiclines,suchasstreamlines,obtained
by particletracing.A major problemof 3D �o w visualiza-
tion is thepotentiallossof visualinformationdueto mutual
occlusion.This problemcanbeaddressedby improving the
perceptionof streamlinestructures[IG98] or by appropriate
seeding[GGS02].
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3. VVR SystemAr chitecture

The �o w chart in Figure3 shows the overall systemarchi-
tectureof VVR, which includestwo major functionalsub-
systems,namelyvideoprocessingandvideorendering. The
video processingsub-systemconsistsof a collectionof �l-
ters for generatinga variety of 3D scalar�elds and vec-
tor �elds that highlight different featuresof a video.Many
of these�lters designedfor volumerenderingarediscussed
in [CBH� 05]. In the following section,we will concentrate
on thecomputationof a �o w �eld from avideovolume,and
volumetricseedsfor �o w geometry.

Thevideorenderingsub-systemis themainfocusof this
paper. Weadaptvolumebrickingto handlelargevolumeand
�o w datasets.Onemodi�cation is thatwepartitiondataonly
in thetemporaldimensioninsteadof thespatialpartitioning
commonlyusedin traditionalvolumerendering.As shown
in Figure3, thebrickingprocessaffectsmostmodulesin the
renderingsub-systemthrougha loopthattriggersadynamic
updatewithin eachmodule.Becauseof theexistenceof this
loopandthelogicalbrick structure,ourbrickingmechanism
supportsscalablemulti-�eld visualization,including video
spans,glyph geometryfor �o w visualization,anddynamic
streamlines.The renderingframework will be detailedin
Section5 andthebrickingstrategy in Section6.

4. VideoProcessing

4.1. Optical Flow

One ingredientof our approachis the optical �o w of the
video. To computethe optical �o w, we adopta gradient-
baseddifferential method[HS81]. Our implementationis
basedon a modi�ed versionof thegradient-baseddifferen-
tial method[BFB94].

Letusconsideranimagesequenceasanintensityfunction
I(p;t), wherep = (x;y) is apositiononanobjectin motion,
andt is thetime variable.Thetranslationof p with velocity
v = (dx=dt;dy=dt) = (u;v) is thus:

I (p;t) = I (p � vt;0) :

A Taylorexpansionof theaboveexpressionresultsin

Ix(p;t)u+ Iy(p;t)v+ It (p;t) = 0 ;

whereIx, Iy, andIt arethepartialderivativesof I (p;t). This
problemis notwell posedwith twounknownvariables(u;v).
It is commonto introducefurther constraintsin order to
solve for (u;v). Many proposedmethodsincluding [HS81]
associatetheaboveequationwith aglobalsmoothnessterm,
andperformacostminimizationoverade�ned domainD:
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where l indicatesthe in�uence of the smoothnessterm,
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Figure 3: The technical pipeline for processingand visu-
alizing video data. Data �les are shown in yellow, pre-
processingmodulesin grey, software modulesin blue, and
GPUmodulesin green.

which, assuggestedin [HS81], is set to 100 in our imple-
mentation.Thevelocity v = (u;v) is estimatedby minimiz-
ing theabove integral usinganiterationprocess:

u0 = v0 = 0

uk+ 1 = ūk �
Ix(Ixūk + Iyv̄k + It )

a 2 + I2
x + I2

y

vk+ 1 = v̄k �
Iy(Ixūk + Iyv̄k + It )

a 2 + I2
x + I2

y
;

wherek is theiterationnumber, ūk andv̄k aretheaveragesof
uk andvk, respectively, in a neighborhooddomain.We use
60iterationstepsfor theresultsreportedin thispaper, which
is suf�cient for thelow resolutionvideosconsidered.

4.2. SeedPoint Generation

To facilitatethevisualizationof theoptical�o w, we needto
determineasetof seedpointsfor particletracingor for posi-
tioning �o w glyphs.The �ltering stagethat generatesseed
points is implementedas a CPU programoutsidethe ac-
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(a)objectframe (b) optical�o w (c) frameseeding

Figure4: Image(a) showsthedifferenceobjectin thescene,
computedfroman emptyreferenceframe. In (b), theoptical
�ow of theframeis shownwith greenlines.In (c), seedsare
generatedbasedon theoptical �ow shownin image (b).

tual renderingframework in orderto providemost�e xibility
in designingthe seedingalgorithms.Typically, the seeding
stageusesthe optical �o w andthe differenceobject to de-
terminetheseedpoints.Figure4 or Color PlateI show ex-
ampleframesfor seeding.In additionto this external�lter ,
somebasicseedingfunctionality is also implementedin a
CPUmodulein therenderingframework for handlingcases
whereanexternallygeneratedseedlist is notavailable.

As detailed in Section 4.1, the 2D vector �elds
f v1;v2; : : : ;vng arecomputedbasedon the intensityobject
�elds f I1; I2; : : : ; Ing. Then,the �lter stagegeneratesa seed
list for every frame in the form of a sequenceof text �les
f S1;S2; : : : ;Sng. Wehavedesignedthefollowing 3-phaseal-
gorithmfor seeding:

1. Thealgorithmdeterminesalist of all eligiblepointsin vi ,
with two controlparameters:grid intervalandmagnitude
threshold. With thegrid interval parameter, theusercan
superimposea grid on all the 2D vector �elds andonly
grid pointsareeligible to beselectedasseedpoints.With
the magnitudethresholdparameter, insigni�cant motion
with amagnitudelessthanthethresholdis �ltered out.

2. Thealgorithmsortsthelist of eligibleseedpointsaccord-
ing to somecriteriaof visualimportance,typically for in-
stance,themagnitudeof themotionvectorateachpoint.

3. Finally, the algorithm selectsa set of seedsfrom the
sortedlist. Theuserhastheoptionto selectall points,to
selectthe�r stN points,or to selectrandomlyN pointsin
thelist. As the�rst phaseusuallyproducesa largelist of
seedpoints,whichcouldleadto slow renderingaswell as
clutteringthevisualization,this selectionprocessallows
thelist to betrimmeddown basedon importance.

Figure4(b) shows anoptical �o w �eld estimatedfor a typi-
cal videoframe.Figure4(c) shows anexampleof a created
seedlist that was generatedfrom the optical �o w in Fig-
ure4(b), usingtheabovealgorithm.

5. RenderingFramework

For real-timerenderingof largevideovolumes,GPUmeth-
odsareemployed to achieve high framerates.The visual-
ization framework is built uponanexisting slice-basedvol-
umerenderer[VWE05]. An advantageof this framework is
its separationof different visualizationaspectsinto differ-
entsoftwarecomponents.Theframework is implementedin

Figure 5: Boundingboxesof theP-space(blue)andtheac-
tually rendered volume(yellow). The volumeslice planes
(green)aremappedto C-spacein thefragmentshader.

C++, usingtheDirect3DgraphicsAPI andHLSL asshader
programminglanguage.

In this section,we discusstechnicaldetailsof videovol-
ume renderingand optical �o w visualization.The starting
point for visualization is volume renderingthat shows a
scalar�eld associatedwith the3D spacetimevideovolume.
In combinationwith appropriatetransferfunctions,relevant
informationof thevideovolumecanbeemphasizedandun-
interestingregions can be madetransparent.A challenge
for video volume visualizationis the interactive rendering
of largedatasets(seeSections6), possiblyusinga distorted
horseshoegeometry(seeSection5.1).

The secondpart of the visualizationsystemprovides a
representationof optical �o w by glyphsor streamlinescon-
structedby particletracing(seeSection5.2).

5.1. Distorted VideoVolumes

The visible video volume might needto be distorteddur-
ing rendering.Our primary exampleis the bendinginto a
horseshoeshape[DC03], as shown in Figure 5. We usea
backward-mappingapproachfor renderingsuchdeformed
volumes:insteadof deformingthegeometryof thevolume,
we distort the associatedtexture coordinatesto obtain the
sameresult[RSSSG01]. Therefore,planarandview-aligned
slicesarerenderedwith modi�ed 3D texturecoordinates.

We describetexture coordinatesin a computationspace
(C) by (xC;yC; tC) in the range[0;1]3. Here,x andy denote
thespatialdimensionsof avideosliceandt denotesthetem-
poraldimension.In contrast,thecoordinatesin thephysical
space(P) — theobjectspaceof thedistortedvolume— are
givenby (xP;yP;zP).

For thecaseof thehorseshoevolume,we assumea trans-
formationaccordingto cylindrical coordinates,

(xP;yP;zP) = (� r cos(ptC);ys yC; r sin(ptC)) ; (1)

with r = rmin + Dr xC and Dr = rmax� rmin :

Here,rmax andrmin describetheinnerandouterradiusof the
horseshoe,respectively. Theparameterys providesascaling
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factorfor the y dimension.Figure6 illustratesthe different
coordinatesystems.

The inverse mapping of Eq. (1) is used to transform
thephysical coordinatesof theslicesto texturecoordinates
(xC;yC; tC) thataddressthevideovolume.Theinvertedmap-
ping involves inverse trigonometric functions, which are
availablein GPUfragmentprograms.Therefore,thevolume
deformationcanbe implementedby computingtexture co-
ordinatesin a fragmentprogramduring texture slicing. An
exampleof sucha fragmentprogramis provided in Sec-
tion 6. Sincethe video volume is not illuminated,we can
omit the transformationof volume gradientsfor appropri-
atevolumeshading(see[RSSSG01] for adescriptionof this
typeof transformation).

5.2. Integrating Optical Flow in VolumeVisualization

To combinean optical �o w �eld with the distortedscalar
�eld for the horseshoevideo volume,the VVR systemal-
lows opaque�o w geometryto beaddedinto thescene.The
geometry, in theform of arrow glyphsor tracedlines,is cre-
atedon-the-�y by the moduleFlowGeometryRenderer and
storedin the accordinggeometrybuffers beforethe actual
renderingtakesplace.

Building the arrow geometryrequirestwo piecesof in-
formation:a point p anda directionv, which aregiven by
the pre-computedseedpoints Si and the optical �o w vec-
torsvi , asdescribedin Sections4.1 and4.2. In fact,we ex-
tend the original optical �o w �eld from a 2D spatialvec-
tor �eld describedby (u;v) to a 3D spacetimevector �eld
with anadditionalcomponentalongthetemporaldimension:
v = (u;v;vt ). The temporalvector componentvt describes
the “velocity” alongthe time axis of the video volume.So
far, we only usea temporallyequidistantsamplingof the
video volume.Therefore,vt is constantfor the whole vol-
umeandrepresentsthe relative speedalong the time axis.
We allow the userto de�ne the relative speedvt . The ex-
ampleimagesof this paperusevt = 0 in orderto focuson
themotionwithin individual frames.Basedon this 3D opti-
cal �o w, for eachseedpointareferencegeometryfor glyphs
canbecopiedto thegeometrybuffer, andshiftedandrotated
into theproperpositionandorientation.

As analternative, particletracingis usedto visualizethe
trajectoryof particlesalongthe�o w andto provideinforma-
tion of longermoving structuresinsidea frame.Theselines
notonly emphasizethedistanceof amovementbut alsocan
indicatea changein direction.Particle tracingneedsmore
processingstepsandis implementedusingEulerintegration,

pi+ 1 = pi + Dtv(pi) ; (2)

wherepi arepositionsalongthe particletrace,v is the op-
tical �o w �eld, andDt the integrationstepsize.Thetracing
procedurecanbe describedasfollows. From a given start-
ing point p0, which is chosenout of theseedpoint list Si , a
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Figure6: Mappingbetweencoordinatesystems.

forwardintegrationis appliedaccordingto Eq.(2). Here,we
usetrilinear interpolationasreconstruction�lter for thevec-
tor �eld. Thenumberof computedintegrationstepsis cho-
senby theuser, manipulatingthe lengthof the tracedlines.
Therenderingof thoselineswith dynamictexturemapping
is detailedin Section6.2.1.

Oneadditionalissueoccurswhenthevideovolumeis dis-
torted.In this case,the original vector �eld data,which is
given in C space,needsto be transformedinto thephysical
spaceP in order to obtain correctparticle tracesor glyph
orientations.Similar to thecoordinatetransformationfor the
scalar�eld asdiscussedin Section5.1,wealsoneedatrans-
formation rule for vector �elds. In general,vectorscanbe
de�ned asdifferentialsaccordingto

dy =
2

å
i= 0

¶y
¶xi

dxi =
2

å
i= 0

eidxi :

Here,theei serve asbasisfor thevectorsin thespaceasso-
ciatedwith xi . In thecaseof thehorseshoe,wehave

ex =
¶xP

¶xC
= Dr(� cos(ptC);0;sin(ptC))

ey =
¶xP

¶yC
= (0;ys;0)

et =
¶xP

¶tC
= p Dr(sin(ptC);0;cos(ptC)) ;

with xP = (xP;yP;zP). With thesebasisvectors,avector�eld
vC = (vx;vy;vt ) given in the coordinatesystemC is trans-
formedto thecoordinatesystemP by

vP = å
i= x;y;t

eivi :

6. ScalableMulti-�eld Bricking

To visualizea large video datasetthat cannotbe loadedto
GPUmemoryenbloc, it is necessaryto subdivide thewhole
domaininto smallersectionsthat canbe handledandpro-
cessedby the GPU. We introducea genericimplementa-
tion that combinesvolumevisualizationand the rendering
of �o w geometryin scalableuser-de�ned bricks.
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Figure 7: Directional textured tracelinesin combination
with arrowglyphs.

Let thevideoV bea setof consecutive 2D imageframes
Ii ; i 2 f 1; ::;Ng, whereN is the total numberof frames.We
divide thevolumeinto K � 1 videobricks,where1 � k � K
bricksarerenderedatatime.Eachbrick,B j � V, containsm
imageframes,with B j \ Bl = /0, wherej; l 2 f 1; ::;kg^ j 6= l
andtheconditionk� m= n, with n � N.

WhentheGPUmemorycannothandlethedatasizeof N
frames,we have theconditionn < N. Thus,dynamicbrick-
ing needsto be applied to processthe data.Each logical
brick is describedby two integervalues:thenumberof the
startingframeandthe numberof framesin the brick. Fur-
thermore,we have a brick-based�lter for seedgeneration,
which is amodi�ed versionof thatdescribedin Section4.2.
It enableframesin differentbricksto sharea pre-processed
seedpoint list. The input of this sharedlist is usedby all
bricks anda �ag indicatesfor eachpoint whetherthis seed
point is usedfor constructinggeometryfor thatbrick or not.
Startingfrom this logicalentity, webuild thewholedynamic
bricking structurethatconsistsof k 3D volumetexturesthat
areshiftedthroughthehorseshoe.

6.1. Brick edVideoSpans

The video bricks arerepresentedasa pointerstructurethat
containsk 3D texture objects.Basedon the information
given by the logical brick structure,the memoryfor k tex-
tureobjectsisallocatedandeachsinglevolumebrick is �lled
with its correspondingvideoframes.Dynamicbrickingis re-
alizedby reassigningthepointersin acyclic way, forminga
ring-buffer datastructure.Thus,the last textureobjectcon-
tainsinformationthatcanbeoverwrittenand�lled with the
framesthatnewly enterthehorseshoe.

Thefragmentprogramthatrendersa singlevolumebrick
is given in Figure 8. The �rst line of codescalesthe tex-
ture coordinatesto a rangeof [� 1;1], becausethis permits
usto mapthecylindrical horseshoecoordinatesbetween� p
andp. Thismappingleadsto ahalf circle in thexz plane,as
requiredby the benthorseshoe(seeFigure6). The follow-
ing four lines realizethe inverseof themappingin Eq. (1),

float volData, tmpZ; float2 rp;

# horseshoecoordinates
float3 lkup;

# Cartesiancoordinates
float3 txCrd = In.TextureCoord0;

# transformto coordinatesin P space
txCrd.x = ((txCrd.x*2.0) - 1.0f) * (-1.0f);

# mapfromP to C; computeradius& angle
rp.x = sqrt(pow(txCrd.x,2) + pow(txCrd.z, 2));
rp.y = atan2(txCrd.z,txCrd.x);
lkup.x = (rp.x - g_fInRad) / (g_fOutRad - g_fInRad);
lkup.y = txCrd.y; tmpZ = rp.y/g_PI;

# mapfromC to B
lkup.z = (tmpZ - g_vScaleCrd.x) * g_vScaleCrd.y;

# perform3D texture lookup
volData = tex3D(VOLsmp, lkup);

# applycolor valuesandwrite to buffer
Output.RGBColor = tex1D(TFsmp, volData.x);
return Output;

Figure8: Thecompletecodeof anHLSLfragmentprogram
for thebricked,dynamicvideospans.

by �rst computingthe radiusandangleof the intermediate
cylindrical coordinatesystem,andthenmappingthemto the
coordinatesystemC, whichrepresentsthevisiblepartof the
videovolume.The�nal mappingtakesthecoordinatesinto
thelocal coordinatesystemof thebrick B, which is a subset
of thevisiblevideovolumeC. With thesebrick-relatedcoor-
dinates,a3D texturelookupis performedanda �nal RGBa
valueis assignedaccordingto thetransferfunction.

6.2. Flow GeometryBricks

Thegeometrybricksaresimilarly to thevolumebricksheld
in a pointerstructurethat easesthe swappingof the bricks
for the dynamicrenderingof large video data.Unlike the
volumebricks,a geometrybrick only consistsof thelogical
structurethat holds the rangeinformation of the currently
visible region. Therendergeometryfor arrows andstream-
lines is constructedfor the whole visible horseshoeregion
(Section5.2) only whenneededanddirectlymappedfrom C
to P (Figure6). All pointsthatresultfrom particletracingare
storedin asinglevertex buffer andrenderedasline strip.The
arrow geometryis storedin anindexedvertex buffer to avoid
redundantvertices.All buffersarerenderedasopaquegeom-
etry beforethe semi-transparentvolume is displayedwith
backto front blending.This renderingorderallowsusto ac-
curatelymix geometryandvolumeinformationby meansof
thedepthtest.

6.2.1. Dir ectionalTexturedTracelines

Lines are1D primitives that convey informationaboutthe
orientationandextent of a tracealongthe �o w, but fail to
indicatethe �o w direction.Therefore,we addanimationto
highlight thedirectionof �o w. The ideais to attachanani-
mated1D texture that movesinto the directionof the �o w.
The texture needsto have somekind of visual structureso
that its motion can be perceived. In this paper, we use a
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zebra-like texture, asshown in Figure 7. This imageillus-
tratesa spinningspherelying in the xy-planeand rotating
aroundthe z-axis.The arrow glyphsrenderedat seed-point
locationsshow the �o w directionat thesecertainlocations.
In contrast,the tracedlinesprovide �o w informationalong
a longerdistance,coveringmorelocationsof thedomain.

For texture mapping,eachvertex of a line is assigneda
texturecoordinate,with a rangebetween[0;1] from the�rst
to the last vertex, respectively. By shifting the local texture
coordinateof eachvertex with a global parameterDt, the
texturemovesalongthe line, in directionof theunderlying
�o w �eld. The 1D texture doesnot needto be changedfor
the animationand can thus be computedon the CPU and
downloadedto theGPUonce.

7. Resultsand Analysis

The VVR systemis capableof visualizing video streams
in real time. With the bricking mechanism,a video stream
can be segmentedinto small time spans,eachof which is
processedin the video processingsub-systemand pushed
to therenderingsub-system.Theprocessedmulti-�eld data
arethenusedto updatethevisualization.In this way, a con-
tinuousvideo streamcanbe visualizedaseithera seriesof
horseshoeimages,or onedynamicallyupdatedimage.

Thethreeimagesin thebottomrow of Figure9 show the
snapshotsof threetime stepsof the `LeftBag' video.From
the upperto the middle image,the horseshoehasbeenup-
datedfour times,i.e., movedby four bricks.Fromthevisu-
alization,we can seea moving object (i.e., a person)that
enteredthe sceneand then left an object (i.e., a bag) in
thescenebeforeexiting. By observingtheglyphsassociated
with thetwo objects,we canrecognizethattheobjectbeing
left in the sceneremainedstationaryuntil a moving object
(in factthesameperson)returnedandtook it away.

Let us considerthe visualizationof anothervideo clip
shown in thebottomrow of Figure10. In bothupperhorse-

Table 1: Performanceresults, in fps, for the 'LeftBag'
datasetwith a resolutionof 384 � 288 � 1600pixels.All
timings were measured on a PC with 3.4 GHz Pentium4
andNVIDIA GeForce7800GTX(256MB).Thetableshows
six different typesof renderingstyles:volumewithoutvideo
span (V-S), volumewith video span (V+S), volume with
video spanand geometry(V+S+G), volumewith dynamic
videospan(V+DS),andall renderingfeaturescombined.

Viewport 800� 600 1024� 768 1280� 1024

V-S 11.04 10.20 8.64
V+S 9.63 7.83 5.47
V+S+G 9.63 7.83 5.47
V+DS 7.40 6.80 5.13
All 7.20 6.65 4.56

frames700to 1200

frames1100to 1600

frame820 frame920 frame1020

Figure 9: Thetwo upper imagesshowthe `LeftBag' video
renderedasbrickedvolumehorseshoe. Thethreeframesin
the lower row presentthe stages entering, depositing, and
leaving. Ensuingreenteringandpickingup theboxcanonly
beseenin thehorseshoevisualization,or thecolor plate.

shoeimages,amoving objectenteredthesceneandthenre-
mainedalmostmotionlessfor a while beforemoving again.
In comparisonwith the`LeftBag' videoclip, we canclearly
recognizethattherewasonly oneobject.In fact,this partic-
ular videoshowsadrunkenmanfalling on the�oor .

In both video clips, eachbrick covers a time spanof
about 3 seconds.With the GPU-assistedtechniquesde-
scribed above, VVR can updatethe dynamic image for
eachnew brick well below one second.The exact timing
for differentrenderingfeaturesis given in Table1. The ta-
ble demonstratesthat �o w visualizationdoesnot reducethe
overall renderingperformance:thevideospan(i.e.,volume)
with geometry(i.e., �o w) is renderedat the samespeedas
videospanonly. This behavior canbeexplainedby thefact
that the renderingpipelineof VVR rendersthe opaquege-
ometryprior to the translucentvolume.With depthtesting
activated,thesystemmakesup for thelost speedfor render-
ing geometryby neglectingpartsof thevolumeoccludedby
theopaquegeometry. Theresultsin Table1 alsoindicatethat
therenderingcostsareproportionalto theviewport size.
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frames100to 600

frames500to 1000

frame615 frame780 frame995

Figure 10: Visualizationof the `Rest_FallOnFloor' video.
Thethreeframesin thelower row showthestagesentering,
lying, and leaving, which can be clearly seenin the upper
horseshoeimages.

8. Conclusionand Futur eWork

In this paper, we have describeda systemdesignedspeci�-
cally for real-timevideovolumevisualization.In fact,most
of CCTV camerasprovide a video streamwith an average
of 10 fps or less.Therefore,our basicsystemis appropriate
for pre-processingandvisualizingsuchadatastreamin real
time.Furthermore,our systemis capableof handlingmulti-
�eld datasetsandrenderingcombinedvolumeand�o w vi-
sualization.Our bricking approachhasbeenfound to play
a critical role in delivering this technology. Not only does
it enablelarge multi-�eld datasetsto be accommodatedin
memory-restrictedgraphicshardware,but it alsoprovidesa
practicalmechanismfor visualizingreal-timevideostreams.

A restrictionof the systemis the sizeof the streamable
video volume,which is limited by GPU memory. Further-
more,all �lters underlythe typical problemsof imagepro-
cessingalgorithms,suchaseffectsof changinglighting con-
ditions or backgroundnoiseproducedby the recordingde-
vice.Oneareafor futurework is to provideaclosecoupling
betweenvideo processing�lters and the renderingframe-
work for realizing a full pipeline at an interactive rate. In
addition,directstreamingshouldbesupported;at this stage

of developmentthevideodatawasstreamedfrom disk, not
from acamera.
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